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Abstract: How to use nitrogen fertilizer is crucial for farmers in boosting crop yield and fostering
sustainable agricultural development. We hypothesized that replacing the nitrogen (N) provided by
mineral fertilizer with manure would enhance the soil water storage, increase water use efficiency
(WUE), maintain maize yield, and improve economic benefits. We performed the experiment by
replacing 0% (CK), 25% (Mjs), 50% (Msg), 75% (Mys), and 100% (Mjgg) of mineral N fertilizer
(225 kg ha!) with an equivalent amount of N from manure during 2016-2019. M;5 and M5 increased
the soil water storage at 0-2 m depth after maize harvest, while M5 significantly decreased the
evapotranspiration by 5.27-22.14% compared with CK. The replacement treatments significantly
increased maize yield and WUE by 6.58-13.62% and 5.68-18.00%, respectively, during the fourth
fertilization year. Meanwhile, the net benefits of the replacement treatments were significantly higher
than that of CK in the year of higher precipitation and irrigation water. Mys significantly increased
net benefits by 8.47-35.51% compared with CK. My5 had the highest comprehensive evaluation score.
Thus, the study proposes a combination of 75% N from manure with 25% N from mineral fertilizer to
achieve a high maize yield and benefits.

Keywords: evapotranspiration; fertilization; maize yield; net income; soil moisture

1. Introduction

Applying chemical fertilizer is an important farming measure in agricultural produc-
tion. Long-term and excessive application of mineral fertilizer reduces the cultivated land
quality, wastes water resources, pollutes the agricultural environment, increases production
costs, and restricts crop yield [1-3]. A study that used the crop model EPIC (Environmental
Policy Integrated Climate) to assess soil water dynamics and rice crop growth as affected by
bunding and fertilizer application indicated that fertilizer application could cause changes
in soil water storage [4]. Meanwhile, manures improve soil physical properties, promote
root growth, maintain soil moisture, and enhance crop yields [5,6]. Therefore, a combined
application of manure and mineral fertilizer is necessary for the sustainable development
of agriculture.

Numerous studies have analyzed the effects of the combined application of manure
and mineral fertilizer. Hati et al. [7] found that the balanced fertilizer and manure or lime
improved soil water retention, microporosity, and available water capacity (0-30 cm depth)
compared with no fertilizer under a soybean—wheat rotation system. A study reported that
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the combined application of manure and mineral fertilizer significantly increased water-use
efficiency (WUE). The 2000 kg ha~! of manure and 20 kg ha~! of diammonium phosphate
appeared to be the most effective combination for improving millet yield, nutrient, and
water use efficiency in the Sahelian millet-based systems [8]. Moreover, Chen et al. [9]
observed that an increase in the organic matter content of manure using maize straw
modified via animal feeding improved summer maize production. The increase rate
for organic matter, phosphorus, and potassium for the treatments with manure addition
was higher than that for the treatments without manure application. Both biomass and
grain yield of summer maize were improved with the continuous addition of manure.
Meanwhile, an experiment reported that a positive yield trend was observed in the mineral
nitrogen, phosphorus, and potassium fertilizer combined with farmyard manure treatment
compared with unfertilized plots in sub-humid and semi-arid tropical India. The annual
increase in wheat yields at Ranchi and Akola were +6.3 and +10.3% per year under farm
yard manure combined with nitrogen, phosphorus, and potassium fertilizer treatments,
respectively [10]. As for a sustainable rainfed wheat practice, partial manure substitution
with an appropriate N rate improves soil quality, crop productivity, and net ecosystem
economic benefit [11]. Twenty-one multi-locational trials that combined the application of
mineral fertilizer and organic (farm yard manure) inputs on cassava growth and yields to
evaluate the economic benefits of the use of the improved variety and fertilizer in cassava
production, and the findings reveal that more positive effects on cassava growth and yields
and economic benefits from farm yard manure [12]. During the six years (2016-2021) of
the study, only three of those years saw treatment differences in silage corn yields, with
yields being the highest for solid dairy manure only [13]. Then, we can know that a certain
amount of organic fertilizer combined with chemical fertilizer can significantly improve
soil water storage and water use efficiency, promote the efficient use of fertilizer, and obtain
high crop yields.

In recent years, the research on organic fertilizer instead of chemical fertilizer has
increased. The effect of organic fertilizer instead of chemical fertilizer will be affected by
factors such as crop species, test years, and proportion of combined application. However,
little is known about the effects of replacing the N provided via mineral fertilizer with
an equal amount of N in the form of manures on soil water storage, evapotranspiration,
WUE, yield, and economic benefits. Thus, a four-year field experiment was set up under a
maize planting system using different combinations of organic fertilizer (sheep manure)
and mineral fertilizer, maintaining an equivalent amount of N under all treatments. We
hypothesized that replacing the N provided by mineral fertilizer with manure would
enhance soil water storage, increase WUE, maintain maize yield, and improve economic
benefits. The objectives of this study were: (1) to analyze the effects of replacing N from
mineral fertilizer with sheep manure on soil moisture, WUE, maize yield, and economic
benefits; and (2) to determine the optimum fertilization pattern for maize production.

2. Materials and Methods
2.1. Site Description and Experimental Design

A four-year field experiment was conducted from 2016 to 2019 on maize grown in
clay loam soil (sand 39.8%, silt 31.1%, and clay 29.1%) at the Dongyang Research Station
of Shanxi Agricultural University, Jinzhong, Shanxi, China (37°56' N, 112°69’ E; 800 m
altitude). The mean annual air temperature of this region was 9.8 °C. The mean minimum
air temperature of the coldest month (January) was —6.1 °C; the mean maximum air tem-
perature of the hottest month (July) was 28.1 °C. The experimental site was characterized by
low and erratic rainfall, with droughts occurring at different stages of maize growth. The
long-term mean annual rainfall at the site was 430.2 mm, and the mean annual evaporation
was 1860.1 mm. The rainfall during 2016, 2017, 2018, and 2019 was 319.3, 361.6, 277.3,
and 209.8 mm, respectively, in the maize growth period (Figure 1). The rainfall was over
the maize requirement during 2016 and 2017, and therefore, the plants were not irrigated.
Meanwhile, the plants received 146.2 mm and 225.0 mm of irrigation water in 2018 and
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2019 due to less precipitation (Figure 1). Analysis of the soil samples collected from the
experimental site in April 2016 showed that the top 20 cm of soil had the following features:
pH 8.4, soil organic matter 13.0 g kg~ !, total N 1.3 g kg~ !, total phosphorus 0.9 g kg~?,
total potassium 27.1 g kg !, available N 51.2 mg kg !, available phosphorus 7.7 mg kg !,
and available potassium 176.4 mg kg .
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Figure 1. Time and amount of precipitation and irrigation in 2016-2019.

The field experiment was carried out in a completely randomized block design with
five treatments and three replicates, and a plot size of 5 m x 6 m. The five treatments
were as follows: (i) 100% of N (225 kg ha~!) as mineral fertilizer alone (CK); (ii) 25% of N
(56.25 kg ha—!) as manure combined with 75% of N (168.75 kg ha~!) as mineral fertilizer
(Mas); (iii) 50% of N (112.50 kg ha~!) as manure combined with 50% of N (112.50 kg ha™1)
as mineral fertilizer (Ms); (iv) 75% of N (168.75 kg ha~1) as manure combined with 25%
of N (56.25 kg ha~!) as mineral fertilizer (Mzs); (v) 100% of N (225 kg ha~!) as manure
alone (Mgp). Sheep manure was incorporated into the soil at approximately 0-15 cm depth
in late October of each experimental year (Table 1). In addition, 105 kg ha~! phosphorus
was applied to CK in the form of mineral fertilizer. The amount of mineral phosphate
fertilizer used in M5, Msg, and My5 treatments was 105 kg ha—! minus the phosphorus
content of manure. There was no mineral fertilizer in the Mjq treatment. Before sowing,
the mineral N and phosphorus fertilizers were applied separately as basal fertilizers, and
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urea and monoammonium phosphate were used as the mineral fertilizers. We applied
herbicides during the maize jointing stage every year. The forecrop for the maize crops
in this experiment were all maize. In each experimental year, the maize variety Dafeng
30 was planted at 49,500 plants ha~! density in late April or early May and harvested in
late September.

Table 1. The rate of manure inputs in t ha~! in treatments.

Year
Treatment 2016 2017 2018 2019
CK 0 0 0 0
Mys 250 2.63 275 235
Mso 5.01 527 551 469
Mys 751 7.90 8.26 7.04
Mo 10.01 10.53 11.01 9.39

2.2. Sampling and Analysis Methods

Soil water storage was measured gravimetrically (drying method, w/w) to a depth of
200 cm at 20 cm increments before sowing and after harvest at the center of each plot [14].
Soil bulk density was determined according to the method described by Robertson et al. [15].
Twenty maize plants were harvested from the center of each plot to measure the grain yield.
Soil water storage was calculated as follows:

O0=hxyxbx10 1)

where 0 (mm) is the soil water storage, i (cm) is the soil depth, v (g cm~3) is the soil bulk
density at different layers, and b (%) is the percentage of soil moisture in weight [14].
Evapotranspiration was calculated as follows:

ET=P+I+G—D—R— AW @)

where ET (mm) is the evapotranspiration, P (mm) is the precipitation, I (mm) is the
irrigation volume, G (mm) is the groundwater recharge, D (mm) is the drainage from the
root zone, R (mm) is the surface runoff, and AW (mm) is the difference in soil water storage
between before sowing and at harvest [16]. G and D were ignored in this study because the
groundwater contribution from the water Table 50 m below the surface and drainage out of
the root zone were not considered [17]. Surface runoff was zero because the topography
was flat. AW was either positive or negative. Therefore, evapotranspiration was calculated
based on precipitation, irrigation volume, and the change in soil water storage as follows:

ET=P+1—- AW 3)
WUE was defined as follows:
WUE =Y + ET 4)
where WUE (kg ha=! mm ™) represents the water-use efficiency for the grain yield, Y
(kg ha1) is the grain yield, and ET (mm) represents evapotranspiration [18].
Finally, the net benefit was calculated using the following equation:
N=YI-TI ®)

where N ($ ha™) is the net benefit, YI ($ ha™') is the yield income, and TI ($ ha™!) is the total
input. The total input considered fertilizer, seed, seeding cost, harvest cost, and the cost
of tillage.
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2.3. Statistical Analysis

Analysis of variance (ANOVA) and principal component analysis (PCA) were carried
out using the SAS 6.2 program. The statistical significance of a treatment effect was deter-
mined using the F-test. Duncan’s multiple range test was used for multiple comparisons of
means (p < 0.05) [19].

3. Results
3.1. Soil Water Storage

In 2016, the soil water storage after maize harvest significantly increased under Mps
and M5y treatments (8.40% and 7.79%, respectively) (Figure 2). Meanwhile, compared
with the My treatment, the M5 and M5 treatments increased the soil water storage by
8.79% and 8.17%, respectively. In 2017, the replacement treatments increased soil water
storage by 9.21-18.30% compared with CK. The M5 treatment resulted in the highest soil
water storage (7.92%, 7.27%, and 8.32% higher than the M5y, M75, and Mjq treatments).
The Mjs, Msp, and Mj treatments significantly increased the soil water storage by 7.94%,
12.60%, and 12.47%, respectively, compared with CK, and 10.85%, 15.64%, and 15.51%,
respectively, compared with Mys treatment. In 2019, the My5 treatment slightly reduced
soil water storage; however, the M5, M5, and Mj treatments slightly increased the soil
water storage compared with CK. The soil water storage under Msg treatment was 6.93%
higher than in Mys in 2019.
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Figure 2. Soil water storage after replacement of mineral fertilizer with manure. Years x experimental
variants equal 20. Different lowercase letters for the same year indicate significant differences at
p <0.05.

3.2. Evapotranspiration

The Mys and M5 treatments significantly decreased evapotranspiration by 6.92% and
6.41%, respectively, compared with CK, and by 7.19% and 6.68%, respectively, compared
with the Mygg treatment in 2016 (Figure 3). In 2017, the replacement treatments resulted in
a 9.40-22.14% decrease in evapotranspiration. The My treatment significantly decreased
evapotranspiration by 14.07%, 8.47%, and 9.12% compared with the M5y, M75, and Mg
treatments, respectively, whereas the Mys and Mg treatments significantly reduced evapo-
transpiration by 6.12% and 5.45%, respectively, compared with Mz, treatment. In 2018, the
Mpys treatment significantly increased evapotranspiration by 7.10%, whereas the M5 and
Mg treatments significantly decreased it by 5.27% and 9.43%, respectively, compared with
CK. The Mjq treatment significantly decreased evapotranspiration by 7.31% relative to the
M5 treatment. The Mjs, M5, and Mg treatments significantly decreased evapotranspira-
tion by 11.55%, 9.07%, and 15.72%, respectively, compared with the Mys treatment. In 2019,
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evapotranspiration significantly increased by 7.52% under the My5 treatment compared
with CK, whereas it significantly decreased by 8.39% and 5.52% under the M5 and M5
treatments. Compared with Mys, the M5, Msg, and Mjq treatments significantly reduced
evapotranspiration by 14.80%, 12.12%, and 10.52%, respectively.
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Figure 3. Evapotranspiration after replacement of mineral fertilizer with manure. Years x experi-
mental variants equal 20. Different lowercase letters for the same year indicate significant differences
atp <0.05.

3.3. Maize Yield

Mys treatment slightly increased maize yield (grain dried to 14% moisture level)
compared with CK in 2016, whereas the Mjs, M5y, and M;( treatments slightly reduced
the yield (Figure 4). The M5 treatment slightly increased maize yield, whereas the My
treatment slightly decreased it compared with CK. In 2017, the M5 and Mys treatments
significantly reduced maize yield by 9.58% and 7.91%, respectively, compared with CK.
Meanwhile, the M5 treatment significantly increased maize yield by 19.90%, 17.72%, and
14.01% compared with the Msg, My5, and Mjq treatments, respectively. In 2018, the Mg
treatment significantly decreased yield by 8.45% compared with CK. Maize yields under
Mys and Mys treatments were 7.75% and 9.97% higher than Mygg in 2018. In 2019, the
replacement treatments significantly increased maize yield by 6.58-13.62% compared with
CK. Among the various treatments, Mys significantly increased maize yield by 16.53%
compared with the Mps treatment.

3.4. Water Use Efficiency

The Mys treatment significantly increased WUE by 5.56%, 8.18%, and 11.70% compared
with CK, M5y and My treatments, respectively, in 2016 (Figure 5). The M5 treatment
significantly increased WUE by 6.55% and 10.02% compared with the M5y and M treat-
ments, respectively. In 2017, the Mys5 treatment significantly increased WUE by 39.20%,
39.51%, 28.64%, and 25.38% compared with CK, M5, M5 and My treatments, respec-
tively. The Mys and Mg treatments significantly increased WUE by 8.21% and 11.02%,
respectively, compared with CK, and by 8.45% and 11.27%, respectively, compared with the
M5 treatment. In 2018, the My5 treatment significantly decreased WUE by 6.01% relative to
CK. The Mys significantly increased WUE by 6.32% and 10.78% compared with the Msg and
My treatments, respectively. The Mjgo treatment significantly increased WUE by 7.89%
relative to the Mys treatment. In 2019, the replacement treatments significantly increased
WUE by 5.68-18.00% compared with CK. The Mys, M5, and M treatments significantly
increased WUE by 10.09%, 11.66%, and 6.63%, respectively, relative to the Mys treatment.
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Figure 4. Maize yield after replacement of mineral fertilizer with manure. Years x experimental
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Figure 5. Water use efficiency after replacement of mineral fertilizer with manure. Years x experi-

mental variants equal 20. Different lowercase letters for the same year indicate significant differences

atp < 0.05.

3.5. Economic Benefit

The Mys treatment significantly increased net benefit by 11.13% (141.27 $ ha~!) com-
pared with CK in 2016 (Figure 6). The replacement treatments significantly increased the net
benefit by 6.87-38.01% (29.90 $ ha=1-165.39 $ ha~1) compared with CK in 2017. Meanwhile,
the Mps treatment significantly increased net benefit by 29.14% (135.49 $ ha~!), 25.89%
(123.48 $ ha~ 1), and 28.16% (131.94 $ ha~!) compared with Msy, M5, and My treatments,
respectively. In 2018, the M5 treatment significantly increased net benefit by 8.47% (171.67
$ha 1) compared with CK. In 2019, the M35, M5, Mys5, and My treatments significantly
increased the net benefit by 16.29% (199.79 $ ha—'), 29.71% (364.44 $ ha—!), 35.51% (435.56
$ha—'), and 23.27% (285.50 $ ha~') compared with CK. The M5 treatment significantly
increased net benefit by 6.60% (235.77 $ ha=1) and 9.92% (150.06 $ ha™1) compared with
the M5 and Mg treatments, respectively, while the Mz, treatment significantly increased
net benefit by 11.54% (164.65 $ ha™1) compared with Mys treatment. These observations
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indicated that the net benefit increased from the first year under the M5 treatment and
from the second year under the M5 and M5 treatments.
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Figure 6. Net benefit after replacement of mineral fertilizer with manure. Years X experimental
variants equal 20. Different lowercase letters for the same year indicate significant differences at
p < 0.05.

3.6. Comprehensive Evaluation

Further, to evaluate the influence of each treatment, principal component analysis was
performed using soil water storage (X;), evapotranspiration (Xj), yield (X3), WUE (X4), and
net benefit (Xs) as the evaluation variables. Principal components with characteristic values
greater than 1.0 were selected for analysis based on all data from four years (Table S1). The
first principal component replaced the original five indexes for comprehensive evaluation.
Consequently, the first principal component contribution rate reached 69.83%, which
mainly reflected the influence of evapotranspiration, yield, WUE, and net benefit (Table S2).
Ranking based on the comprehensive score of principal components demonstrated that
CK slipped down from the second position to the last during the experiment (Table S3).
However, M5 treatment moved from the third position in 2016 to the first in 2017, back
to third in 2018, and fourth in 2019. The Mg, treatment moved from the fifth in 2016 to
the fourth in 2017 and 2018 and then to the second in 2019. The Mys treatment moved
from the first position in 2016 to the fifth in 2017 and then to the first in 2018 and 2019.
The My treatment shifted from the fourth position in 2016 to the third in 2017, the fifth
in 2018, and the third in 2019. On average of four years, the analysis identified Mys5 as
the optimal treatment, followed by Mjs, M5, and CK treatments, whereas Mgy was the
poorest. These results indicated that combining manure with mineral fertilizer is better
than mineral fertilizer alone in terms of soil water storage, evapotranspiration, yield, WUE,
and the net benefit from the fourth year of fertilization. According to principal component
analysis based on four-year average data, Mps, M5, and Mjq positively correlated with
the first principal component (Figure 7). CK and Mys negatively correlated with the first
principal component. M5y and Mjg had a close distance, both located in quadrant IV,
belonging to the same category. Mps, Mys, and CK were far apart, located in quadrants I, II,
and III, respectively, belonging to different categories.
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Figure 7. Principal component analysis based on four-year average data. Years x experimental
variants equal 5.

4. Discussion

Rational proportional organic fertilizer instead of chemical fertilizer can improve
soil moisture status. Soil structure also has a profound impact on soil moisture. The
aggregate structure is related to the content of soil organic matter and the amount of
organic fertilizer applied [20]. Bio-organic fertilizer substitution significantly reduced soil
bulk density by 4.0-5.6% and enhanced soil porosity by 4.2-5.9% in the 0—40 cm soil layer.
Moreover, bio-organic fertilizer substitution significantly increased soil-saturated hydraulic
conductivity, and water content improved aggregate size distribution [21]. Water-stable
aggregate texture can ensure the looseness of the soil surface, which is conducive to soil
water permeability. The high rates of poultry manure alone could increase erodibility
and decrease water retention [22]. This structure is characterized by loose aggregates and
large non-capillary porosity, which can reduce the height and speed of water capillary
movement in the soil and reduce the evaporation of water on the soil surface. Liu et al. [23]
reported that manure combined with mineral fertilizer conserved the water content of the
0-100 cm soil profile compared with no fertilizer. Then, manure management significantly
increased soil water stable macro-aggregates (>0.25 mm) compared to groups without
manure in the 0-20 and 2040 cm soil layers. Organic matter can change the soil’s single-
grain structure to the aggregate structure, thereby increasing the soil’s ability to retain
water and fertilizer and reducing the deep leakage of water and fertilizer [24]. Compared
with no fertilization, the leaching solution volume of organic fertilizer treatment decreased
1.25-6.78%. Organic fertilizer can improve the harm of soil acidification and compaction
caused by a single application of chemical fertilizer [25]. Soil porosity is one of the main
factors affecting soil water evaporation capacity, and the large number of pores can promote
the continuity of water rising movement [26]. Also, bio-organic fertilizer can improve soil
water and fertilizer retention capacity by improving soil structure and achieving the effect
of improving crop water and fertilizer use efficiency and yield [27,28]. In this study, the
Mys treatment resulted in higher soil water storage and lower evapotranspiration in the
first two fertilization years; meanwhile, the same treatment resulted in lower soil water
storage and higher evapotranspiration in the third and fourth fertilization years. These
could indicate that replacing 75% N chemical fertilizer with manure has an important
influence on soil porosity percentage and soil structure. Then, the difference in soil water
storage and evapotranspiration under the same replacement treatment is probably due to
precipitation in different years and soil water vapor conditions. The replacement treatment



Agronomy 2023, 13, 3031

10 of 12

significantly reduced the consumption of crop growth on the original water storage of
farmland soil and showed that it could make full use of limited precipitation.

Reasonable fertilizer management is the key to high and stable yield of crops and
soil fertility [29]. Good soil structure also provides the basis for the long-term use of
organic fertilizer; thus, it promotes crop growth and yield formation and improves water
use efficiency. On the other hand, the organic fertilizer itself contains a certain amount
of nitrogen, phosphorus, and potassium content. The superposition effect of organic
fertilizer and chemical fertilizer after application improves the soil moisture condition and
also contributes to the transformation and accumulation of nutrient elements in the soil,
which improves the soil nutrients, adds nutrients to the growth of aboveground crops,
and realizes the increase of crop yield [30]. Zhang et al. [31] showed that the application
of cattle waste compost for three years improved grain yields. The field water holding
capacity of the soil changed when organic fertilizer was applied in combination with
inorganic fertilizer. In this study, the difference in yield observed with the replacement
of mineral fertilizer with manure was not the same in the four fertilization years. In 2019,
the replacement treatments significantly increased maize yield by 6.58-13.62% compared
with CK. Among the various treatments, Mys significantly increased maize yield by 16.53%
compared with the M5 treatment. This inconsistency among the years may be due to the
uneven distribution of precipitation among the months and years, which led to differences
in the manurial effect. Moreover, we could presume the My; treatment provided the
most suitable water environment for mineralization decomposition and nutrient release of
organic fertilizer. The replacement treatment coordinated the relationship between crop
water consumption and grain yield and then caused the different WUE. The present study
found that the M5 treatment significantly increased WUE in the first, second, and fourth
years, whereas the same treatment significantly decreased WUE in the third fertilization
year. This inconsistency may be due to the slight increase in yield and significantly higher
evapotranspiration under Mys than CK in the third fertilization year.

Soil moisture is one of the factors of soil fertility. Soil moisture has a direct impact
on soil air conditions and soil thermal conditions. Tillage soil with high fertility levels
has good water holding capacity, which can better meet the needs of crop growth and
development for water. Through the application of organic fertilizer and other soil manage-
ment measures, proper regulation of soil moisture, water fertilizer, and water temperature
control is conducive to improving the level of effective soil fertility and promoting crop
yield [32]. In this study, replacement treatments significantly increased net benefit in 2017
and 2019, probably due to the higher precipitation and irrigation water. The observation
thus indicated that replacement treatments could substantially enhance the net benefit in
years with high rainfall and irrigation. In the case of increasing the application of organic
fertilizer, reducing the application of chemical fertilizer can achieve the balance between
fertilizer input income and reducing the amount of chemical fertilizer, which can not only
take into account the income but also minimize the amount of chemical fertilizer.

Soil moisture is an important component affecting soil fertility and the material basis
for plant survival and growth. Effectively increasing soil moisture content and reducing
water consumption are the primary factors in improving soil productivity, improving the
soil environment, and increasing crop yield [33]. Soil microbial flora and related enzyme
activities also affect soil structure [34]. However, this study is mainly about fertilization and
fertilization to ensure the normal supply of soil moisture in farmland under the premise
that the changes in soil chemical and biological characteristics are still unknown. The next
step is to make a comprehensive and in-depth analysis of the variation characteristics of soil
structure, soil nutrients, soil microorganisms, soil moisture, and dissipation mechanism.

5. Conclusions

Replacing 50% or less of N provided by mineral fertilizer with the equivalent nitro-
gen provided by manure increased soil water storage after maize harvest and decreased
evapotranspiration compared with mineral fertilizer alone. Meanwhile, 25% N as manure
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combined with 75% N as mineral fertilizer enhanced WUE. Moreover, N as manure instead
of mineral fertilizer significantly increased maize yield over time. The net benefit under
the replacement treatment was significantly high in the years with excess precipitation
and irrigation. Meanwhile, 75% N as manure combined with 25% N as mineral fertilizer
significantly increased net benefit in both the dry year and the wet year, indicating that this
combination was the optimal one to increase maize yield and economic benefit.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/agronomy13123031/s1, Table S1: Explained variance in principal
component analysis based on all data from four years. Years x experimental variants equal 20;
Table S2: Component matrix for principal component analysis based on all data from four years.
Years x experimental variants equal 20; Table S3: Comprehensive scores and ranking of the different
treatments. Years x experimental variants equal 25.

Author Contributions: Conceptualization, X.W.; Funding acquisition, X.W.; Investigation, L.X,;
Methodology, X.W.; Software, X.W.; Writing—original draft, X.W.; Writing—review and editing, X.W.
and L.T. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by Science and Technology Major Project of Shanxi Province,
China (Grant No. 202101140601026-4-4); the Youth Top-Notch Talent Support Program of Shanxi
Province (Grant number HNZXBJ001); National Key Research and Development Program of China
(Grant No. 2021YFD1901101-4-4); State Key Laboratory of Integrative Dryland Agriculture (in
preparation), Shanxi Agricultural University (Grant number 202105D121008-1-7); the Special Fund
for Agro-scientific Research in the Public Interest (grant number 201503124).

Data Availability Statement: Data are contained within the article and Supplementary Materials.
Acknowledgments: Thank Enke Liu for his support for the project.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

Jiang, G.; Zhang, W.; Xu, M.; Yakov, K.; Zhang, X.B.; Wang, ].Z.; Di, ].Y.; Daniel, V.M. Manure and Mineral Fertilizer Effects on
Crop Yield and Soil Carbon Sequestration: A Meta-Analysis and Modeling Across China. Glob. Biogeochem. Cycles 2018, 32,
1659-1672. [CrossRef]

Van Wesenbeeck, C.F.A.; Keyzer, M.A.; Van Veen, W.C.M.; Qiu, H. Can China’s overuse of fertilizer be reduced without threatening
food security and farm incomes? Agric. Syst. 2021, 190, 103093. [CrossRef]

Zhang, H.Y,; Erik, A.H.; Feng, P.Y.; Zhou, Z.X.; Niu, L.A.; Duan, WK_; Hao, ].M.; Hu, K.L. Responses of soil organic carbon and
crop yields to 33-year mineral fertilizer and straw additions under different tillage systems. Soil. Tillage Res. 2021, 209, 104943.
[CrossRef]

Worou, O.N.; Gaiser, T.; Saito, K.; Goldbach, H.; Ewert, F. Simulation of soil water dynamics and rice crop growth as affected by
bunding and fertilizer application in inland valley systems of West Africa. Agric. Ecosyst. Environ. 2012, 162, 24-35. [CrossRef]
Ibrahim, M.; Yamin, M.; Sarwar, G.; Anayat, A.; Habib, F; Ullah, S.; Saif-ur-Rehman. Tillage and farm manure affect root growth
and nutrient uptake of wheat and rice under semi-arid conditions. Appl. Geochem. 2011, 26, S194-5197. [CrossRef]

Adekiya, A.O.; Ejue, W.S.; Olayanju, A.; Dunsin, O.; Aboyeji, CM.; Aremu, C.; Adegbite, K.; Akinpelu, O. Different organic
manure sources and NPK fertilizer on soil chemical properties, growth, yield and quality of okra. Sci. Rep. 2020, 10, 173-179.
[CrossRef]

Hati, K.M.; Swarup, A.; Mishra, B.; Manna, M.C.; Wanjari, R.H.; Mandal, K.G.; Misra, A.K. Impact of long-term application of
fertilizer, manure and lime under intensive cropping on physical properties and organic carbon content of an Alfisol. Geoderma
2008, 148, 173-179. [CrossRef]

Ibrahim, A.; Abaidoo, R.C.; Fatondji, D.; Opoku, A. Hill placement of manure and fertilizer micro-dosing improves yield and
water use efficiency in the Sahelian low input millet-based cropping system. Field Crops Res. 2015, 180, 29-36. [CrossRef]

Chen, S.; Zhang, X.; Shao, L.; Sun, H.; Niu, J.; Liu, X. Effects of straw and manure management on soil and crop performance in
North China Plain. Catena 2020, 187, 104359. [CrossRef]

Mannaa, M.C.; Swarupb, A.; Wanjaria, R.H.; Ravankarc, H.N.; Mishrad, B.; Sahae, M.N.; Singha, Y.V.; Sahid, D.K.; Sarapc, P.A.
Long-term effect of fertilizer and manure application on soil organic carbon storage, soil quality and yield sustainability under
sub-humid and semi-arid tropical India. Field Crops Res. 2005, 93, 264-280. [CrossRef]

Liu, PZ,; Lin, Y.R; Liu, X.T.; Deng, M.Z.; Zhang, PF; Ren, X.L.; Chen, X.L. Manure substitution with appropriate N rate enhanced
the soil quality, crop productivity and net ecosystem economic benefit: A sustainable rainfed wheat practice. Field Crops Res. 2023,
304, 109164. [CrossRef]


https://www.mdpi.com/article/10.3390/agronomy13123031/s1
https://www.mdpi.com/article/10.3390/agronomy13123031/s1
https://doi.org/10.1029/2018GB005960
https://doi.org/10.1016/j.agsy.2021.103093
https://doi.org/10.1016/j.still.2021.104943
https://doi.org/10.1016/j.agee.2012.07.018
https://doi.org/10.1016/j.apgeochem.2011.03.102
https://doi.org/10.1038/s41598-020-73291-x
https://doi.org/10.1016/j.geoderma.2008.09.015
https://doi.org/10.1016/j.fcr.2015.04.022
https://doi.org/10.1016/j.catena.2019.104359
https://doi.org/10.1016/j.fcr.2004.10.006
https://doi.org/10.1016/j.fcr.2023.109164

Agronomy 2023, 13, 3031 12 of 12

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Munyahali, W.; Birindwa, D.; Pypers, P.; Swennen, R.; Vanlauwe, B.; Merckx, R. Increased cassava growth and yields through
improved variety use and fertilizer application in the highlands of South Kivu, Democratic Republic of Congo. Field Crops Res.
2023, 302, 109056. [CrossRef]

Yost, J.L.; Leytem, A.B.; Bjorneberg, D.L.; Dungan, R.S.; Schott, L.R. The use of winter forage crops and dairy manure to improve
soil water storage in continuous corn in Southern Idaho. Agric. Water Manag. 2023, 277, 108074. [CrossRef]

Ren, X.L,; Jia, ZK,; Chen, X.L.; Han, Q.F; Han, J. Effect of Corn (Zea mays L.) Water and Temperature of Ridge and Furrow
Planting of Rainfall Harvesting Under Simulated Rainfall Conditions. Sci. Agric. Sin. 2008, 41, 70-77.

Robertson, G.P,; David, C.C.B.; Caroline, S.B.; Philip, S. Standard Soil Methods for Long-Term Ecological Research; Oxford University
Press: New York, NY, USA, 1999.

Liang, J.P.; He, Z.J.; Shi, W]. Cotton/mung bean intercropping improves crop productivity, water use efficiency, nitrogen uptake,
and economic benefits in the arid area of Northwest China. Agric. Water Manag. 2020, 240, 106277. [CrossRef]

Zhang, S.L.; Lovdahl, L.; Grip, H.; Jansson, P.; Tong, Y.A. Modelling the effects of mulching and fallow cropping on water balance
in the Chinese Loess Plateau. Soil. Tillage Res. 2007, 93, 283-298. [CrossRef]

Payero, J.O.; Tarkalson, D.D.; Irmak, S.; Davison, D.; Petersen, J.L. Effect of irrigation amounts applied with subsurface drip
irrigation on corn evapotranspiration, yield, water use efficiency, and dry matter production in a semiarid climate. Agric. Water
Manag. 2008, 95, 895-908. [CrossRef]

Duncan, D. Multiple range and multiple F tests. Biometrics 1955, 11, 1-42. [CrossRef]

Sonsri, K.; Watanabe, A. Insights into the formation and stability of soil aggregates in relation to the structural proper-ties of
dissolved organic matter from various organic amendments. Soil. Tillage Res. 2023, 232, 105774. [CrossRef]

Duan, C.X;; Li, ].B.; Zhang, B.B.; Wu, S.E; Fan, ].L.; Feng, H.; He, ].Q.; Kadambot, H.M. Siddique c Effect of bio-organic fertilizer
derived from agricultural waste resources on soil proper-ties and winter wheat (Triticum aestivum L.) yield in semi-humid
drought-prone regions. Agric. Water Manag. 2023, 289, 108539. [CrossRef]

Udom, B.E.; Udom, G.J.; Otta, ].T. Breakdown of dry aggregates by water drops after applications of poultry manure and spent
mushroom wastes. Soil. Tillage Res. 2022, 217, 105267. [CrossRef]

Liu, C.A; Li, ER,; Zhou, L.M.; Zhang, R.H; Jia, Y,; Lin, S.L.; Wang, L.J.; Kadambot, HM.S,; Li, EM. Effect of organic manure and
fertilizer on soil water and crop yields in newly-built terraces with loess soils in a semi-arid environment. Agric. Water Manag.
2013, 117, 123-132. [CrossRef]

Liu, Y;; Miao, H.T.; Chang, X.; Wu, G.L. Higher species diversity improves soil water infiltration capacity by increasing soil
organic matter content in semiarid grasslands. Land Degrad. Dev. 2019, 30, 1599-1606. [CrossRef]

Tang, H.M.; Chao, L.; Xiao, X.P,; Pan, X.C.; Cheng, K.K; Shi, L.H.; Li, W.Y,; Wen, L.; Wang, K. Effects of long-term fertiliser regime
on soil organic carbon and its labile fractions under double cropping rice system of southern China. Acta Agric. Scandinavica. Sect.
B Soil Plant Sci. 2020, 70, 409-418. [CrossRef]

Meng, W.; Sun, X.H.; Ma, ].].; Guo, X.H.; Zheng, L.]. Evaporation and Soil Surface Resistance of the Water Storage Pit Irrigation
Trees in the Loess Plateau. Water 2019, 11, 648. [CrossRef]

Revilla, P; Alves, M.L.; Andelkovié, V.; Balconi, C.; Dinis, I.; Mendes-Moreira, P.; Redaelli, R.; de Galarreta, J.I.R.; Vaz Patto, M.C.;
Zili¢, S.; et al. Traditional Foods from Maize (Zea mays L.) in Europe. Front. Nutr. 2022, 8, 683399. [CrossRef]

Xiang, Y.Z; Li, Y.; Luo, X.Q.; Liu, Y.; Yue, X.J.; Yao, B.; Xue, ].M.; Zhang, L.Y.; Fan, J.; Xu, X.Y,; et al. Manure properties, soil
conditions and managerial factors regulate greenhouse vegetable yield with organic fertilizer application across China. Front.
Plant Sci. 2022, 13, 1009631. [CrossRef]

Vasbieva, M.T. Effect of Long-Term Application of Organic and Mineral Fertilizers on the Organic Carbon Content and Nitrogen
Regime of Soddy-Podzolic Soil. Eurasian Soil. Sci. 2019, 52, 1422-1428. [CrossRef]

Zhang, 2.Y.; Dong, X.X.; Wang, S.M.; Pu, X.Z. Benefits of organic manure combined with biochar amendments to cotton root
growth and yield under continuous cropping systems in Xinjiang, China. Sci. Rep. 2020, 10, 4718. [CrossRef]

Zhang, Y.L.; Li, CH.; Wang, YW.; Hu, Y.M,; Christie, P; Zhang, J.L.; Li, X.L. Maize yield and soil fertility with combined use of
compost and inorganic fertilizers on a calcareous soil on the North China Plain. Soil. Tillage Res. 2016, 155, 85-94. [CrossRef]
Adem, M.; Azadi, H.; Spalevic, V.; Pietrzykowski, M.; Scheffran, J. Impact of integrated soil fertility management practices on
maize yield in Ethiopia. Soil. Tillage Res. 2023, 227, 105595. [CrossRef]

Qaswar, M; Jing, H.; Ahmed, W.; Li, D.C.; Liu, S.J.; Zhang, L.; Cai, A.D.; Liu, L.S.; Xu, YM.; Gao, ].S.; et al. Yield sustainability, soil
organic carbon sequestration and nutrients balance under long-term combined application of manure and inorganic fertilizers in
acidic paddy soil. Soil. Tillage Res. 2020, 198, 104569. [CrossRef]

Bolan, N.; Hoang, S.A.; Beiyuan, J.; Beiyuan, ].Z.; Gupta, S.; Hou, D.; Karakoti, A.; Joseph, S.; Jung, S.; Kim, K.; et al. Multifunc-
tional applications of biochar beyond carbon storage. Int. Mater. Rev. 2022, 67, 150-200. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.fcr.2023.109056
https://doi.org/10.1016/j.agwat.2022.108074
https://doi.org/10.1016/j.agwat.2020.106277
https://doi.org/10.1016/j.still.2006.05.002
https://doi.org/10.1016/j.agwat.2008.02.015
https://doi.org/10.2307/3001478
https://doi.org/10.1016/j.still.2023.105774
https://doi.org/10.1016/j.agwat.2023.108539
https://doi.org/10.1016/j.still.2021.105267
https://doi.org/10.1016/j.agwat.2012.11.002
https://doi.org/10.1002/ldr.3349
https://doi.org/10.1080/09064710.2020.1758763
https://doi.org/10.3390/w11040648
https://doi.org/10.3389/fnut.2021.683399
https://doi.org/10.3389/fpls.2022.1009631
https://doi.org/10.1134/S1064229319110139
https://doi.org/10.1038/s41598-020-61118-8
https://doi.org/10.1016/j.still.2015.08.006
https://doi.org/10.1016/j.still.2022.105595
https://doi.org/10.1016/j.still.2019.104569
https://doi.org/10.1080/09506608.2021.1922047

	Introduction 
	Materials and Methods 
	Site Description and Experimental Design 
	Sampling and Analysis Methods 
	Statistical Analysis 

	Results 
	Soil Water Storage 
	Evapotranspiration 
	Maize Yield 
	Water Use Efficiency 
	Economic Benefit 
	Comprehensive Evaluation 

	Discussion 
	Conclusions 
	References

