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Abstract

The partial replacement of chemical fertilizers with organic fertilizers is regarded as one
of the effective ways to achieve sustainable agricultural development. However, further
research is needed to understand how different cropping systems respond to the substi-
tution of organic fertilizers and the underlying mechanisms in the context of calcareous
purple soils in the same region. In this study, four field trials involving soybean, wheat, rice,
and corn were conducted at different sites within the same regional calcareous purple-soil
area to investigate the comprehensive effects of partially replacing chemical fertilizers with
organic fertilizers on soil fertility. The initial soil pH at the experimental site ranged from
6.25 to 8.60. The experiment established four treatments, which were CK (sole conven-
tional chemical fertilizer), alongside OC1, OC2, and OC3, in which 10%, 20% and 30% of
chemical fertilizer were substituted by a commercial organic fertilizer (45% organic matter,
C/N = 25). The results indicate that replacing chemical fertilizers with organic amendments
generally led to significant improvements in soil organic matter, available phosphorus, and
quick-acting potassium levels. However, the impact on alkaline-hydrolyzable nitrogen var-
ied depending on the crop type. In terms of crop responses, organic fertilizer substitution
had a notable effect on nutrient accumulation in grains and overall yield. Soybeans and
rice showed positive trends in both nutrient uptake and yield enhancement, while wheat
primarily benefited from increased total nitrogen content in its grains. In contrast, corn
achieved the best balance between yield and nutrient absorption under the OC2 treatment.
An equal-weight membership function evaluation, based on within-system normalization
of six soil and crop indicators, ranked the treatments as OC2 > OC3 > OC1 > CK. OC2 there-
fore showed the highest integrated performance among the four crop systems examined in
this study. Under OC2, soil organic matter increased by 1.21–31.24% relative to CK across
the four field systems, while significant yield increases of 4.2% and 6.5% were observed
in the rice and corn systems, respectively. This study suggests that substituting 20% of
chemical fertilizers with organic amendments can effectively enhance soil fertility and
boost crop productivity, making it a promising regional fertilization strategy that balances
ecological benefits with agricultural output.

Keywords: green manure; Sichuan Basin; calcareous purple soil; subordinate function
analysis

1. Introduction
Calcareous purple soil, a key agricultural resource in southwestern China, is charac-

terized by relatively high pH and a carbonate-rich mineral environment, both of which

Environments 2026, 13, 401 https://doi.org/10.3390/environments13070401

https://crossmark.crossref.org/dialog?doi=10.3390/environments13070401&domain=pdf&date_stamp=2026-07-16
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/environments
https://www.mdpi.com
https://doi.org/10.3390/environments13070401


Environments 2026, 13, 401 2 of 13

can constrain nutrient availability. This severely limits the efficiency of nutrient uptake
by crops [1–3]. While chemical fertilizers can temporarily boost nutrient availability in
calcareous purple soils, their long-term overuse often leads to soil compaction, microbial
activity reduction, and environmental contamination, which ultimately undermines both
crop yields and product quality [4,5]. Fortunately, recent studies have demonstrated that
combining organic fertilizers with chemical ones at partial substitution rates can yield
multiple benefits [6]. For instance, this approach enhances soil structure, water retention,
and microbial activity, which together promote the release of poorly soluble nutrients such
as phosphorus and potassium, significantly boosting nutrient-use efficiency [6,7]. However,
it is important to note that different crop systems respond differently to the substitution of
organic fertilizers. The underlying mechanisms driving these responses remain in need of
further in-depth investigation across different cultivation systems.

As four major staple crops in China, soybeans, wheat, rice, and corn play an indis-
pensable role in ensuring national food security [8]. Their national production reached
209.04, 140.07, 301.24, and 20.91 million tons, respectively, in 2025 (according to the National
Bureau of Statistics of China) [9]. Sichuan Province is one of the major production areas for
these four types of crops, and it is also a region where calcareous purple soils are widely
distributed [10]. Studies have shown that soil type and texture significantly affect the
ability of organic fertilizers to improve soil quality and boost nutrient efficiency [11,12]. Yet
research specifically on calcareous purple soils is still lacking. Furthermore, different staple
crops differ in root morphology, nutrient demand, and their response to organic fertilizers.
However, systematic comparative studies on these four crops within the same regional
calcareous purple-soil area remain limited. This gap prevents us from determining the
optimal substitution ratios of organic fertilizers for different crops, which limits the precise
development of green fertilization technologies in calcareous purple soil regions.

In this study, we systematically investigate the effects of partially substituting chemical
fertilizers with organic fertilizers at varying ratios on key soil chemical properties and
crop yields for the four crops mentioned above. Additionally, we used an equal-weight
membership function approach to integrate soil-fertility and crop-performance indicators
and to identify the treatment with the most favorable overall performance across the four
crop systems. This research ultimately provides both theoretical support and practical guid-
ance for reducing chemical fertilizer use while enhancing efficiency in regional agriculture,
thereby promoting green, high-quality agricultural development.

2. Materials and Methods
2.1. Overview of the Test Site

The experimental area is located in Luojiang District, Deyang City, Sichuan Province,
within the humid subtropical monsoon climate zone. The annual average temperature
is 17.4 ◦C, and the annual average precipitation is approximately 1000 mm. Four crop
cultivation sites were selected from different townships in Luojiang District to serve as
the experimental sites. Data collection for the four crops covered only a single growing
season. The soil type is calcareous purple soil, with a pH ranging from 6.25 to 8.60. The
basic chemical properties of the soil at these different crop sites are shown in Table S1.

2.2. Experiment Design

Isolation measures and separate drainage ditches are set up between the experimental
plots. Each experimental plot measured 5 m × 6 m, corresponding to an area of 30 m2. A
30 cm wide by 30 cm deep earthen trench was dug between each plot to create a barrier. A
1 m wide buffer strip was established around each experimental plot, and two buffer strips
were established around the entire experimental area. According to previous studies, the
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experiment includes four treatment groups [13,14]: (1) Chemical fertilizer application (CK),
based on recommended fertilization rates derived from local soil test data. (2) Organic
fertilizer replacing 10% of the chemical fertilizer (OC1). (3) Organic fertilizer replacing 20%
of the chemical fertilizer (OC2). (4) Organic fertilizer replacing 30% of the chemical fertilizer
(OC3). Each treatment is replicated three times, with the experimental design arranged
in a randomized complete block layout. To clearly distinguish among treatments, each
plot is clearly marked with a designated treatment sign. Crop management practices other
than fertilization were kept consistent among treatments within each field trial. Irrigation
and drainage were conducted according to local crop requirements, and weeds, pests, and
diseases were managed uniformly following standard local agronomic practices.

Soybeans: Planting density is set at 250,000 seedlings per hectare, with a conventional
fertilizer application rate of 60 kg of pure nitrogen, 63 kg of P2O5, and 52.5 kg of K2O
per hectare. All fertilizer for the soybeans is applied at once, eliminating the need for
additional topdressing. The organic fertilizer used is a commercial product containing
1.9% N, 3.2% P2O5, 1.1% K2O, 45% organic matter, and a C/N ratio of 25.

Wheat: The recommended planting density is 200,000 seedlings per hectare. Conven-
tional fertilizer application rates are 150 kg of pure nitrogen, 90 kg of P2O5, and 60 kg of
K2O per hectare. Half of the nitrogen is applied as a base fertilizer, while the other half
is used as tillering fertilizer; all organic fertilizers and phosphate–potash fertilizers are
applied as a base dressing.

Rice: Planting density is 200,000 seedlings per hectare. Conventional fertilizer applica-
tion rates are 120 kg of pure nitrogen, 30 kg of P2O5, and 60 kg of K2O per hectare. Apply
50% of the nitrogen and all of the phosphate fertilizer as a base dressing, while the remain-
ing 50% of nitrogen and the full amount of potash fertilizer are applied as topdressing
during the tillering stage.

Corn: The planting density was set at 66,000 plants per hectare, with conventional
fertilizer application rates of 150 kg of pure nitrogen, 60 kg of P2O5, and 60 kg of K2O
per hectare. All organic fertilizer, 30% of the nitrogen, 50% of the potassium, and the entire
phosphorus application were applied as base fertilizer. An additional 20% of the nitrogen
and the remaining 50% of potassium were applied during the seedling stage, while the rest
of the nitrogen was used as a topdressing fertilizer for ear development.

Specific fertilizer amounts for each treatment are shown in Table S2.

2.3. Sample Processing and Measurement
2.3.1. Sample Processing

In accordance with the requirements of the Technical Specifications for Soil Environmental
Monitoring (HJ 166-2026), three soil samples were collected from each plot using the S-shaped
sampling method. The soil organic matter, alkali-hydrolyzable nitrogen, available phosphorus,
and available potassium were determined. After the crops matured, soil and plant samples
were collected again from the field to determine the relevant parameters. After the field
survey, five plant samples were randomly selected from each plot. The plant samples were
treated at 105 ◦C for 30 min to inactivate enzymes, then dried at 80 ◦C to constant weight.
The dried samples were weighed, ground, and sieved through a 60-mesh screen, then bagged
and labeled for future use. Meanwhile, five soil samples were selected from the topsoil of
each plot and mixed. After removing plant debris and stones from the soil samples, they were
subdivided using the quartering method and then left to air-dry under natural conditions.

2.3.2. Sample Determination

After separating the plant samples into their respective organs, they were ground
using an FW100 grinder (Tianjin Taisite Instrument Co., Ltd., Tianjin, China) and passed
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through a 60-mesh sieve. Accurately weighed 0.15–0.20 g of the sample powder, which
was then digested using a combined sulfuric acid-hydrogen peroxide method before be-
ing diluted to a final volume of 100 mL. Total nitrogen and total phosphorus levels were
determined using a flow analyzer (CAF, model AA3, SEAL Analytical GmbH, Norderst-
edt, Germany), with total nitrogen measured via an automated Kjeldahl apparatus and
total phosphorus quantified by the molybdenum–antimony colorimetric method. Total
potassium content was analyzed using a PerkinElmer-AA400 flame atomic absorption
spectrometer (PerkinElmer, Inc., Waltham, MA, USA). Soil organic matter was assessed
using the potassium dichromate oxidation method under external heating conditions,
while available phosphorus was determined via the molybdenum–antimony colorimetric
technique. Alkaline-hydrolyzable nitrogen was measured by the diffusion method, and
readily available potassium was quantified using flame photometry [15].

2.4. Data Processing

Experiment data are expressed as mean ± standard deviation (Mean ± SD). One-way
analysis of variance (ANOVA) was used to test differences among fertilization treatments,
followed by Duncan’s multiple range test for post hoc comparisons. Differences were con-
sidered significant at p < 0.05. Data visualization was completed with Origin 2021 software.

2.4.1. Membership Function

The integrated membership-function evaluation included six indicators, which were
soil organic matter, alkaline-hydrolyzable nitrogen, available phosphorus, quick-release
potassium, plant height, and yield. Moreover, it was conducted separately for each cropping
system. For each indicator, the membership values of CK, OC1, OC2, and OC3 were first
calculated within the corresponding cropping system using the minimum and maximum
values observed among the four fertilization treatments. The resulting dimensionless
membership values were then averaged across the four cropping systems for each treatment
and indicator.

U(Xi) =
Xi − Xmin

Xmax − Xmin
, i = 1, 2, 3, · · · , n (1)

In the formula, Xi represents the ith comprehensive index, Xmin denotes the minimum
value of a particular index across all tested treatments, and Xmax indicates the maximum
value of that same index among all tested treatments.

The membership values were subsequently averaged across the four crop–site systems
for each treatment and indicator.

-
Uit =

1
4∑4

c=1 Uict (2)

where Uict is the membership value of treatment t for indicator I within crop system c.

2.4.2. Indicator Weight

Equal weights were used to ensure transparency and reproducibility.

wi =
1
n

(3)

where n is the total number of indicators. As six indicators were included, the weight
assigned to each indicator was 1/6.

2.4.3. Overall Evaluation Score

D = ∑6
i=1 Uitwi (4)
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In the formula, D represents the comprehensive evaluation score, and the higher the D
value, the better the experimental results.

3. Results and Analysis
3.1. Impact of Applied Fertilizers on Soil Fertility

The effects of different fertilization treatments on soil fertility for four crops are shown
in Table 1. In the soybean cropping system, soil organic matter content showed slight
numerical increases of 0.57% and 1.21% under OC1 and OC2, respectively, but neither treat-
ment differed significantly from CK. In contrast, OC3 significantly increased soil organic
matter content by 9.84% relative to CK (p < 0.05). Regarding soil available nutrients, OC1
showed an 11.37% decrease in alkaline-hydrolyzable nitrogen compared to CK, while OC2
and OC3 treatments led to significant increases of 8.96% and 5.98%, respectively (p < 0.05).
Notably, all organic fertilizer treatments significantly enhanced soil available phosphorus
levels, increasing them by 51.92% (OC1), 77.32% (OC2), and 61.59% (OC3) relative to CK
(p < 0.05). Additionally, soil available potassium levels improved across all organic fertilizer
treatments. For wheat-growing soils, organic fertilizer substitution consistently boosted soil
organic matter, available phosphorus, and available potassium levels to varying degrees.
However, OC1 did not significantly affect alkaline-hydrolyzable nitrogen relative to CK,
whereas OC2 and OC3 significantly reduced it to 99.41 and 102.74 mg kg−1, respectively,
compared with 108.52 mg kg−1 under CK (p < 0.05). In rice-growing soils, organic fertilizer
substitution comprehensively improved soil organic matter as well as all key indicators of
available nutrients. Moreover, the OC1, OC2, and OC3 treatments significantly increased
soil organic matter content in corn-growing by 12.2%, 15.2%, and 19.7% compared to CK,
respectively (p < 0.05). Among these, the OC2 treatment stood out for its remarkable ability
to enhance both alkaline-hydrolyzable nitrogen and available phosphorus. In the corn
system, OC2 significantly increased alkaline-hydrolyzable nitrogen to 42.95 mg kg−1 and
available phosphorus to 9.79 mg kg−1, compared with 40.25 and 6.58 mg kg−1 under CK,
respectively (p < 0.05). Furthermore, all organic fertilizer treatments significantly elevated
soil available potassium levels.

Table 1. Effect of Organic and Chemical Fertilizers on Soil Fertility.

Crop Type Chemical Properties CK OC1 OC2 OC3

Soybean

Organic matter content (g kg−1) 14.03 ± 0.21 b 14.11 ± 0.19 b 14.20 ± 0.32 b 15.41 ± 0.29 a
Alkaline-hydrolyzable nitrogen (mg kg−1) 59.60 ± 2.12 b 52.89± 1.21 c 64.54± 1.42 a 63.12 ± 1.55 a

Available phosphorus (mg kg−1) 8.07 ± 0.32 d 12.26± 0.56 c 14.31± 0.51 a 13.04 ± 0.62 b
Quick-release potassium (mg kg−1) 89.32 ± 4.11 c 100.48 ± 3.25 a 96.43 ± 2.15 b 98.21 ± 2.02 b

Wheat

Organic matter content (g kg−1) 21.32 ± 1.65 c 28.14 ± 2.61 b 27.98 ± 1.94 b 31.02 ± 3.69 a
Alkaline-hydrolyzable nitrogen (mg kg−1) 108.52 ± 7.62 a 109.54 ± 6.64 a 99.41 ± 8.11 b 102.74 ± 5.68 b

Available phosphorus (mg kg−1) 8.24 ± 0.35 b 8.37 ± 0.25 b 9.81 ± 0.66 a 9.45 ± 0.81 a
Quick-release potassium (mg kg−1) 130.52 ± 9.65 c 160.25 ± 12.41 b 165.57 ± 12.11 ab 172.69 ± 3.65 a

Rice paddy

Organic matter content (g kg−1) 26.91 ± 1.54 d 28.12 ± 0.98 c 30.58 ± 0.87 b 32.25 ± 1.06 a
Alkaline-hydrolyzable nitrogen (mg kg−1) 62.14 ± 2.04 b 69.04 ± 1.54 a 71.47 ± 1.09 a 69.45 ± 1.88 a

Available phosphorus (mg kg−1) 6.20 ± 0.05 b 6.30 ± 0.07 b 6.60 ± 0.06 b 7.60 ± 0.04 a
Quick-release potassium (mg kg−1) 50.04 ± 0.97 b 50.98 ± 1.12 b 50.05 ± 1.14 b 55.47 ± 0.98 a

Corn

Organic matter content (g kg−1) 11.27 ± 0.57 c 12.65 ± 0.42 b 12.98 ± 0.71 ab 13.49 ± 0.63 a
Alkaline-hydrolyzable nitrogen (mg kg−1) 40.25 ± 1.25 b 39.87 ± 1.87 b 42.95 ± 1.41 a 40.14 ± 1.69 b

Available phosphorus (mg kg−1) 6.58 ± 0.57 c 7.54 ± 0.41 b 9.79 ± 0.98 a 7.98 ± 0.68 b
Quick-release potassium (mg kg−1) 68.54 ± 2.14 c 75.14 ± 1.97 a 72.51 ± 2.41 a 70.12 ± 1.51 b

Note: Values are presented as mean ± standard deviation (SD) of three replicates (n = 3). Within each crop and
soil property, different lowercase letters indicate significant differences among fertilization treatments according
to one-way ANOVA followed by Duncan’s multiple range test (p < 0.05). Background shading is provided
solely as a visual aid to indicate the direction and magnitude of change relative to CK: blue shading denotes an
increase, whereas orange shading denotes a decrease, with darker shades representing larger relative changes.
Color shading does not represent statistical significance. Soil organic matter is expressed in g kg−1, whereas
alkaline-hydrolyzable nitrogen, available phosphorus, and quick-release potassium are expressed in mg kg−1

following conventional soil-science reporting practice.
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3.2. Impact of Applied Fertilizers on Crop Quality and Yield
3.2.1. Soybean Growth and Yield

Figure 1 illustrates the growth status of soybeans under different fertilization treat-
ments, along with variations in grain nutrient content and yield. Compared to CK, all
organic fertilizer substitution treatments significantly enhanced the total phosphorus and
total potassium levels in soybean grains. Specifically, OC2 increased total phosphorus
content by 27.87%, while the OC1 treatment boosted total potassium levels by 40.50%.
Notably, there was no significant difference in total nitrogen content among the treatments.
In terms of yield-related traits, the organic fertilizer substitution treatments on average
improved 100-seed weight and yield by 1.89% and 3.32%, respectively, with the OC2 treat-
ment showing the most pronounced effect. This suggests that a 20% substitution rate of
organic fertilizer holds the greatest potential for enhancing both soybean yield and quality.

Figure 1. The effects of different fertilizers on soybean growth (a), quality (b–e), and yield (f). Note:
Error bars indicate the standard deviation across three replicates (n = 3). Columns annotated with
different lowercase letters denote statistically significant differences (p < 0.05) between treatments
as determined by one-way ANOVA followed by the Duncan test. The same notation will be used
consistently throughout the text.

3.2.2. Wheat Nutrient Content and Yield

Figure 2 shows the changes in wheat growth, grain nutrient content, and yield under
different fertilization treatments. None of the treatments significantly affected plant height.
Notably, the organic fertilizer substitution treatments increased the total nitrogen content
in grains. Compared to CK, the increases for OC1, OC2 and OC3 were 15.2%, 20.9% and
25.7%, respectively, as the substitution ratio rose. There were no significant differences in
grain total potassium content among the treatments, while the total phosphorus content
in OC1 and OC2 treatments was slightly lower than that of the CK. Moreover, in terms
of yield, organic fertilizer substitution slightly boosted both 100-grain weight and overall
yield. However, these improvements did not reach statistical significance.
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Figure 2. The effects of different fertilizers on wheat growth (a), quality (b–e), and yield (f).

3.2.3. Rice Nutrient Content and Yield

Figure 3 demonstrates the growth of rice, grain nutrient content, and yield responses.
Organic fertilizer treatments significantly increased rice plant height compared to chemical
fertilizers, promoting robust growth of the rice plants. OC2 and OC3 significantly increased
the total nitrogen and total phosphorus content in the grains, while OC1 had no significant
effect on either nutrient. All organic fertilizer treatments markedly boosted the total potassium
content in the grains. In terms of yield, OC2 and OC3 treatments led to substantial increases
in crop output. Among them, OC2 treatment resulted in a 5.9% improvement in 100-grain
weight and a 4.2% increase in overall yield, demonstrating the best overall performance.

Figure 3. The effects of different fertilizers on rice growth (a), quality (b–e), and yield (f).
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3.2.4. Corn Nutrient Content and Yield

According to Figure 4, different fertilization treatments did not significantly affect corn
plant height. Specifically, OC1 notably increased grain total nitrogen content. Meanwhile,
OC2 was most effective for total phosphorus and total potassium, raising them by 5.9%
and 6.3%, respectively. In terms of yield, OC1 and OC2 significantly boosted both 100-grain
weight and overall productivity, with OC2 yielding a 6.5% increase compared to CK.

Figure 4. The effects of different fertilizers on corn growth (a), quality (b–e), and yield (f).

3.3. Comprehensive Evaluation of the Integrated Benefits of Organic Fertilizers as a Substitute for
Chemical Fertilizers

The soil chemical properties and crop quality after fertilization treatments were com-
prehensively evaluated using the membership function method, with the results presented
in Table 2. The maximum membership value assigned to a treatment reflects its relative
position after normalization and should not be directly equated with the magnitude of the
raw percentage increase. The comprehensive evaluation scores for OC1, OC2, and OC3
treatments were all significantly higher than those of the CK treatment, indicating that par-
tially replacing chemical fertilizers with organic amendments can effectively enhance both
soil quality and crop performance synergistically. Notably, the OC2 treatment achieved the
highest overall score among all treatments, highlighting its superior ability to improve soil
chemical characteristics while boosting crop quality and yield. Consequently, the optimal
fertilization strategy involves reducing chemical fertilizer application and supplementing it
with 20% organic fertilizer. This conclusion is based on a multi-objective approach aimed at
enhancing soil fertility and achieving both increased yields and improved quality in corn,
soybeans, wheat, and rice.
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Table 2. Aggregated membership values and comprehensive evaluation scores of different treatments.

Organic
Matter

Alkaline-
Hydrolyzable

Nitrogen

Available
Phosphorus

Quick-
Release

Potassium
Plant Height Production Comprehensive

Score D
Membership

Ranking

CK 0 0.400 0 0 0.223 0.088 0.119 4
OC1 0.402 0.435 0.281 0.720 0.535 0.478 0.475 3
OC2 0.567 0.750 0.821 0.518 0.675 1 0.722 1
OC3 1 0.519 0.751 0.759 0.712 0.220 0.660 2

Note: The values shown for each indicator are aggregated dimensionless membership values.

4. Discussion
Studies have shown that partially replacing chemical fertilizers with organic fertilizers

can effectively improve soil chemical properties. For instance, Lan et al. [16] demonstrated
that it increases soil organic matter content, reduces soil bulk density, and mitigates soil
acidification. This study demonstrates that substituting chemical fertilizers with organic
ones has a positive impact on soil fertility, particularly in boosting levels of soil organic
matter, available phosphorus, and quick-release potassium. The elevated soil organic
matter levels are likely attributed to the fact that bio-organic fertilizers themselves are rich
in organic materials, which in turn promote their accumulation in the soil [17]. Consistent
with findings by Qaswar et al. [18], the combined application of organic and chemical
fertilizers significantly enhanced soil concentrations of alkaline-hydrolyzable nitrogen,
available phosphorus, and quick-release potassium. This enhancement may be explained
by two key factors. Firstly, the input of organic fertilizer markedly increases soil organic
matter. Meanwhile, its slow-release nature fosters the formation of soil aggregates and
stimulates microbial activity, which helps mobilize P and K from the soil matrix [19].
Secondly, the readily available nutrients inherently present in organic fertilizers directly
enrich the nutrients of the soil [20]. It is worth noting that different cropping systems
exhibit varying responses to fertilization practices. This is potentially due to the interplay
among crop root characteristics, nutrient uptake patterns, and the mineralization processes
of organic fertilizers [21]. In soybean-growing soils, the OC1 treatment resulted in a
decrease in alkaline-hydrolyzable nitrogen levels. The reduction in alkaline-hydrolyzable
nitrogen under OC1 may reflect short-term N immobilization following low-rate organic
input. Given the C/N ratio of 25, microbial decomposition of added organic C may have
temporarily increased microbial N assimilation, thereby reducing the measurable alkaline-
hydrolyzable N pool. Changes in crop N uptake may also have contributed. Conversely, the
significant increase in available phosphorus underscores the potential of organic fertilizers
to stimulate phosphorus mobilization. Moreover, the relationship between organic fertilizer
application rates and the extent of soil nutrient enhancement is not strictly linear. It suggests
the existence of an optimal substitution ratio. Future research should delve deeper into the
mechanisms by which organic fertilizers regulate soil nutrient cycling, integrating insights
from microbial community structure and function. Such investigations will provide crucial
theoretical foundations for optimizing fertilization strategies and advancing sustainable
agricultural practices.

The response of crop performance to organic fertilizer substitution may be jointly
influenced by crop growth characteristics and site-specific soil conditions. Organic amend-
ments can improve nutrient availability through gradual mineralization and by modifying
the rhizosphere environment, but the extent to which crops benefit from these processes
may depend on root distribution, nutrient demand, and growth duration [21]. Corn has a
well-developed and deep root system. It benefits from improvements to the topsoil whilst
also being able to absorb nutrients released slowly from deeper layers [22]. Consequently,
corn is better suited to the application of organic fertilizer than other shallow-rooted crops.
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One possible explanation is that differences in root distribution and nutrient-acquisition
patterns may influence the ability of crops to use nutrients released gradually from organic
fertilizer. The relatively strong response observed in the corn system may partly reflect
its extensive root system, whereas the weaker short-term yield response in the wheat
system may be associated with differences in nutrient-demand timing [23]. This may also
explain why wheat yield did not increase significantly despite the improvement in grain
nitrogen content. Meanwhile, soybeans and rice showed moderate but positive responses.
Soybeans are legumes that form symbiotic relationships with nitrogen-fixing bacteria. The
soil microbial environment improved by organic soil conditioners may have enhanced
the biological nitrogen fixation process, thereby supplementing soil-derived nitrogen [24].
This is reflected in the improved yield and quality seen under the OC2 treatment. In rice,
applying organic matter to paddy soils can alter the redox potential and influence the
dynamics of key nutrients such as phosphorus and potassium, potentially enhancing their
availability. This is supported by the notable improvements in both yield and quality
observed under the OC2 and OC3 treatments. The optimal response of soybeans, rice, and
corn to OC2 highlights the importance of matching nutrient release patterns to crop-specific
physiological characteristics. Corn and rice have long growing seasons and the ability to
utilize an increasingly improved rhizosphere, exhibiting a strong yield response. On the
other hand, soybeans benefit from enhanced availability of non-nitrogen nutrients and an
overall improvement in the microbial environment. Wheat, with its shorter growth cycle
and more concentrated nutrient demands, derived fewer direct yield benefits from the
current organic substitution regime. Therefore, adjusting the organic substitution ratio
not only based on soil type but also according to the fundamental physiology of each
crop is critical for maximizing the efficiency of integrated nutrient management strategies.
However, these interpretations should be treated with caution because the four crops were
grown at different field sites. Therefore, the observed differences among soybean, wheat,
rice, and corn may also reflect differences in initial soil pH, organic matter, and nutrient
status among sites. Moreover, future studies should directly quantify root length, rooting
depth, root surface area, and rhizosphere nutrient dynamics to test these hypotheses.

Existing research indicates that replacing chemical fertilizers with organic fertiliz-
ers offers multi-dimensional benefits for improving crop quality. It not only enhances
phosphorus use efficiency in crops but also promotes plant growth while boosting both
yield and quality [25,26]. This study found that the impact of organic fertilizers replacing
chemical fertilizers on crop grain nutrient content and yield formation varies significantly
depending on the crop species and the substitution ratio. This also reflects the interspecies
differences in crop nutrient uptake and utilization. Soybeans and rice showed relatively
consistent responses to organic fertilizers, particularly in terms of phosphorus and potas-
sium accumulation as well as yield enhancement. In contrast, wheat exhibited a more
pronounced response in nitrogen uptake, while its yield improvement was less evident.
This is likely due to its longer growth cycle and more complex nutrient requirements [27].
Meanwhile, corn achieved an optimal balance between nutrient absorption and yield at
an intermediate substitution ratio (OC2). It suggested that both excessive and insufficient
organic nutrient inputs could potentially hinder the full realization of yield-enhancing
potential. Importantly, replacing chemical fertilizers with organic options may indirectly
influence grain nutrient accumulation and yield formation by improving the root-zone
microenvironment, boosting microbial activity, and fine-tuning the dynamics of nutrient
release [15]. Nevertheless, because crop identity and field site were not fully separable
in the experimental design, these patterns should not be interpreted as direct evidence
of species-specific responses. Future studies should include multi-site replicated trials
or experiments conducted under the same soil background to further clarify how crop
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traits and soil conditions interact to regulate the effects of organic fertilizer substitution on
nutrient-use efficiency and yield formation. Moreover, the economic implications of organic
fertilizer substitution also require consideration. Although OC2 showed the highest inte-
grated agronomic performance in this study, a full cost–benefit analysis was not possible
because fertilizer prices, labor inputs, transportation costs, and crop-market returns were
not systematically recorded. Future research should also incorporate cost-effectiveness into
its analysis.

5. Conclusions
In summary, partially replacing chemical fertilizers with organic fertilizers effec-

tively enhances soil fertility. It significantly boosts levels of soil organic matter, available
phosphorus, and quick-acting potassium across the board. However, the impact on alkali-
hydrolyzable nitrogen varies depending on the specific crop system. Specifically, soybeans
and rice exhibited positive responses in both productivity and grain quality, whereas wheat
primarily saw improvements only in quality. Moreover, corn achieved an optimal balance
between yield and nutrient uptake at a 20% substitution rate. Overall, OC2 achieved the
highest score in the integrated evaluation and showed favorable performance under the
field conditions examined in this study. Notably, the wheat system showed improved
grain nitrogen content without a significant yield increase. Therefore, the 20% substitution
rate should be regarded as a promising regional option rather than a universally optimal
strategy for all crops. Moreover, because each crop was cultivated at a different field site,
the observed differences among cropping systems should be interpreted with caution,
as crop effects could not be fully disentangled from site-specific differences in initial soil
conditions. This study demonstrates that carefully calibrated organic fertilizer substitution
rates represent an ideal approach to fostering sustainable agricultural development.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/environments13070401/s1, Table S1: Basic chemical properties
of soil in different crop cultivation areas; Table S2: Action plan for replacing chemical fertilizers
with organic fertilizers; Table S3: Crop membership values of the six indicators under different
fertilization treatments.
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