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Abstract

In the waxy maize production of Zhejiang Province, China, conventional straw manage-
ment often causes planting difficulties and nutrient competition. Although no-till with
straw retention is known to benefit soil structure, its long-term impacts on local soil health
and productivity remain poorly understood. Hence, a six-year field experiment (2016–2021)
was conducted with four treatments, i.e., no-till with residue retention (NTRR), no-till with
residue removal (NTR0), plow tillage with residue incorporation (PTRR), and plow tillage
with residue removal (PTR0), to investigate the long-term effects of tillage and residue
management. The results demonstrated that plow tillage (PT) significantly improved soil
physical properties, reducing soil compaction and decreasing bulk density compared to
no-till (NT) practices. Meanwhile, residue retention (RR) enhanced soil chemical fertility,
increasing soil organic matter by 7.8–9.8% and substantially improving available potassium
levels. The PTRR treatment achieved the most favorable soil conditions with the lowest
compaction and bulk density values among all treatments. PTRR consistently yielded the
highest maize production, showing a 1.7–6.9% advantage over PTR0 and a substantial
15.4% yield increase in spring maize compared to residue removal (R0) treatments. Correla-
tion analyses revealed significant relationships between soil quality and productivity, with
the Soil Quality Index (SQI) showing strong positive correlations with both yield (r = 0.74,
p < 0.01) and economic returns (r = 0.67, p < 0.05). These findings demonstrate that PTRR
represents an optimal agricultural management strategy for simultaneously enhancing soil
health and ensuring sustainable crop production in fresh maize cultivation.

Keywords: residue management; conservation tillage; soil properties; soil fertility; fresh
maize yield

1. Introduction
Cropland provides key ecosystem services globally and regionally, such as carbon se-

questration to combat climate change and food production essential for human survival [1].
However, the degradation of cropland worldwide has intensified due to agricultural mis-
management and the overexploitation of land resources, posing significant threats to these
ecosystem functions [2]. Zhejiang Province, located in the subtropical region of the middle
and lower reaches of the Yangtze River, is one of China’s primary fresh maize production
areas. Waxy maize (Zea mays L. var. ceratain Kulesh) is a type of fresh maize, with having
high viscosity and digestibility. Beyond its role as a food source, waxy maize serves as
a valuable raw material for industries such as textiles, adhesives, brewing, and paper
manufacturing [3]. Due to its significant economic, nutritional, and processing value, the
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cultivation area and production of waxy maize have expanded substantially in recent
decades [4–6]. In Zhejiang Province, the cultivation area of waxy maize has remained stable
at approximately 40,000 hectares in recent years, with the potential for 2–3 annual planting
cycles. However, the intensive tillage practices will reduce top cover and destabilize the
topsoil, leading to loss of soil organic carbon and structural destabilization, and ultimately
to a long-term decline in soil fertility and crop yields [7]. To address these challenges
and support sustainable agricultural development, it is important to document long-term
changes in tillage practices related to fresh maize production in Zhejiang Province. This data
collection effort would help create a reliable assessment and monitoring system, guiding
informed decision making and the adoption of sustainable land management practices.

Removing crop residues from fields can reduce carbon content in agroecosystems,
potentially harming soil quality and disrupting the farm’s carbon balance [8]. In modern
agriculture, returning straw to the field is considered a practical strategy to maintain both
productivity and the long-term sustainability of farming systems [9]. Straw return helps
speed up the breakdown of organic matter, stimulates microbial growth and activity, and
enhances the soil’s ability to supply nitrogen [10]. Additionally, as straw decomposes,
it releases nutrients such as nitrogen, phosphorus, and potassium, which support crop
growth and enrich the soil [11]. However, despite financial incentives and technical support
from the local government, maize straw returning has not been widely adopted by farmers
in Zhejiang Province [12]. This reluctance is primarily due to concerns that returning
maize straw to the field may lead to reduced crop yields and lower economic returns, with
significant year-to-year fluctuations [13]. Traditional straw-return methods, such as straw
mulching or mixing straw into the soil with rotary tillage, also face challenges in effectively
managing large amounts of straw [14]. These issues are compounded by factors such as the
negative impact of straw-soil mixtures on seeding quality and the competition between
decomposing straw and crops for nitrogen, which can limit crop growth [15,16]. As a
result, despite its potential benefits, farmers remain hesitant to adopt practices of returning
maize straw.

Two traditional straw-return methods are residue retention with no tillage and with
conventional tillage. Previous studies reported that residue retention without tillage
promoted aggregate formation, thereby increasing soil organic carbon [17,18]. Furthermore,
conservation tillage modifies soil physical traits, such as decreasing soil bulk density and
increasing soil porosity [19]. Different straw return and tillage management have significant
impacts on soil physical traits, including soil bulk density, soil porosity, and soil moisture
content. Soil bulk density must be within a reasonable range to favor crop growth. Lower
soil bulk density reduces root penetration resistance but is not conducive to root anchors,
increasing lodging risk.

The specific tillage practice combined with straw return is crucial, as practices like
residue retention with shallow rotary increase subsoil compaction and constrain crop
growth and development. Additionally, soil chemical traits, including nitrogen (N), phos-
phorus (P), and potassium (K), are generally the limiting nutrients for crop yield in farmland
ecosystems. Traditional farming practices (like fertilizer use and tillage) can disrupt the
natural balance of soil nutrients (such as carbon, nitrogen, and phosphorus), which may ul-
timately affect crop yields [20]. Tillage and straw return can significantly affect soil organic
matter and nutrient levels, altering the ecological balance of soil nutrients [21]. Unlike
direct fertilizer application, conservation tillage (e.g., reduced tillage and no tillage) and
crop residue retention can increase soil organic matter storage. However, the high C:N:P
ratios of crop residues may temporarily immobilize nutrients, thereby creating competition
between crops and soil microbes [22]. Despite these findings, the long-term effects of tillage
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practices on soil physical and chemical traits, and their subsequent influence on crop yields,
particularly in waxy maize production, remain insufficiently understood.

Agricultural lands provide essential ecosystem services, including carbon storage and
food production, but unsustainable farming practices are degrading these vital functions. In
Zhejiang Province, China, a key production area for waxy maize, intensive tillage practices
have led to declining soil organic carbon levels and structural deterioration, ultimately
compromising agricultural productivity. Straw return improves soil quality by increasing
organic matter, enhancing soil structure, and recycling nutrients. However, farmers hesitate
to adopt it due to worries about unstable yields and financial risks. Standard straw
application methods, such as mulching or mixing into soil, can cause planting problems
and nutrient competition between crops and microbes. No-till with straw retention helps
build better soil structure and store more carbon, but we still do not fully understand how
it affects soil health and maize yields over time, especially for waxy maize.

To address these knowledge gaps, a long-term field experiment was established in
Zhejiang Province in 2016, comparing four management practices: no-till with residue
retention (NTRR), no-till with residue removal (NTR0), plow tillage with residue incor-
poration (PTRR), and plow tillage with residue removal (PTR0). We hypothesized that
no-till combined with residue retention (NTRR) would most effectively enhance soil quality,
thereby increasing the yield and economic return of waxy maize. The aims of this study
were to: (1) monitor the long-term dynamics of soil physicochemical properties under
these practices; (2) integrate these properties into a comprehensive Soil Quality Index (SQI)
and establish the relationships between the SQI, yield, and economic performance. The
novelty of our research lies in linking long-term soil management strategies directly to
the agronomic and economic outcomes for waxy maize, providing an evidence base for
sustainable farming decisions.

2. Materials and Methods
2.1. Experimental Site and Soil Sampling

The field experiments were conducted at the Institute of Maize and Featured Upland
Crops (29◦16′ N, 120◦13′ E), Dongyang, Zhejiang Province. This region experiences a
typical subtropical monsoon climate. The soil at the experimental site is a loamy red soil
with a bulk density of 1.57 g cm−3 in the 0–20 cm layer prior to the experiment. The
mineralogical composition is dominated by kaolinite in the clay fraction and by quartz and
iron oxides in the coarser fractions. The field experiment began in autumn 2016 and ended
in autumn 2021, spanning 11 consecutive maize growing seasons. The weather during
the experiments is shown in Figure 1. Precipitation during the maize season ranged from
1317.5 mm in 2017 to 2007.6 mm in 2021. The maximum temperature varied from 21.1 ◦C
in 2020 to 24.2 ◦C in 2017, and the minimum temperature varied from 11.4 ◦C in 2020 to
15.1 ◦C in 2016. The chemical properties of the 0–20 cm soil depth before the experiment
were as follows: soil organic matter 1.7%, soil available nitrogen 94.8 mg kg−1, available
phosphorus 109 mg kg−1, and available potassium 125.6 mg kg−1. Soil organic matter
(SOM) was determined by the potassium dichromate (K2Cr2O7-H2SO4) oxidation method.
Available nitrogen (AN) was measured using the Kjeldahl method. Available phosphorus
(AP) was extracted with 0.5 M sodium bicarbonate (NaHCO3, pH 8.5) and determined
by the ascorbic acid molybdenum blue method. Available potassium (AK) was extracted
with 1 M ammonium acetate (NH4OAc, pH 7.0) and measured by flame photometry. All
analyses were performed according to the procedures described by Bao [23].
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Figure 1. Maximum temperature, minimum temperature, and rainfall during the experiments at
Dongyang from 2016 to 2021.

The field experiment was a split-plot design with three replicates, with two residue
management treatments (residue retention, RR; residue removal, R0) as main plots and two
tillage practices (no-till, NT; plow tillage, PT) as subplots. The combined four treatments
were no-till with residue retention (NTRR), no-till with residue removal (NTR0), plow
tillage with residue incorporation (PTRR), and plow tillage with residue removal (PTR0).
Residue Removal (R0): After manual harvest, all visible above-ground maize residues were
manually raked and completely removed from the plot area. Residue Retention (RR): After
manual harvest of the maize, all above-ground crop residues were chopped using a straw
shredder and spread back onto the soil surface. The chopped residue length was typically
5–10 cm. Plow Tillage (PT): This treatment involved moldboard plowing to a depth of
20–25 cm, which effectively inverted the soil and buried >90% of the surface residues.
Regardless of the crop season, a single pass with a rotary tiller was consistently conducted
before sowing to prepare a fine seedbed. No-Till (NT): The soil was left undisturbed
throughout the year. Sowing was conducted manually. Surface residues along the planting
row were first moved aside by hand, and then seeds were placed into holes created using
a hoe to ensure good seed-soil contact. Plant density was 52,500 plants ha−1, with a row
spacing of 65.0 cm and an intra-row plant spacing of 29.3 cm. The waxy maize cultivar
Zhenuoyu14 (ZNY14) was used. The dimension of each plot was 24 m × 5.2 m per year.

The spring sowing time varied from early April to late April, and the autumn sowing
date was during the first two weeks in August (Table A1). This was a fixed-field long-term
experiment. All treatments were permanently assigned to the same individual plots and
remained unchanged across all 11 growing cycles. Maize was harvested at the milking
stage, around 20–25 days after silking, and the dates of silking and harvest were recorded.
The silking stage timing differed by 4 d among the four treatments, and the harvest timing
differed by 7 d. The difference in growth duration among the four treatments was 6 d,
and the mean growth duration of spring sowing was smaller than that of autumn sowing
(82.05 d vs. 84.5 d). The fertilizer application was the same for all plots, with 110 kg N ha−1,
320 kg ha−1 commercial fertilizer (N:P2O5:K2O = 18%:18%:18%) at the jointing stage and
an extra 400 kg ha−1 commercial fertilizer at the V13 stage (when the collar of the 13th
leaf was visible). This fertilization regimen (240 kg N ha−1) was applied to each maize
crop (both spring and autumn), representing a local management strategy for waxy maize
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production Weeds, insects, and diseases were effectively controlled throughout the maize
growing season.

2.2. Plant and Soil Sampling
2.2.1. Plant Sampling

Maize was harvested at milking stage around 20–25 days after silking. Four central
rows in an experimental unit were hand-harvested to determine fresh maize yield. Fresh
corn yield was determined as the total fresh weight of intact ears with husks removed,
comprising both the cob and unthreshed kernels.

Economic benefits (¥) were calculated using the following equation:

Economic benefits (¥) = maize yield × the market price of maize-total cost

Total cost (¥) = land rent cost + straw disposal cost + plowing cost + pesticide cost + fertilizer cost +
seed cost + labor cost

2.2.2. Soil Sampling

Soil physical traits: Soil samples were obtained after the autumn maize harvest from
2016 to 2021. All samples were collected from the 0–20 cm depth layer. For the determi-
nation of soil physical properties (soil bulk density and soil porosity), undisturbed soil
samples were collected using a core sampler with an internal diameter of 5 cm. Three
sampling points were located along the diagonal of each plot. These core samples were
carefully handled to preserve their natural structure for subsequent analysis. Soil bulk
density was measured by the core method and calculated as the mass of oven-dried soil per
unit soil sample volume [24]. Soil porosity refers to the fraction of the total soil volume that
is taken up by the pore space. Soil bulk density and soil porosity were calculated as follows:

soil bulk density (g cm−3) = (soil dry matter)/(soil sample volume)

soil porosity (%) = ⌊ 1 − ((soil bulk density)/2.65)⌋ × 100

Additionally, soil compaction was assessed using a penetrometer (model SL-TSA,
China). This device operates on the principle of measuring the penetration resistance of a
conical probe inserted into the soil, providing a direct readout of compactness in pressure
units (kPa).

Soil chemical traits: Soil samples were obtained before autumn maize sown in 2016
and after the autumn maize harvest in 2019 and 2021. Five points along the S linear transect
in each plot were sampled with a core sampler from the 0–20 cm soil layer and mixed
thoroughly. The soil samples were air-dried, then gently ground and sieved through a 2 mm
sieve. Soil pH was measured in a 1:2.5 (w/v) soil/water mixture using a pH meter (PHSJ-3
F, INESA Scientific Instrument Co., Ltd., Shanghai, China). Soil organic matter (SOM)
was analyzed with H2SO4-K2Cr2O7 solution, available nitrogen (TN) was determined
by the Kjeldahl method, available potassium (AK) was measured by the ammonium
acetate oscillation extraction and flame photometry method, available phosphorus (AP)
was measured by the sodium bicarbonate extraction and ascorbic acid molybdenum blue
method, as described by Bao [24].

Soil quality index evaluation: The soil quality index (SQI) was quantified using the
total dataset method, as described by Nabiollahi et al. [25]. The methodology involved
a two-step process: first, all soil properties were standardized into dimensionless scores
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ranging from 0 to 1. This transformation was achieved through a linear scoring model,
expressed as follows:

SL = 1 − (x − L)/(H − L)

SL represents the linear score (ranging from 0 to 1), x denotes the measured value of the
index, and L and H correspond to the lowest and highest values of the index, respectively.

Second, the weight of each indicator (Wi) was derived from PCA and calculated as the
ratio of its individual variance to the cumulative variance across all components.

The soil quality index (SQI) was computed using the following equation:

SQI =
n

∑
i=1

Wi × SL

where Wi represents the weight of the i-th evaluation indicator, SL denotes the normalized
score of the indicator, and n is the total number of indicators considered in the analysis.

2.3. Statistical Analysis

Differences among treatments for yield, soil physical and chemical traits were checked
using the homogeneity of variances and analyzed using the LSD analysis of variance
(ANOVA) in SPSS 20.0 (IBM Corp., Armonk, NY, USA). Prior to ANOVA, the assumptions
of homogeneity of variances and normality were checked. Homogeneity of variances
was verified using Levene’s test, and normality was assessed using the Shapiro–Wilk test.
The interaction between the residue management factor and the tillage practice factor was
analyzed using GLM. Pearson correlation analysis was conducted to assess the relationships
between waxy corn yield and soil physicochemical properties. The analysis utilized the
autumn harvest yield data from 2016, 2019, and 2021, paired with the post-harvest soil
measurement data obtained in the same years.

3. Results
3.1. Yield and Economic Benefits

Residue management factor (R) mainly affected the yield of autumn maize from 2019
to 2021 and the yield of spring maize in 2021 (Table 1). The tillage practice factor (T) showed
significant effects on yield on all sown dates and years. In the autumn of 2016, a significant
tillage × residue interaction was observed for grain yield, wherein plow tillage resulted
in significantly higher yields than no-till, regardless of residue management. On average
across tillage practice factors, the mean autumn maize yield with residue retention from
2019 to 2021 was 16.6%, 6.3%, and 15.4% higher than with residue removal. Likewise,
residue retention increased the mean spring maize yield by 15.4% in 2021 compared to
the residue removal. Across residue management factors, the mean spring/autumn maize
yields from plow tillage were significantly larger than those from no-till in all years.

The yield of plow tillage with residue incorporation (PTRR) was 1.7–6.9% higher
than that of PTR0 from 2017 (autumn) to 2021 (Figure 2), and the increasing trend became
larger with years. In contrast, the yields of no-till with residue retention (NTRR) and
no-till with residue removal (NTR0) were 2.3% to 16.9% lower than those of PTR0 from
2016 to 2021. The yield variations in NTRR increased gradually, whereas those of NTR0
decreased slightly.
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Table 1. The fresh maize yield (t ha−1) of autumn and spring maize under different tillage practices
and residue managements from 2016 to 2021.

Treatment 2016A 2017S 2017A 2018S 2018A 2019S 2019A 2020S 2020A 2021S 2021A

No-till with residue
retention (NTRR) 8.42 bB 9.59 aA 10.38 aA 13.20 aA 11.85 aA 10.25 aA 13.20 aA 10.74 aA 12.66 aA 12.17 aA 13.17 aA

No-till with residue
removal (NTR0) 8.07 bB 9.52 aA 10.08 aA 13.50 aA 11.19 aA 9.93 aA 10.80 aA 9.99 aA 11.54 aA 10.87 aA 12.10 aA

Plow tillage with
residue incorporation
(PTRR)

8.95 aA 10.45 aA 12.27 aA 15.25 aA 13.78 aA 11.36 aA 14.54 aA 11.47 aA 13.40 aA 13.97 aA 15.07 aA

Plow tillage with
residue removal (PTR0) 9.36 aA 10.80 aA 12.06 aA 14.62 aA 13.34 aA 10.69 aA 12.99 aA 11.22 aA 12.98 aA 13.14 aA 14.10 aA

ANOVA (F-value)
Tillage practice factor
(T) 107.66 ** 22.31 ** 9.06 * 9.02 * 46.55 ** 12.89 * 20.68 * 14.44 * 11.30 * 17.37 * 33.80 **

Residue management
factor (R) 0.04 0.08 0.89 0.14 3.95 3.1 46.07 * 2.19 18.61 * 38.36 * 30.94 *

T × R interaction effect 18.93 * 0.84 0.01 0.76 0.14 0.47 1.02 0.96 1.18 0.24 0.02

A, autumn season; S, spring season. For each season, lowercase letters indicate significant differences between
residue management practices within the same tillage system (e.g., comparing NTRR vs. NTRO within the
No-till group). Uppercase letters indicate significant differences between tillage practices within the same residue
management (e.g., comparing NTRR vs. PTRR within the residue retention group). Values within a column
sharing a common letter are not significantly different at p < 0.05 according to Tukey’s HSD test. The bottom
section presents the F-values from a two-way ANOVA analyzing the effects of Tillage (T), Residue management
(R), and their interaction (T × R). * and ** denote significance at p < 0.05 and p < 0.01, respectively.
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Figure 2. Yield variations in no-till with residue retention (NTRR), no-till with residue removal
(NTR0), and plow tillage with residue incorporation (PTRR) compared with plow tillage with residue
removal (PTR0) from 2016 to 2021.

The assumptions behind the economic analysis (market price, cost of land rent, etc.)
were listed in Table A2. The economic benefits of waxy maize production under different
tillage practices and residue management from 2016 to 2021 showed an overall increasing
trend, except for a slight reduction in 2019 and 2020 (Figure 3). PTRR showed the highest
economic benefits among the four treatments from the autumn of 2017 to 2021.
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Figure 3. The economic benefits of autumn and spring maize under different tillage practices and
residue managements from 2016 to 2021.

3.2. Soil Physical Traits

The tillage practice factor (T) had a significant effect on soil compaction in 2017–2019
and residue management factor (R) mainly affected soil compaction in 2018 (Table 2). No
significant interaction effects (R*T) were observed on soil compaction. The mean soil
compaction across the residue management factor of no-till was 12.3%, 13.8%, and 21.6%
higher than that of plow tillage in 2017, 2018, and 2019, respectively. Likewise, on average
across tillage practice factor (T), the mean soil compaction with residue retention was 10.0%
lower than with residue removal in 2018.

Table 2. Soil compaction (kPa) as influenced by tillage and residue management practices from 2016
to 2021.

Treatment 2016 2017 2018 2019 2020 2021

No-till with residue retention (NTRR) 13.8 ± 0.7 a 14.2 ± 0.5 ab 15.1 ± 0.3 b 16.5 ± 0.4 b 16.4 ± 1.6 a 17.5 ± 0.9 a
No-till with residue removal (NTR0) 13.2 ± 0.4 a 15.3 ± 0.6 a 17.0 ± 0.2 a 17.8 ± 0.4 a 17.2 ± 1.4 a 19.1 ± 1.3 a
Plow tillage with residue
incorporation (PTRR) 13.1 ± 1.4 a 13.1 ± 0.4 b 13.5 ± 0.2 c 13.8 ± 0.4 c 13.8 ± 1.1 a 15.1 ± 1.5 a

Plow tillage with residue removal
(PTR0) 13.0 ± 0.6 a 13.2 ± 0.4 b 14.8 ± 0.4 b 14.4 ± 0.2 c 14.1 ± 0.8 a 16.3 ± 2.0 a

No-till (NT) 13.5 14.8 16.1 17.2 16.8 18.3
Plow tillage (PT) 13.1 13.1 14.2 14.1 14 15.7
Residue retention (RR) 13.5 13.6 14.3 15.2 15.1 16.3
Residue removal (R0) 13.1 14.3 15.9 16.1 15.7 17.7
ANOVA (F-value)
Tillage practice factor (T) 0.23 10.77 * 47.04 ** 68.54 ** 5.00 2.87
Residue management factor (R) 0.17 1.57 31.07 ** 7.09 0.19 0.78
T × R interaction effect 0.08 0.96 1.24 0.96 0.05 0.01

Values are presented as Mean ± Standard Error (SE) (n = 3). For each year, lowercase letters indicate significant
differences among the four treatment combinations within the column (p < 0.05, Tukey’s HSD test). The “Main
effect means” section presents the averaged values across the levels of the other factor. The bottom section presents
the F-values from a two-way ANOVA. * and ** denote significance at p < 0.05 and p < 0.01, respectively.

The tillage practice factor (T) had a significant effect on soil bulk density in 2019
(Table 3). There was no significant effect of residue management (R) or its interaction (R*T)
with tillage on soil bulk density. The mean soil bulk density across the residue management
factor of no-till was 2.5% than that of plow tillage in 2019.

The tillage practice factor (T) had a significant effect on soil total porosity in 2019, and
residue management factor (R) mainly affected soil total porosity in 2020 (Table 4). No
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significant interaction effects (R*T) were observed on soil bulk density. Compared with
residue removal, the mean total porosity value of residue retention was increased by 3.9%
in 2020. The mean soil total porosity across the residue management factor of no-till was
2.1% lower than that of plow tillage in 2019.

Table 3. Soil bulk density (g cm−3) as influenced by tillage and residue management practices from
2016 to 2021.

Treatment 2016 2017 2018 2019 2020 2021

No-till with residue retention
(NTRR) 1.57 ± 0.02 a 1.58 ± 0.01 a 1.58 ± 0.02 a 1.59 ± 0.01 ab 1.58 ± 0.01 a 1.59 ± 0.01 ab

No-till with residue removal
(NTR0) 1.57 ± 0.02 a 1.58 ± 0.01 a 1.62 ± 0.02 a 1.63 ± 0.03 a 1.62 ± 0.03 a 1.65 ± 0.03 a

Plow tillage with residue
incorporation (PTRR) 1.58 ± 0.02 a 1.57 ± 0.02 a 1.57 ± 0.01 a 1.57 ± 0.01 b 1.56 ± 0.00 a 1.56 ± 0.01 b

Plow tillage with residue removal
(PTR0) 1.58 ± 0.01 a 1.56 ± 0.01 a 1.57 ± 0.01 a 1.57 ± 0.01 b 1.58 ± 0.02 a 1.58 ± 0.03 ab

No-till (NT) 1.57 1.58 1.6 1.61 1.6 1.62
Plow tillage (PT) 1.58 1.57 1.57 1.57 1.57 1.57
Residue retention (RR) 1.58 1.58 1.58 1.58 1.57 1.58
Residue removal (R0) 1.58 1.57 1.59 1.6 1.6 1.62
ANOVA (F-value)
Tillage practice factor (T) 0.16 0.98 4.19 7.15 * 2.10 4.72
Residue management factor (R) 0.04 0.18 1.17 1.66 3.14 3.51
T × R interaction effect 0.04 0.02 1.75 1.19 0.23 0.68

Values are presented as Mean ± Standard Error (SE) (n = 3). For each year, lowercase letters indicate significant
differences among the four treatment combinations within the column (p < 0.05, Tukey’s HSD test). The “Main
effect means” section presents the averaged values across the levels of the other factor. The bottom section presents
the F-values from a two-way ANOVA. * denote significance at p < 0.05.

Table 4. Soil total porosity (%) as influenced by tillage and residue management practices from 2016
to 2021.

Treatment 2016 2017 2018 2019 2020 2021

No-till with residue retention
(NTRR) 39.3 ± 0.3 a 38.7 ± 0.9 a 39.0 ± 1.0 a 38.7 ± 0.3 a 39.7 ± 0.3 a 38.3 ± 0.3 a

No-till with residue removal
(NTR0) 39.0 ± 1.0 a 39.0 ± 0.6 a 38.0 ± 0.0 b 38.3 ± 0.3 a 38.0 ± 0.6 b 38.0 ± 1.0 a

Plow tillage with residue
incorporation (PTRR) 39.0 ± 0.6 a 39.7 ± 0.3 a 39.3 ± 0.9 a 39.3 ± 0.3 a 40.0 ± 0.6 a 39.3 ± 0.9 a

Plow tillage with residue removal
(PTR0) 39.3 ± 0.3 a 39.7 ± 1.2 a 39.0 ± 0.6 a 39.3 ± 0.3 a 38.7 ± 0.7 ab 38.7 ± 0.7 a

No-till (NT) 39.2 38.8 38.5 38.5 38.8 38.2
Plow tillage (PT) 39.2 39.7 39.2 39.3 39.3 39
Residue retention (RR) 39.2 39.2 39.2 39 39.8 38.8
Residue removal (R0) 39.2 39.3 38.5 38.8 38.3 38.3
ANOVA (F-value)
Tillage practice factor (T) 0.01 1.04 0.84 6.25 * 0.82 1.19
Residue management factor (R) 0.01 0.04 0.84 0.25 7.36 * 0.43
T × R interaction effect 0.29 0.04 0.21 0.25 0.09 0.05

Values are presented as Mean ± Standard Error (SE) (n = 3). For each year, lowercase letters indicate significant
differences among the four treatment combinations within the column (p < 0.05, Tukey’s HSD test). The “Main
effect means” section presents the averaged values across the levels of the other factor. The bottom section presents
the F-values from a two-way ANOVA. * denote significance at p < 0.05.

3.3. Soil Chemical Traits

Available nitrogen did not differ significantly among the treatments (Table 5). Tillage
practice factor had significant effects on available phosphorous in 2016. Plow tillage
increased available phosphorous by 3.9% compared with no-till in 2016.
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Tillage practice factor (T) had a significant effect on soil organic matter in 2019 (Table 6).
Residue management factor (R) had significant effects on soil organic matter in 2019 and
2021. pH did not differ significantly among the treatments. Plow tillage increased soil
organic matter by 3.9% compared with no-till in 2019. On average across tillage practice
factor, the residue retention increased soil organic matter by 7.8% and 9.8% compared with
residue removal in 2019 and 2021, respectively.

Table 5. Soil available nitrogen (AN, mg kg−1) and available phosphorus (AP, mg kg−1) as influenced
by tillage and residue management practices in 2016, 2019, and 2021.

Trait Treatment 2016 2019 2021

Available
Nitrogen
(AN, mg kg−1)

No-till with residue retention (NTRR) 94.7 ± 2.0 a 90.3 ± 4.4 a 92.3 ± 6.8 a
No-till with residue removal (NTR0) 91.3 ± 5.5 a 91.0 ± 4.0 a 90.0 ± 4.1 a
Plow tillage withresidue incorporation (PTRR) 97.0 ± 3.7 a 96.7 ± 3.2 a 97.0 ± 2.6 a
Plow tillage with residue removal (PTR0) 96.3 ± 4.1 a 85.3 ± 3.5 a 85.0 ± 4.4 a
No-till (NT) 93.0 90.7 91.2
Plow tillage (PT) 96.7 91.0 91.0
Residue retention (RR) 95.8 93.5 94.7
Residue removal (R0) 93.8 88.2 87.5
ANOVA (F-value)
Tillage practice factor (T) 0.82 0.01 0.00
Residue management factor (R) 12.00 1.85 2.25
T × R interaction effect 5.33 2.34 1.03

Available
Phosphorus
(AP, mg kg−1)

No-till with residue retention (NTRR) 101.5 ± 5.4 b 127.5 ± 7.8 a 125.3 ± 6.1 a
No-till with residue removal (NTR0) 97.5 ± 5.5 b 139.4 ± 5.4 a 132.2 ± 6.9 a
Plow tillage with residue incorporation (PTRR) 121.0 ± 1.0 a 146.5 ± 2.6 a 144.1 ± 6.7 a
Plow tillage with residue removal (PTR0) 116.0 ± 2.6 a 138.0 ± 6.8 a 143.8 ± 6.9 a
No-till (NT) 99.5 133.5 128.8
Plow tillage (PT) 118.5 142.2 143.9
Residue retention (RR) 111.3 137.0 134.7
Residue removal (R0) 106.8 138.7 138.0
ANOVA (F-value)
Tillage practice factor (T) 20.13 ** 2.30 4.86
Residue management factor (R) 60.75 0.08 0.23
T × R interaction effect 0.75 3.05 0.27

Values are presented as Mean ± Standard Error (SE) (n = 3). For each trait and year, lowercase letters indicate
significant differences among the four treatment combinations within the column (p < 0.05, Tukey’s HSD test).
The “Main effect means” section presents the averaged values across the levels of the other factor. The bottom
section presents the F-values from a two-way ANOVA analyzing the effects of Tillage (T), Residue management
(R), and their interaction (T × R). ** denote significance at p < 0.01.

Table 6. Soil organic matter (g kg−1) and pH as influenced by tillage and residue management
practices in 2016, 2019, and 2021.

Trait Treatment 2016 2019 2021

Soil Organic
Matter
(SOM, g kg−1)

No-till with residue retention (NTRR) 1.63 ± 0.06 a 1.61 ± 0.01 ab 1.67 ± 0.03 a
No-till with residue removal (NTR0) 1.57 ± 0.03 a 1.50 ± 0.00 c 1.50 ± 0.00 b
Plow tillage with residue incorporation (PTRR) 1.63 ± 0.03 a 1.67 ± 0.03 a 1.70 ± 0.00 a
Plow tillage with residue removal (PTR0) 1.63 ± 0.03 a 1.55 ± 0.03 bc 1.57 ± 0.03 b
No-till (NT) 1.6 1.55 1.58
Plow tillage (PT) 1.63 1.61 1.63
Residue retention (RR) 1.63 1.64 1.68
Residue removal (R0) 1.6 1.53 1.53
ANOVA (F-value)
Tillage practice factor (T) 0.57 5.41 * 4.50
Residue management factor (R) 0.00 19.92 ** 40.50 ***
T × R interaction effect 0.00 0.19 0.50
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Table 6. Cont.

Trait Treatment 2016 2019 2021

pH

No-till with residue retention (NTRR) 5.99 ± 0.28 a 5.71 ± 0.10 a 5.60 ± 0.12 a
No-till with residue removal (NTR0) 6.07 ± 0.14 a 5.84 ± 0.04 a 5.77 ± 0.03 a
Plow tillage with residue incorporation (PTRR) 6.15 ± 0.19 a 5.64 ± 0.15 a 5.53 ± 0.09 a
Plow tillage with residue removal (PTR0) 6.17 ± 0.11 a 5.72 ± 0.09 a 5.73 ± 0.07 a
No-till (NT) 6.03 5.78 5.68
Plow tillage (PT) 6.16 5.68 5.63
Residue retention (RR) 6.07 5.67 5.57
Residue removal (R0) 6.12 5.78 5.75
ANOVA (F-value)
Tillage practice factor (T) 0.01 0.93 5.04
Residue management factor (R) 0.41 0.77 0.37
T × R interaction effect 0.00 0.02 0.04

Values are presented as Mean ± Standard Error (SE) (n = 3). For each trait and year, lowercase letters indicate
significant differences among the four treatment combinations within the column (p < 0.05, Tukey’s HSD test).
The “Main effect means” section presents the averaged values across the levels of the other factor. The bottom
section presents the F-values from a two-way ANOVA analyzing the effects of Tillage (T), Residue management
(R), and their interaction (T × R). *, **, and *** denote significance at p < 0.05, p < 0.01, and p < 0.001, respectively.

Tillage practice factor (T) had a significant effect on available potassium in 2019
(Table 7). Residue management factor (R) had significant effects on available potassium
in 2019 and 2021. The interaction significantly affected the available potassium. PTRR
displayed the highest available potassium among four different treatments in 2019 and
2021, and NTR0 and PTR0 showed the lowest values. Simple effect analysis indicated that
residue retention significantly increased AK content compared to residue removal within
both tillage systems.

Table 7. Soil available potassium (AK, mg kg−1) as influenced by tillage and residue management
practices in 2016, 2019, and 2021.

Treatment 2016 2019 2021

No-till with residue retention (NTRR) 117.3 ± 13.6 aA 141.5 ± 0.5 bA 152.2 ± 3.8 aA
No-till with residue removal (NTR0) 125.3 ± 12.1 aA 128.7 ± 3.1 cB 132.2 ± 5.0 bA
Plow tillage with residue incorporation (PTRR) 126.3 ± 5.5 aA 154.8 ± 0.5 aA 162.7 ± 8.2 aA
Plow tillage with residue removal (PTR0) 133.3 ± 10.3 aA 130.9 ± 3.5 cB 132.5 ± 3.8 bA
No-till (NT) 121.3 135.1 142.2
Plow tillage (PT) 129.8 142.9 147.6
Residue retention (RR) 121.8 148.2 157.5
Residue removal (R0) 129.3 129.7 132.3
ANOVA (F-value)
Tillage practice factor (T) 0.62 10.07 * 0.95
Residue management factor (R) 168.75 56.34 *** 20.55 **
T × R interaction effect 0.75 5.29 * 0.84

Values are presented as Mean ± Standard Error (SE) (n = 3). For each year, lowercase letters indicate significant
differences among the four treatment combinations within the column (p < 0.05, Tukey’s HSD test). Uppercase
letters indicate significant differences between tillage practices within the same residue management (e.g.,
comparing NTRR vs. PTRR within the residue retention group). The “Main effect means” section presents the
averaged values across the levels of the other factor. The bottom section presents the F-values from a two-way
ANOVA. *, **, and *** denote significance at p < 0.05, p < 0.01, and p < 0.001, respectively.

3.4. The Relationship Between Yield and Soil Traits

The yield was significantly negatively correlated with soil compaction, soil bulk den-
sity, and pH, with correlation coefficients of −0.421, −0.522, and −0.508, respectively
(Figure 4); it was significantly positively correlated with available potassium and soil or-
ganic matter, with correlation coefficients of 0.616 and 0.706, respectively. Soil compaction
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was significantly positively correlated with soil bulk density (0.685), and negatively corre-
lated with total porosity (−0.663), available potassium (−0.445), and soil organic matter
(−0.517). Soil bulk density had significant correlations with total porosity, available potas-
sium, and soil organic matter. Available potassium was significantly positively correlated
with soil organic matter and significantly negatively correlated with pH. The correlation
coefficient between total nitrogen and available phosphorus was 0.437, and the coefficient
between soil organic matter and pH was −0.662.
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Figure 4. Correlation coefficients between waxy maize yield and physical and chemical traits of soil.
*, **, and *** denote significance at p < 0.05, p < 0.01, and p < 0.001, respectively.

The Soil Quality Index (SQI) did not differ significantly among the treatments in 2016
(Figure 5). The PTRR treatment exhibited the highest SQI values in 2019 and 2021, whereas
the NTR0 treatment resulted in the lowest values. A significant positive linear relationship
was found between SQI and fresh maize yield (r = 0.74, p < 0.01). Similarly, SQI was
significantly and positively correlated with economic benefits (r = 0.69, p < 0.05).
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Figure 5. Soil quality index (SQI) of no-till with residue retention (NTRR), no-till with residue
removal (NTR0), and plow tillage with residue incorporation (PTRR) compared with plow tillage
with residue removal (PTR0) in 2016, 2019, and 2021; and the relationship of SQI between fresh
maize yield (kg ha−1) and economic benefits (¥). For each year, lowercase letters indicate significant
differences among the four treatment combinations within the column (p < 0.05, Tukey’s HSD test). *
and ** denote significance at p < 0.05 and p < 0.01, respectively.

4. Discussion
4.1. The Effects of Different Tillage Management on Physical Traits

Plow tillage (PT) and no-till (NT) significantly affected soil physical properties. Pooled
data across residue treatments showed consistently higher soil compaction under NT than



Agronomy 2025, 15, 2586 13 of 19

under PT, with increases of 12.3%, 13.8%, and 21.6% in 2017, 2018, and 2019, respectively
(Table 2). By 2019, PT reduced soil bulk density by 2.9% relative to NT (Table 3). Generally,
PT disrupts soil aggregates through mechanical action, potentially enhancing soil aeration
and water infiltration, whereas NT preserves the existing soil structure, often resulting in
progressive densification [26]. These findings align with previous studies conducted in
Northeast China’s black soil region [27], the central United States [28], and the semi-arid
area of China [29], which reported reduced compaction and improved porosity under
various tillage interventions, including rotary, rotational, and deep-tillage practices [30].
Residue retention (RR) exerted positive yet interannually variable effects on soil physical
properties. Pooled across tillage practices, RR reduced soil compaction by 10.0% compared
to residue removal (R0) in 2018, and increased total porosity by 3.9% in 2020. However, no
significant difference in bulk density was observed in that year (Table 4). The improvements
are likely attributable to organic binding agents derived from straw decomposition, which
enhance aggregation, alleviate compaction, and promote porosity [31]. The effectiveness
of residue retention varied from year to year. This result is mainly due to climate, which
accelerates decomposition in warmer, wetter years but slows it down in drier or colder ones.
These findings align with previous studies demonstrating that straw return, particularly
combined with deep tillage, improves soil porosity and reduces bulk density [32], enhances
aggregate stability over time [33], and consistently mitigates compaction while increasing
water-stable aggregates across tillage systems [34]. In summary, PT was more effective in
reducing soil compaction and bulk density. RR contributed to increasing soil porosity and
reducing compaction in certain years. The combination of PT and RR (PTRR) resulted in
the best soil physical conditions, with the lowest soil compaction and bulk density (ranking:
NTR0 > NTRR > PTR0 > PTRR) and favorable total porosity (Tables 2–4). This condition
suggests that PTRR may be a suitable practice for maintaining soil health in this region.

4.2. The Effects of Different Tillage Management on Chemical Traits

The findings of this study demonstrated that tillage practices and residue management
significantly influence soil chemical properties. The tillage factor (T) exerted a significant
effect: in 2016, plow tillage boosted available phosphorus (AP) by 3.9% compared with
no-till (Table 5), attributed to enhanced organic matter mineralization, release of immo-
bilized phosphorus, and improved soil aeration via residue incorporation [35]. Despite
the association between no-till practices and surface soil organic matter (SOM) accumu-
lation, our results show that plow tillage increased SOM by 4.0% in 2019 (Table 6). In the
early to middle years, plowing broke down and mixed residues more effectively. This
condition meant that soil organic matter was evenly distributed, unlike in no-till systems,
where it stays concentrated at the surface [36,37]. Residue management became the main
factor affecting available phosphorus and potassium in 2019 and 2021 (Tables 5 and 7).
During this period, residue retention also increased soil organic matter, highlighting its
contribution to soil health through organic carbon input. Residues serve as microbial sub-
strates to form stable organic matter [38], and SOM strongly correlates with AK (r = 0.616;
Figure 4). Residue retention enhances nutrient availability by slowing nutrient release
from decomposition and improving nutrient cycling conditions [31]. A key finding is that
tillage-residue interaction (R*T) on AK, and that plow tillage with residue incorporation
(PTRR) outperforms other practices in AK, AP, SOM, and available nitrogen. Plowing
may promote residue decomposition by improving contact with the soil, creating more
favorable moisture and temperature conditions for microbes, and distributing nutrients
throughout the plow layer [39]. Conversely, no-till with no residue (NTR0) was associated
with relatively poorer soil chemistry compared to the other practices (Tables 5–7). Residue
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incorporation likely increased soil acidity (via organic acids and cation exchange capacity),
as yield and SOM both negatively correlated with pH (r = −0.662; Figure 4).

4.3. The Effects of Different Tillage Management on Yield

This study confirms that tillage and residue management significantly shape soil
quality and maize yield, with their combined effects being more pronounced than those
of individual factors. From a yield perspective, residue retention consistently increased
autumn maize yield by 6.3–16.6% (2019–2021) and spring maize yield by 15.4% (2021),
compared to residue removal (Table 1). These results align with the findings of Gupta
et al. [40], who reported that residues serve as substrates for microbes, thereby enhancing
nutrient cycling. Plow tillage also outperformed no-till in both spring and autumn maize
yields across years (Table 1), as it improves soil aeration and nutrient distribution by
mixing residues [41]. The PTRR treatment developed a growing yield advantage over time,
reaching 1.7–6.9% higher than PTR0 (Table 1). In contrast, no-till treatments (NTRR, NTR0)
yielded 2.3–16.9% less than PTR0 (Table 1). This condition suggests that incorporating
residues through tillage may be a key factor in achieving sustained yield improvements.
Correlation analysis revealed that yield was negatively correlated with compaction, bulk
density, and pH, but positively correlated with available potassium and SOM (Figure 4).
Economically, fresh waxy maize’s economic benefits showed an overall upward trend
(with minor dips in 2019–2020), and PTRR maintained the highest benefits from 2017
autumn to 2021 (Figure 3). This condition is because PTRR’s yield stability (avoiding loss
from poor soil conditions), improved kernel quality (commanding higher market prices),
and reduced long-term input costs (via enhanced soil fertility, reducing fertilizer needs)
synergistically drive profitability. Correlation analysis reinforced this: SQI was highest
in PTRR (2019–2021) and positively correlated with both yield and economic benefits
(Figure 5). In summary, PTRR is the optimal management strategy for fresh waxy maize,
as it improves soil physical/chemical quality to sustain high yields and kernel quality,
directly translating into stable, high economic returns and matching the crop’s market and
growth requirements.

5. Conclusions
Comprehensive analysis revealed that PT significantly enhanced soil physical char-

acteristics by mechanically loosening the soil structure, thereby reducing compaction by
12.3–21.6% and decreasing bulk density by 2.9% compared to no-till systems. RR improved
soil chemical properties through the gradual decomposition of organic materials, which in-
creased soil organic matter content and elevated available potassium levels. PTRR treatment
demonstrated synergistic effects, creating optimal soil conditions that combined improved
aeration and structure with enhanced nutrient availability. This treatment consistently
resulted in higher maize yields across multiple growing seasons, with yield advantages of
1.7–6.9% compared with other management practices. Furthermore, correlation analysis
showed that the SQI under PTRR was significantly positively correlated with both crop
yield (r = 0.59) and economic returns (r = 0.57), confirming the crucial role of soil quality
in agricultural productivity and profitability. These results suggest that integrated plow
tillage with residue retention can effectively maintain soil health while ensuring sustain-
able agricultural production, making it a recommended management strategy for local
farming systems.
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Appendix A

Table A1. Sowing, silking and harvest data, and growth duration of no-till with residue retention
(NTRR), no-till with residue removal (NTR0) and plow tillage with residue incorporation (PTRR)
compared with plow tillage with residue removal (PTR0) from 2016 to 2021. A, autumn season; S,
spring season.

Year Treatment
Sowing Silking Harvest Growth Duration

m-d m-d m-d Days

2016A

NTRR 3-Aug 26-Sep 20-Oct 78
NTR0 3-Aug 27-Sep 21-Oct 79
PTRR 3-Aug 26-Sep 20-Oct 78
PTR0 3-Aug 25-Sep 19-Oct 77

2017S

NTRR 12-Apr 13-Jun 5-Jul 84
NTR0 12-Apr 15-Jun 7-Jul 86
PTRR 12-Apr 13-Jun 5-Jul 84
PTR0 12-Apr 14-Jun 6-Jul 85

2017A

NTRR 8-Aug 3-Oct 2-Nov 86
NTR0 8-Aug 3-Oct 2-Nov 86
PTRR 8-Aug 5-Oct 4-Nov 88
PTR0 8-Aug 5-Oct 4-Nov 88

2018S

NTRR 11-Apr 13-Jun 3-Jul 83
NTR0 11-Apr 16-Jun 5-Jul 85
PTRR 11-Apr 13-Jun 3-Jul 83
PTR0 11-Apr 14-Jun 3-Jul 83

2018A

NTRR 4-Aug 24-Sep 25-Oct 82
NTR0 4-Aug 26-Sep 26-Oct 83
PTRR 4-Aug 23-Sep 24-Oct 81
PTR0 4-Aug 25-Sep 26-Oct 83

2019S

NTRR 12-Apr 16-Jun 7-Jul 86
NTR0 12-Apr 18-Jun 8-Jul 87
PTRR 12-Apr 17-Jun 8-Jul 87
PTR0 12-Apr 16-Jun 7-Jul 86

2019A

NTRR 10-Aug 5-Oct 3-Nov 85
NTR0 10-Aug 7-Oct 9-Nov 91
PTRR 10-Aug 5-Oct 3-Nov 85
PTR0 10-Aug 5-Oct 3-Nov 85

2020S

NTRR 22-Apr 17-Jun 7-Jul 76
NTR0 22-Apr 17-Jun 7-Jul 76
PTRR 22-Apr 15-Jun 5-Jul 74
PTR0 22-Apr 15-Jun 5-Jul 74

2020A

NTRR 12-Aug 7-Oct 6-Nov 86
NTR0 12-Aug 10-Oct 11-Nov 91
PTRR 12-Aug 6-Oct 6-Nov 86
PTR0 12-Aug 6-Oct 6-Nov 86

2021S

NTRR 18-Apr 19-Jun 8-Jul 81
NTR0 18-Apr 19-Jun 8-Jul 81
PTRR 18-Apr 17-Jun 7-Jul 80
PTR0 18-Apr 17-Jun 7-Jul 80

2021A

NTRR 15-Aug 9-Oct 10-Nov 87
NTR0 15-Aug 8-Oct 10-Nov 87
PTRR 15-Aug 5-Oct 8-Nov 85
PTR0 15-Aug 5-Oct 8-Nov 85
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Table A2. The market price of maize (¥ kg−1), fresh maize yield (t ha−1), total revenue (¥ ha−1), land rent cost (¥ ha−1), straw disposal cost (¥ ha−1), plowing cost
(¥ ha−1), pesticide cost (¥ ha−1), fertilizer cost (¥ ha−1), seed cost (¥ ha−1), labor cost (¥ ha−1), total cost (¥ ha−1) and economic benefits (¥ ha−1) of no-till with
residue retention (NTRR), no-till with residue removal (NTR0) and plow tillage with residue incorporation (PTRR) compared with plow tillage with residue removal
(PTR0) from 2016 to 2021.

Year Treatment
The Market
Price of Maize
(¥ kg−1)

Fresh
Maize Yield
(t ha−1)

Total
Revenue
(¥ ha−1)

Land Rent
Cost (¥ ha−1)

Straw
Disposal
Cost (¥ ha−1)

Plowing
Cost
(¥ ha−1)

Pesticide
Cost
(¥ ha−1)

Fertilizer
Cost
(¥ ha−1)

Seed Cost
(¥ ha−1)

Labor Cost
(¥ ha−1)

Total Cost
(¥ ha−1)

Economic
Benefits
(¥ ha−1)

2016A

NTRR 3.5 8.4 29,467.3 4500.0 1500.0 0.0 1500.0 3600.0 2250.0 5100.0 18,450.0 11,017.3
NTR0 3.5 8.1 28,251.9 4500.0 0.0 0.0 1500.0 3600.0 2250.0 6600.0 18,450.0 9801.9
PTRR 3.5 8.9 31,318.3 4500.0 1500.0 2250.0 1500.0 3600.0 2250.0 5100.0 20,700.0 10,618.3
PTR0 3.5 9.4 32,776.7 4500.0 0.0 2250.0 1500.0 3600.0 2250.0 6600.0 20,700.0 12,076.7

2017S

NTRR 3.5 9.6 33,560.5 4500.0 1500.0 0.0 1500.0 3600.0 2250.0 5850.0 19,200.0 14,360.5
NTR0 3.5 9.5 33,326.2 4500.0 0.0 0.0 1500.0 3600.0 2250.0 7350.0 19,200.0 14,126.2
PTRR 3.5 10.5 36,576.7 4500.0 1500.0 2250.0 1500.0 3600.0 2250.0 5850.0 21,450.0 15,126.7
PTR0 3.5 10.8 37,797.6 4500.0 0.0 2250.0 1500.0 3600.0 2250.0 7350.0 21,450.0 16,347.6

2017A

NTRR 3.5 10.4 36,329.3 4500.0 1500.0 0.0 1500.0 3600.0 2250.0 7650.0 21,000.0 15,329.3
NTR0 3.5 10.1 35,263.5 4500.0 0.0 0.0 1500.0 3600.0 2250.0 9150.0 21,000.0 14,263.5
PTRR 3.5 12.3 42,929.5 4500.0 1500.0 2250.0 1500.0 3600.0 2250.0 7650.0 23,250.0 19,679.5
PTR0 3.5 12.1 42,219.0 4500.0 0.0 2250.0 1500.0 3600.0 2250.0 9150.0 23,250.0 18,969.0

2018S

NTRR 3.0 13.2 39,612.0 4500.0 1500.0 0.0 1500.0 3600.0 2250.0 8400.0 21,750.0 17,862.0
NTR0 3.0 13.5 40,497.0 4500.0 0.0 0.0 1500.0 3600.0 2250.0 9900.0 21,750.0 18,747.0
PTRR 3.0 15.2 45,747.0 4500.0 1500.0 2250.0 1500.0 3600.0 2250.0 8400.0 24,000.0 21,747.0
PTR0 3.0 14.6 43,872.0 4500.0 0.0 2250.0 1500.0 3600.0 2250.0 9900.0 24,000.0 19,872.0

2018A

NTRR 3.5 11.9 41,487.3 4500.0 1500.0 0.0 1500.0 3600.0 2250.0 9450.0 22,800.0 18,687.3
NTR0 3.5 11.2 39,158.0 4500.0 0.0 0.0 1500.0 3600.0 2250.0 10,950.0 22,800.0 16,358.0
PTRR 3.5 13.8 48,238.8 4500.0 1500.0 2250.0 1500.0 3600.0 2250.0 9450.0 25,050.0 23,188.8
PTR0 3.5 13.3 46,696.3 4500.0 0.0 2250.0 1500.0 3600.0 2250.0 10,950.0 25,050.0 21,646.3

2019S

NTRR 4.0 10.2 40,984.0 4500.0 1500.0 0.0 1500.0 3600.0 2250.0 10,350.0 23,700.0 17,284.0
NTR0 4.0 9.9 39,724.0 4500.0 0.0 0.0 1500.0 3600.0 2250.0 11,850.0 23,700.0 16,024.0
PTRR 4.0 11.4 45,430.0 4500.0 1500.0 2250.0 1500.0 3600.0 2250.0 10,350.0 25,950.0 19,480.0
PTR0 4.0 10.7 42,742.0 4500.0 0.0 2250.0 1500.0 3600.0 2250.0 11,850.0 25,950.0 16,792.0

2019A

NTRR 3.5 12.3 43,037.8 4500.0 1500.0 0.0 1500.0 3600.0 2250.0 10,350.0 23,700.0 19,337.8
NTR0 3.5 10.8 37,814.0 4500.0 0.0 0.0 1500.0 3600.0 2250.0 11,850.0 23,700.0 14,114.0
PTRR 3.5 13.5 47,402.3 4500.0 1500.0 2250.0 1500.0 3600.0 2250.0 10,350.0 25,950.0 21,452.3
PTR0 3.5 13.0 45,475.5 4500.0 0.0 2250.0 1500.0 3600.0 2250.0 11,850.0 25,950.0 19,525.5

2020S

NTRR 4.0 10.7 42,970.0 4500.0 1500.0 0.0 1500.0 3600.0 2250.0 10,650.0 24,000.0 18,970.0
NTR0 4.0 10.0 39,972.0 4500.0 0.0 0.0 1500.0 3600.0 2250.0 12,150.0 24,000.0 15,972.0
PTRR 4.0 11.5 45,866.0 4500.0 1500.0 2250.0 1500.0 3600.0 2250.0 10,650.0 26,250.0 19,616.0
PTR0 4.0 11.2 44,886.0 4500.0 0.0 2250.0 1500.0 3600.0 2250.0 12,150.0 26,250.0 18,636.0
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Table A2. Cont.

Year Treatment
The Market
Price of Maize
(¥ kg−1)

Fresh
Maize Yield
(t ha−1)

Total
Revenue
(¥ ha−1)

Land Rent
Cost (¥ ha−1)

Straw
Disposal
Cost (¥ ha−1)

Plowing
Cost
(¥ ha−1)

Pesticide
Cost
(¥ ha−1)

Fertilizer
Cost
(¥ ha−1)

Seed Cost
(¥ ha−1)

Labor Cost
(¥ ha−1)

Total Cost
(¥ ha−1)

Economic
Benefits
(¥ ha−1)

2020A

NTRR 3.5 12.7 44,317.0 4500.0 1500.0 0.0 1500.0 3600.0 2250.0 11,400.0 24,750.0 19,567.0
NTR0 3.5 11.5 40,398.8 4500.0 0.0 0.0 1500.0 3600.0 2250.0 12,900.0 24,750.0 15,648.8
PTRR 3.5 13.4 46,894.8 4500.0 1500.0 2250.0 1500.0 3600.0 2250.0 11,400.0 27,000.0 19,894.8
PTR0 3.5 13.0 45,433.5 4500.0 0.0 2250.0 1500.0 3600.0 2250.0 12,900.0 27,000.0 18,433.5

2021S

NTRR 4.0 12.5 50,080.0 4500.0 1500.0 0.0 2250.0 3600.0 2250.0 12,900.0 27,000.0 23,080.0
NTR0 4.0 11.1 44,462.0 4500.0 0.0 0.0 2250.0 3600.0 2250.0 14,400.0 27,000.0 17,462.0
PTRR 4.0 14.0 55,882.0 4500.0 1500.0 2250.0 2250.0 3600.0 2250.0 12,900.0 29,250.0 26,632.0
PTR0 4.0 13.1 52,572.0 4500.0 0.0 2250.0 2250.0 3600.0 2250.0 14,400.0 29,250.0 23,322.0

2021A

NTRR 4.0 13.8 55,114.0 4500.0 1500.0 0.0 2250.0 4500.0 2250.0 13,500.0 28,500.0 26,614.0
NTR0 4.0 12.1 48,404.0 4500.0 0.0 0.0 2250.0 4500.0 2250.0 15,000.0 28,500.0 19,904.0
PTRR 4.0 15.1 60,264.0 4500.0 1500.0 2250.0 2250.0 4500.0 2250.0 13,500.0 30,750.0 29,514.0
PTR0 4.0 14.1 56,390.0 4500.0 0.0 2250.0 2250.0 4500.0 2250.0 15,000.0 30,750.0 25,640.0
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