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Abstract
This study selected three long-term fixed experiment sites for rice-rape rota-
tion in Wuxue City, Jingzhou City, and Wuhan City of Hubei Province (with
experiment durations of 9 years, 5 years, and 3 years, respectively). Through
continuous monitoring of soil bulk density, porosity, pH, organic matter, total
nitrogen, total potassium, alkali-hydrolyzable nitrogen, available phosphorus,
and available potassium, the effects of straw return and no-tillage on soil physi-
cal properties and nutrients in various soil layers (0–20 cm and 20–40 cm) during
the rice season (October 2015) and rape season (May 2016) were investigated
under different cultivation years and methods. The Nemerow index method was
applied to comprehensively evaluate the soil fertility level of each soil layer, aim-
ing to explore the effects of long-term straw return on soil fertility. The results
showed that: 1) Straw return treatment decreased soil bulk density by 2.00%–
16.54% and increased total soil porosity by 1.00%–15.07% in both the rice and
rape seasons; whereas under no-tillage treatment, the changes in the rape sea-
son were opposite to these trends, and the changes in the rice season were not
significant. 2) Straw return treatment increased the contents of organic matter
(4.76%–35.07%), total nitrogen (1.80%–32.03%), available phosphorus (20.95%–
65.82%), alkali-hydrolyzable nitrogen (5.97%–37.00%), and available potassium
(8.71%–133.04%) in the 0–20 cm soil layer across the three experiment sites,
with available potassium showing the highest increase magnitude; no-tillage
treatment had no significant effect on soil nutrients, but when combined with
straw application, its effect on increasing various nutrients was relatively the
best compared with other treatments. The effects of various treatments on the
20–40 cm soil layer were similar to those on the 0–20 cm soil layer, but the
overall increasing effect was less significant than the latter. 3) Among all ex-
perimental treatments, the two treatments of no-tillage plus straw return and
nitrogen-phosphorus-potassium fertilizer application plus straw return resulted
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in relatively large increases in the comprehensive fertility coefficient of each soil
layer (7.56%–25.93%), and their effects on improving soil fertility were relatively
better.

Full Text
Effect of Conservation Tillage on Soil Fertility Under Rice-
Rape Rotation System
YIN Zhiyao, HUANG Li, XUE Bin, HUANG Yanan, LI Xiaokun, LU Jian-
wei

Key Laboratory of Arable Land Conservation (Middle and Lower Reaches of
Yangtze River), Ministry of Agriculture, Huazhong Agricultural University,
Wuhan 430070, China

Abstract: This study evaluated the long-term effects of straw return and no-
tillage on soil physical properties and nutrient content under rice-rape rota-
tion systems at three long-term experimental sites in Hubei Province (Wuxue,
Jingzhou, and Wuhan) with trial durations of 9, 5, and 3 years, respectively.
Continuous monitoring of soil bulk density, porosity, pH, organic matter, total
nitrogen, total potassium, available nitrogen, available phosphorus, and avail-
able potassium was conducted for both the rice season (October 2015) and rape
season (May 2016) across two soil layers (0–20 cm and 20–40 cm). The Ne-
merow index method was applied to comprehensively assess soil fertility levels
in each layer, aiming to elucidate the impacts of long-term straw return on
soil fertility. Results showed that: (1) Straw return reduced soil bulk density
by 2.00%–16.54% and increased total porosity by 1.00%–15.07% in both rice
and rape seasons. In contrast, no-tillage produced opposite effects in the rape
season, while showing no significant changes in the rice season. (2) Straw re-
turn increased organic matter (4.76%–35.07%), total nitrogen (1.80%–32.03%),
available phosphorus (20.95%–65.82%), available nitrogen (5.97%–37.00%), and
available potassium (8.71%–133.04%) in the 0–20 cm layer across all three sites,
with available potassium showing the greatest increase. No-tillage alone had
no significant effect on nutrients, but when combined with straw return, it pro-
duced the best overall improvement compared to other treatments. Effects in
the 20–40 cm layer followed similar patterns but were less pronounced than in
the 0–20 cm layer. (3) Among all treatments, no-tillage plus straw return and
NPK fertilizer plus straw return produced the greatest increases in integrated
soil fertility coefficients (7.56%–25.93%), demonstrating superior effects on soil
fertility improvement.

Keywords: Rice-rape rotation system; Conservation tillage; Straw return; No-
tillage; Soil nutrient; Integrated fertility index
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Introduction
Soil quality represents a comprehensive reflection of soil characteristics, with
soil fertility being a crucial component. Maintaining and enhancing soil fertility
is a critical issue for ensuring sustainable agricultural development. Conserva-
tion tillage, including reduced or no-tillage and surface mulching, represents a
primary technology for sustainable agriculture. Compared with conventional
tillage, conservation tillage significantly reduces agricultural production inputs
while contributing to soil fertility improvement and erosion reduction, and has
been widely adopted both domestically and internationally. Therefore, investi-
gating the effects of conservation tillage on soil fertility is essential for improving
farmland productivity and optimizing field management.

Previous research has demonstrated that straw return combined with fertil-
ization significantly influences soil nutrient status, soil structure improvement,
and crop yield enhancement. However, findings regarding whether no-tillage
can maintain or improve soil fertility have been inconsistent. Luo et al. re-
ported that no-tillage could increase topsoil organic matter, total nitrogen, and
total phosphorus content to some extent, providing certain soil fertility benefits.
Conversely, Xu et al. found that compared with conventional tillage, no-tillage
increased organic carbon, total nitrogen, available nitrogen, and available potas-
sium in the 0–5 cm layer but decreased these parameters in the 5–20 cm layer,
while also reducing bulk density and increasing porosity in the 0–20 cm layer.
Wu et al. concluded that with prolonged no-tillage duration, soil physical prop-
erties deteriorated and crop yields decreased.

Scientific and objective evaluation of soil fertility levels is crucial for research
on soil fertility improvement. Cao et al. first proposed the concept of numer-
ical soil fertility evaluation, which calculates the contribution value of each
soil fertility indicator to determine comprehensive soil fertility status. Yang et
al. demonstrated that straw return increased the integrated soil fertility coeffi-
cient compared with no straw return. Other studies indicated that no-tillage
improved surface soil fertility but had minimal effects on subsoil layers. Liu
et al. found that no-tillage alone decreased the integrated fertility coefficient,
but when combined with straw return, it produced the best improvement ef-
fect. In agricultural production, pH, organic matter, and nitrogen, phosphorus,
and potassium nutrients are commonly used to comprehensively measure soil
fertility.

Numerous studies on conservation tillage effects on soil fertility have been con-
ducted in China in recent years. However, most previous results encompassed
combined effects of no-tillage and straw return, making it difficult to distinguish
individual effects. Additionally, most research focused on long-term experiments
at single locations, lacking comparisons across different tillage durations and en-
vironmental conditions, with few comprehensive evaluations of tillage effects
on soil fertility. Therefore, this study selected three long-term experimental
sites under rice-rape rotation in Wuxue, Jingzhou, and Wuhan, Hubei Province.
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By continuously monitoring seven indicators (pH, organic matter, total nitro-
gen, total potassium, available nitrogen, available phosphorus, and available
potassium), we evaluated comprehensive soil fertility status and investigated
the effects of straw return and no-tillage on soil fertility in 0–20 cm and 20–40
cm layers, providing scientific evidence for conservation tillage research and soil
fertility management.

1.1 Experimental Design

Experimental soils were collected from long-term rice-rape rotation experimen-
tal fields in Wuxue, Jingzhou, and Wuhan, Hubei Province. The Wuxue site,
initiated in 2007, is located in Dajin Town (29°59�21�N, 115°36�53�E) at 24 m
elevation with a subtropical monsoon humid climate (mean annual temperature
16.9°C, average rainfall 1489 mm and evaporation 1361 mm during 1985–2014).
The Jingzhou site, started in 2011, is located in Chuan Dian Town (30°35�28�N,
112°04�33�E) at 80 m elevation with a subtropical monsoon climate (mean an-
nual temperature 17.9°C, annual rainfall 1055 mm and evaporation 853 mm).
The Wuhan site, initiated in 2013, is located at the Huazhong Agricultural Uni-
versity experimental base (30°28�10�N, 114°21�21�E). All three sites have paddy
soils developed from Quaternary sediments. Initial soil properties are presented
in Table 1 .

Four treatments with three replications were established at each site, comprising
six plots (20 m2 each) arranged in a randomized block design. The Wuxue site in-
cluded: conventional tillage, conventional tillage + straw return, no-tillage, and
no-tillage + straw return. The Jingzhou and Wuhan sites both included con-
ventional tillage and conventional tillage + straw return. Conventional tillage
involved plowing before each crop season, while no-tillage involved no plowing.
Detailed fertilization rates for each site are provided in Table 2 . After rice
and rape harvest, all straw was returned to the field in straw return treatments
and completely removed in non-return treatments. Soil samples from 0–20 cm
and 20–40 cm layers were collected using S-shaped sampling in October 2015
(rice harvest) and May 2016 (rape harvest), then mixed, air-dried, sieved after
removing stones and roots, and stored for analysis.

1.2 Measurement Items and Methods

Soil pH was measured potentiometrically (water:soil ratio 1:2.5, Orion 868 pH
meter). Organic matter (OM) was determined by potassium dichromate volu-
metric method with external heating. Total nitrogen (TN) was measured by
Kjeldahl method (K-9840 automatic nitrogen analyzer). Available phosphorus
(AP) was determined by 0.5 mol・L−1 NaHCO3 extraction colorimetry (UV-1600
spectrophotometer). Available nitrogen (AN) was measured by alkaline hydrol-
ysis diffusion method. Total potassium (TK) was extracted with perchloric acid
and sulfuric acid, while available potassium (AK) was extracted with 1 mol・
L−1 ammonium acetate and measured by flame photometry (HG-3 flame pho-
tometer). Soil bulk density (BD) was determined by the ring knife method, and
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total porosity, capillary porosity, and aeration porosity were calculated.

1.3 Nemerow Index Method

Various methods exist for comprehensive soil fertility evaluation. The Nemerow
index method eliminates dimensional differences among soil fertility indicators,
producing sub-fertility coefficients between 0–3 that enable strong comparability
among parameters and similar comparability among attributes within the same
level, making it widely used internationally.

(1) Calculation of sub-fertility coefficient (IFIi):

𝐼𝐹𝐼𝑖 = {
1 + 𝑥−𝑥𝑎

𝑥𝑐−𝑥𝑎
for 𝑥𝑎 < 𝑥 ≤ 𝑥𝑐

2 + 𝑥−𝑥𝑐
𝑥𝑝−𝑥𝑐

for 𝑥𝑐 < 𝑥 < 𝑥𝑝

where IFIi is the sub-fertility coefficient, x is the measured attribute value, xa
and xp are the lower and upper limits of the grading standard, and xc is the
intermediate value. Grading standard values (xa, xc, xp) primarily reference
the Second National Soil Survey standards (Table 3 ), with each grade reflecting
respective soil fertility conditions.

(2) Integrated soil fertility coefficient:

𝐼𝐹𝐼 = √(𝐼𝐹𝐼𝑖 average)2 + (𝐼𝐹𝐼𝑖 minimum)2

2

where IFI is the integrated soil fertility coefficient, IFIi average and IFIi mini-
mum are the mean and minimum sub-fertility coefficients of soil attributes, and
n is the number of evaluation indicators.

1.4 Data Processing

Data processing and statistical analysis were performed using Microsoft Excel
and SPSS software.

2.1 Effects of Conservation Tillage on Soil Physical Prop-
erties
As shown in Table 4 , compared with control treatments (CT, NP, and CK),
straw return treatments (CTS, NPS, and S) significantly reduced bulk density
by 4.24%–8.55% and increased total porosity and capillary porosity by 1.72%–
12.46% in both rice and rape seasons across all three sites. Compared with
NT and NPK treatments, NTS and NPKS treatments showed similar trends,
with bulk density significantly decreasing by 2.00%–16.54% and total porosity
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increasing by 1.00%–15.07%, while capillary porosity showed inconsistent pat-
terns. Aeration porosity exhibited no significant changes under straw return
treatments at any site.

No-tillage alone showed no significant effects on bulk density, total porosity,
capillary porosity, or aeration porosity in the rice season. In the rape season,
NT increased bulk density by 1.00% and decreased total porosity by 0.66%, with
no significant changes in capillary or aeration porosity. Compared with CTS
treatment, NTS treatment increased bulk density by 7.61% and decreased total
and capillary porosity by 3.87% and 6.19%, respectively, in the rape season,
with no significant change in aeration porosity. These results contrast with Wu
et al., possibly because reduced soil disturbance allows soil particle settlement,
causing some degree of soil compaction.

The results demonstrate that straw return reduces bulk density while increasing
total and capillary porosity, thereby improving soil physical properties, whereas
no-tillage alone shows limited improvement in soil physical properties.

2.2 Effects of Conservation Tillage on Total Nutrient Con-
tent
At all three sites, organic matter, total nitrogen, and total potassium (except at
Jingzhou) contents were significantly higher in the 0–20 cm layer than in the 20–
40 cm layer (Table 5 ). At the Jingzhou site, total potassium distribution varied
among treatments, likely because roots, fresh plant residues, and microorgan-
isms contain potassium that, upon decomposition, releases nutrients into soil.
Since potassium transfers slowly in subsoil, this caused some accumulation in
the 20–40 cm layer.

In the 0–20 cm layer, compared with CT, NP, and CK treatments, CTS, NPS,
and S treatments significantly increased organic matter (4.76%–27.21%) and
total nitrogen (3.55%–23.94%) contents in both rice and rape seasons across
all sites. Total potassium showed site-specific variations, decreasing by 4.44%–
11.85% in the rice season at all sites, but increasing by 5.64% and 3.12% in
the rape season at Wuxue and Jingzhou while decreasing by 8.17% at Wuhan,
possibly due to short return duration and differential transformation among
potassium forms.

Compared with NT and NPK treatments, NTS and NPKS treatments produced
similar effects, increasing organic matter, total nitrogen, and total potassium
by 6.75%–35.07%, 1.80%–32.03%, and 10.12%–29.52%, respectively.

No-tillage alone showed limited improvement in total nutrients. NT treatment
significantly decreased organic matter (6.69% in rice, 8.51% in rape), total potas-
sium (7.94% in rice, 15.05% in rape), and total nitrogen in the rape season
(5.58%). Compared with CTS treatment, NTS treatment showed no significant
changes in organic matter or total nitrogen, possibly related to soil compaction
and nutrient loss under no-tillage.
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In the 20–40 cm layer, all treatments increased organic matter content to some
degree (3.33%–43.10%) in both seasons, while total nitrogen and total potassium
showed inconsistent patterns.

The results indicate that straw return increases organic matter and total nitro-
gen contents in both 0–20 cm and 20–40 cm layers (with better improvement
in the 0–20 cm layer), while total potassium shows inconsistent patterns. No-
tillage effects on organic matter, total nitrogen, and total potassium vary across
soil layers.

2.3 Effects of Conservation Tillage on Soil pH and Available
Nutrients
Soil pH ranged from 4.81–5.91 at Wuxue, 5.93–6.76 at Jingzhou, and 6.24–
6.72 at Wuhan, indicating acidic to neutral slightly acidic conditions (Figure 1
[Figure 1: see original paper]). Across all treatments, pH was significantly lower
in the 0–20 cm layer than in the 20–40 cm layer. Compared with CT, NP, and
CK treatments, both NTS and NPKS treatments decreased pH in both layers,
with significant differences at Wuxue and inconsistent patterns at Wuhan and
Jingzhou (significant at Wuhan in 0–20 cm and at Jingzhou in 20–40 cm). These
results suggest that straw return and no-tillage reduce soil pH, consistent with
Meng et al.

As shown in Table 6 , available phosphorus, available nitrogen, and available
potassium contents were significantly higher in the 0–20 cm layer than in the 20–
40 cm layer at Wuxue and Wuhan, while available potassium showed inconsistent
patterns between layers at Jingzhou.

In the 0–20 cm layer, compared with CT, NP, and CK treatments, CTS, NPS,
and S treatments significantly increased available nitrogen (5.97%–33.93%) and
available potassium (8.71%–121.49%) in both seasons across all sites, with avail-
able phosphorus also increasing significantly at Jingzhou in the rice season and
at Wuhan (20.95%–65.82%). Compared with NT and NPK treatments, NTS
and NPKS treatments increased available nitrogen and available potassium by
9.05%–37.00% and 11.35%–133.04%, respectively, with available phosphorus in-
creasing significantly by 27.25%–39.81% at Wuxue and Jingzhou but showing
minimal change at Wuhan.

No-tillage effects differed from straw return effects. Compared with CT treat-
ment, NT treatment showed no significant changes in available nitrogen, phos-
phorus, or potassium. However, compared with CTS treatment, NTS treatment
significantly increased available phosphorus in both seasons at Wuxue (14.90%
and 17.78%) and available nitrogen in the rice season (31.38%), with no signifi-
cant changes in available potassium or rape-season available nitrogen. Overall,
no-tillage showed relatively smaller effects on available nutrients compared with
straw return.

In the 20–40 cm layer, straw return generally increased available nitrogen
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(11.15%–50.64%), available phosphorus (25.30%–150.00%), and available
potassium (10.81%–233.93%), though less significantly than in the 0–20 cm
layer, consistent with Zhang et al. No-tillage showed no significant changes in
available nutrient contents.

These results demonstrate that straw return increases available nutrient contents
in both layers (with better improvement in 0–20 cm), particularly for available
potassium, while no-tillage effects are not significant.

2.4 Effects of Conservation Tillage on Integrated Soil Fer-
tility Coefficient
Comprehensive analysis using the Nemerow index method (Table 7 ) revealed
that integrated fertility coefficients (IFI) were higher in the rape season than in
the rice season and significantly higher in the 0–20 cm layer than in the 20–40
cm layer across all sites.

Compared with CT, NP, and CK treatments, CTS, NPS, and S treatments
increased IFI values in all layers (3.68%–17.28%). Similarly, NTS and NPKS
treatments increased IFI values by 6.49%–27.69% compared with NT and NPK
treatments, with more pronounced increases in the 0–20 cm layer.

No-tillage effects differed from straw return effects. Compared with CT treat-
ment, NT treatment showed no significant IFI changes in the rice season but
significantly decreased IFI by 3.10% and 6.76% in the 0–20 cm and 20–40 cm
layers, respectively, in the rape season. Compared with CTS treatment, NTS
treatment significantly increased IFI by 13.70% in the 20–40 cm layer in the rice
season and by 2.90% in the 0–20 cm layer in the rape season.

These findings indicate that straw return effectively improves integrated soil
fertility in all layers, while no-tillage alone shows limited improvement. However,
NTS treatment demonstrates good improvement effects. Among all treatments,
NTS and NPKS treatments produced the best soil fertility improvement (7.56%–
25.93%) compared with controls (CT, NP, and CK).

Straw return treatments increased nutrient contents in the 0–20 cm layer, with
available potassium showing the highest increase amplitude. This may occur
because potassium in rice and rape is primarily distributed in leaves and straw,
with relatively higher concentrations than nitrogen and phosphorus. Straw de-
composition under microbial activity returns organic matter, nitrogen, phospho-
rus, potassium, and other nutrients to soil, increasing nutrient contents. Potas-
sium in straw exists mainly in ionic form and is easily dissolved, replenishing
available potassium components (water-soluble and exchangeable potassium).
Straw decomposition also releases organic acids, anions, and alkaline metals
that promote mineral potassium release and transformation. Therefore, straw
return has the best relative effect on available potassium. Additionally, organic
acids from straw decomposition promote transformation of insoluble phospho-
rus to soluble forms, indirectly increasing phosphorus availability. Soil nitrogen
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exists mainly as organic nitrogen, and straw addition stimulates heterotrophic
microbial decomposition, increasing nitrogen availability. The superior improve-
ment in the 0–20 cm layer compared with the 20–40 cm layer may result from
nutrient input concentration in the surface layer, causing nutrient enrichment.

No-tillage effects on soil fertility were not significant and showed seasonal dif-
ferences under rice-rape rotation. This may occur because no-tillage altered
soil physical properties, affecting other soil characteristics. In this study, NT
increased bulk density (1.00%) and decreased total porosity (0.66%) in the rape
season, with no significant changes in the rice season, consistent with Xue et
al. Soil physical properties are key factors affecting soil structure, aeration, and
water/nutrient retention. Increased bulk density enhances soil loss, causing nu-
trient loss. Additionally, soil enzymes respond sensitively to crop rotation and
tillage practices, and environmental influences may cause differential enzyme
activities. These factors may contribute to inconsistent no-tillage effects on soil
fertility. In contrast, NTS and NPKS treatments showed better improvement
effects, possibly because added straw benefits soil fauna and microorganisms,
loosening soil and reducing bulk density. Straw also moderates soil tempera-
ture changes, facilitating nutrient transformation. Therefore, combining straw
return with no-tillage or fertilization positively maintains and improves soil fer-
tility.

Conclusions
1) Straw return reduces soil bulk density and increases total porosity, im-

proving soil physical properties. It also increases nutrient contents in the
0–20 cm layer, particularly available potassium.

2) No-tillage effects on soil physical properties differ between rice and rape
seasons under rice-rape rotation, with limited effects on soil nutrients.
However, no-tillage combined with straw return (NTS) shows good im-
provement effects on soil nutrient contents.

3) Compared with control treatments, straw return improves integrated soil
fertility levels (with significantly better fertility in the 0–20 cm layer than
in the 20–40 cm layer), with NTS and NPKS treatments showing the best
improvement effects (7.56%–25.93%). No-tillage alone has limited effects
on soil fertility improvement.
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