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Abstract. The selection of appropriate fertilizers influences agricultural production, especially in water-
limited conditions such as those on the Loess Plateau (China). In this study, we aimed to determine the
optimum method for the fertilization of dryland crops. In a two-year split-plot experiment, we tested eight
fertilization treatments with different combinations of organic and inorganic fertilizers and a no-fertilizer
control. Crop vyield, soil water storage, and soil water use efficiency (WUE) were assessed pre-sowing
and post-harvest in 2017 and 2018. The results showed that soil water storage was decreased by
fertilization, while the WUE and crop yield were both increased: compared to the control, WUE was 6—
39% higher in 2017 and 8-39% higher in 2018, while crop yield was 3-21% higher in 2017 and 1-19%
higher in 2018. The maximum effect on WUE and crop yield was achieved when a combination of
organic fertilizer and either nitrogen or phosphate fertilizer was applied. Linear regression analysis
revealed that soil water consumption (ET) was significantly positively correlated with crop yield. Our
results provide a scientific basis for rational crop fertilization on the Loess Plateau and suggest that a
combination of organic and inorganic fertilizers is the most appropriate.

Keywords: inorganic fertilization, organic fertilization, agricultural production, soil water storage, rain-
fed agricultural

Introduction

In the world’s typical traditional dry farming regions, scarce precipitation and
insufficient water for irrigation have become the main factors limiting the improvement
of agricultural productivity (Hamdy, 2003). Different soil water and fertilizer conditions
are known to have important effects on crop growth, dry matter distribution, and crop
yield (Yan, 2015). For instance, insufficient soil water affects the synthesis and
transport of nutrients, reducing crop yield and quality, while inadequate fertility can
affect soil water absorption and utilization (Zhang et al., 2007; Wu et al., 2019). The
availability of soil water has complex interactions with soil microbial activities, soil
physics and chemistry, and plant physiological and biochemical processes. In addition,
soil water and fertilizers are important material resources in agricultural production.
Therefore, the study of the relationship between fertilization and soil water is a key
research area in crop yield and agricultural economic development (Huang, 2010).
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Improving crop yield and soil water use efficiency (WUE) through rational
fertilization strategies under water-limited conditions is a hot research topic (Guo et al.,
2019). Many studies have shown that the effects of the addition of soil water and the
application of fertilizer on crop yield are strongly dependent on the pre-existing soil
water and fertility (Fan et al., 2005).

Some studies in the Loess Plateau have found that the effect of fertilization on crop
yield is more significant when the soil’s natural water level is low. With the
improvement in soil fertility, soil water also increased, suggesting that soil water and
fertilizer have a coupling effect on crop yield (Krbel et al., 2012; Tang et al., 2016). In
another study, fertilizer application boosted soil WUE under all soil water conditions,
but especially when soil water levels were already sufficient (Xue, 2009; De, 2013).
Compared with the non-fertilization treatment, crop yield increased significantly when
fertilized, but the yield difference was not obvious under drought conditions (Tahir,
2012). Soil water and fertilization have also been shown to have extremely significant
effects on crop soil water consumption and soil WUE (Tang et al., 2016). Fertilization
can significantly inhibit plant transpiration and soil water loss, increase the drought
resistance and soil water consumption of crops, and increase soil WUE (Laxminarayana
et al., 2011; Belay, 2002) Fertilization can also reduce the consumption of ineffective
water in the soil, increase the water utilization rate, and boost the crop’s ability to use
the deep-layer soil water (Chen et al., 2016; Ren et al., 2019).

The Loess Plateau is a typical traditional dry farming region; it is located in a semi-
arid/semi-humid climate zone and has undergone serious soil erosion. Due to the low
precipitation level, its uneven seasonal distribution, and the low soil organic matter
content, nutrients and moisture have become the key factors restricting agricultural
production in the area. Precipitation is a natural event which determines the fluctuation
in dryland crop yield. Careful fertilization that correctly influences the soil nutrient
cycle can ensure high nutrient uptake of the crops and enhance soil fertility. Conversely,
excessive fertilization has a limited effect on increasing yield and undermines the soil-
crop system nutrient balance. Despite the importance of this issue in the Loess Plateau
region, there are few reports that have directly looked at the relationship between
fertilization and WUE in this area.

Our objective was to fill this gap in knowledge and to achieve a science-based
recommendation for the fertilizer that is the most appropriate to the drylands on the
Loess Plateau. In this study, we report the changes in crop yield and WUE under
different fertilization scenarios in two consecutive years in which different crops were
planted on the same study plots. We hypothesized that (1) fertilization would
significantly increase soil water storage, WUE, and crop yield; and (2) the impact of an
organic fertilizer would be higher than that of inorganic fertilizer.

Materials and methods
Basic geographic information and experimental soil conditions

The field experiment was conducted in 2017 and 2018 at a study site located in the
middle of the Loess Plateau (36°51'N, 109°18’E). The site (Fig. 1) is located 1068 m
above sea level; it has a mean annual temperature of 8.8 °C and an annual precipitation
level of 500.0 mm in the last 10 years. The recorded annual precipitation was 557.6 mm
in 2017 and 536.3 mm in 2018. The precipitation during the growth period (between
March and September) was 443.1 mm in 2017, accounting for 79.47% of the total
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annual precipitation; the respective values were 503.1 mm and 93.8% in 2018. The
climate details are shown in Figure 2. The soil type at the study site was loess soil;
basic soil physical and chemical properties were measured at the depth of 0—40cm
before sowing in two years of experimentation (Table 1).

Figure 1. The test field
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Figure 2. Average monthly precipitation in Ansai County between 2017 and 2018

Table 1. Basic physical and chemical properties of soil (0-40 cm soil layers)

Year Bulk density SOM TN TP pH
2017 1.327 4.053 0.217 0.422 8.31
2018 1.334 4.123 0.196 0.478 8.32
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Fertilizer treatments

Organic and inorganic fertilizers were used. The nitrogen fertilizers (N) were urea
and diammonium phosphate, the phosphate fertilizer (P) was diammonium phosphate,
the potassium fertilizer (K) was potassium chloride, and the organic fertilizer (M) was
sheep manure. Organic fertilizer treatments were the following: M, MN, MP, and MNP.
Inorganic fertilizer treatments were NP, NK, PK, and NPK. In addition, a no-fertilizer
treatment was used as the control CK. The fertilizers were spread evenly on the soil
surface before sowing. Nine fertilization practices are shown in Table 2.

Table 2. Experimental fertilization

Treatment Ilustration
M Sheep manure (0.75 kg/m?)
MN Sheep manure (0.75 kg/m?) + Urea 0.021 kg/m?
MP Sheep manure (0.75 kg/m?) + Diammonium phosphate (0.017 kg/m?)
MNP Sheep manure (0.75 kg/m?) + Urea (0.021 kg/m?) + Diammonium phosphate (0.017 kg/m?)
NP Urea 0.021 kg/m? + Diammonium phosphate (0.017 kg/m?)
NK Urea (0.021 kg/m?) + Potassium sulfate (0.012 kg/m?)
PK Diammonium phosphate (0.017 kg/m?) + Potassium sulfate (0.012 kg/m?)
NPK Diammonium phosphate (0.017 kg/m?) + Urea (0.021 kg/m?) + Potassium sulfate (0.012 kg/m?)
CK No fertilizer

Experiment design

Local heat and moisture conditions allow crops to only grow once a year. The
planting mode used millet-soybean rotations, so millet was sowed on May 2 in 2017,
and soybeans on May 4 in 2018. The millet cultivar was Hongyang 7. The soybean
variety planted was Zhonghuang 35. Millet sowing in 2017 was quantitative sowing,
planting density was 15 plants/m?. The sowing method was drill, spraying 10%
Monosulfuron 0.023 kg/m?on May 24 for chemical weeding in the experimental plot. In
2018, soybean planting density was 22 plants/m?. At the end of May, when two
compound leaves of soybean were grown after seedling emergence, 5% imazethapyr
0.0001 kg/m? was applied to soybean to remove weeds. Each of the 9 treatments was
allocated 4 plots, yielding a total of 36 plots. Each plot was 3.5 m long and 8.57 m wide
(plot area of 30 m?). The plots were arranged in random blocks (Fig. 3). The soil
fertility and environmental conditions in all plots were uniform. Organic, potash, and
phosphate fertilizers were each applied once, while urea fertilizer was applied at a rate
of 136 g per plot, and the remaining 500 g nitrogen fertilizer was applied during the
flowering period. The millet was fertilized with urea on April 27", 2017, and
supplementary nitrogen fertilizer was added on July 39, 2017. Urea fertilizer was added
to soybeans on April 28" 2018, and supplementary nitrogen fertilizer was added on
July 26™, 2018. The 9 fertilization treatments are shown in Figure 3.

Soil sampling and crop harvesting

Soil sample collection method: Taking each plot as a unit, the soil sampling point
was more than 1 m of the boundary of the sample plot. Sampling points were randomly
selected forming an S shape. Surface debris was then removed, and soil samples were
collected. All soil samples from the same sampling point were combined and passed
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through a 2 mm sieve. Samples were stored and labelled after the relevant sampling
information had been recorded. In all plots, the soil water level was measured every
10 cm up to the depth of 100 cm with a neutron moisture meter (Neutron moisture
meter, Model CS830, Rurui Technology Company, Guangzhou, China). The weight
water consumption was multiplied by the soil bulk density to obtain the volumetric
water consumption (Wang et al., 2016). The soil water consumption was determined
using the oven-drying method. The soil samples were brought back to the laboratory;
plant roots and other impurities were removed, and the percentage of soil moisture in
weight was measured (Lu et al., 2019). The soil bulk density was measured using a soil
bulk sampler (Soil bulk sampler, Model JC-8028, Juchuang, Qingdao, China) for every
soil sample. The soil pH was measured using a pH meter (pH meter, Model PHS-25,
LEICI, Nanjing, China) for every soil sample.

9 8 7 6 5 4 3 2 1
MP MNP CK NP NK PK NPK M MN
18 17 16 15 14 13 12 11 10
MNP M NK NPK CK NK PK MN MP
27 26 25 24 23 22 21 20 19
M MN NPK PK NP NK CK MP MNP
36 35 34 33 32 31 30 29 28
MN MP PK NK NPK CK NP MNP M

Figure 3. Test plot layout. M, organic fertilizer; MN, organic fertilizer combined with nitrogen
fertilizer; MP, organic fertilizer combined with phosphate fertilizer; MNP, organic fertilizer
combined with nitrogen and phosphate fertilizer; NP, nitrogen fertilizer combined with
phosphate fertilizer; NK, nitrogen fertilizer combined with potassium fertilizer; PK, phosphorus
combined with potassium fertilizer; NPK, nitrogen combined with phosphate and potassium
fertilizer; CK, no-fertilizer control

At the end of the growing season, 3 quadrats (1 m % 1 m) were harvested in each plot
by cutting at the soil surface level; the harvested plants were dried in an oven (75 °C,
24 h), weighed, and their value was converted to plot yield. Final crop yield was
obtained by harvesting 4 replicates of each treatment. The 2017 millet was harvested on
October 12", and the 2018 soybean crop was harvested on October 4™. In 2017, soil
moisture content before sowing was measured on April 26", and post-harvest moisture
was measured on October 13™. In 2018, soil moisture content before sowing was
measured on April 20", and post-harvest moisture was measured on October 5.

Index calculations
The requisite indices were calculated according to the following formulae.

Sw=H,x D, %xBx10 (Eq.1)

where: Sw (mm) is the sum of soil water stored in different soil layers (Lu et al., 2019);
Di (g cm™3) is the soil bulk density in different soil layers; Hi (cm) is the soil depth; and
B (%) is the percentage of soil moisture in weight.
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ET=W,—W, +P (Eq.2)

where: ET (mm) is the water consumption during the crop-growing season (Xu et al.,
2020a); W1 (mm) is the water storage at a soil depth of 0-100 cm at sowing; W2 (mm) is
the water storage at a soil depth of 0—100 cm during harvest; P (mm) is the precipitation
measured during the crop growth period.

WUE="Y/.. (Ea.3)

where: WUE is water use efficiency (kg m? mm™) (Adimassu et al., 2017); Y (kg m?) is
the yield per unit plot.

Statistical analysis

One-way ANOVA analysis was used to examine the effects of fertilization
treatment on soil water storage, soil WUE, and crop yield (P < 0.05). Before the
analysis, we performed a normality and homogeneity test of the data. Linear
regression analysis was used to show the relationship between crop yield and soil
WUE. All statistical analyses were performed using the software package IBM SPSS
Statistics (version 26.0). The differences between the treatments were calculated using
the least significance difference test at a 0.05 probability level. Figures were prepared
using Origin 9.0.

Results
Soil profile water content

In 2017, before sowing, the soil moisture water content in the 0—10 cm soil layer of
the M, MN, MP, and NK plots was higher than that in the CK plots, while in the 10—
100 cm soil layers the soil moisture water content of all the fertilization treatments was
lower than that of the CK (Fig. 4a). The soil moisture water content of all fertilization
treatments in the 0—10 cm soil layer was higher than that of CK after the crop harvest in
2017 and before sowing in 2018, and the soil moisture water content of all fertilization
treatments in the 10-100 cm soil layers was lower than that of CK (Fig. 4b, c).
Furthermore, after the crop harvest in 2018 the soil moisture water content of the M,
MN, MP, and NPK treatments in the 0-10 cm soil layer was higher than that of the CK
treatment, and in the 10-100 cm soil layers the soil moisture water content of all the
fertilization treatments was lower than that of the CK treatment (Fig. 4d).

Soil water storage

In 2017, the soil water storage recorded in the CK plots exceeded that found in
fertilized plots; it was 1.22-21.11 mm higher than that of all of the fertilization
treatments, both before sowing and after harvest. Meanwhile, the soil water storage of
the MN, MP, and MNP plots was higher than that of the other fertilization treatments,
both before sowing and after harvest (Fig. 5a). In 2018, the soil water storage of the CK
plots was greater than that of the fertilization treatments after harvest; meanwhile, the
soil water storage in the MN, MP, MNP, and NPK plots was higher than in the other
fertilization treatments, both before sowing and after harvest (Fig. 5b).
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Figure 4. Soil moisture water content (mean) in 2017 before sowing (a), 2017 after harvest (b),
2018 before sowing (c), and 2018 after harvest (d) in different fertilization treatments. Notes:
M, organic fertilizer; MN, organic fertilizer combined with nitrogen fertilizer; MP, organic
fertilizer combined with phosphate fertilizer; MNP, organic fertilizer combined with nitrogen
and phosphate fertilizer; NP, nitrogen fertilizer combined with phosphate fertilizer; NK,
nitrogen fertilizer combined with potassium fertilizer; PK, phosphorus combined with potassium
fertilizer; NPK, nitrogen combined with phosphate and potassium fertilizer; CK, no-fertilizer
control

Crop yield and soil water consumption (ET)

Overall, higher crop yield was recorded after fertilization. In 2017, the crop yields of
the M, MN, MP, MNP, NP, NK, and NPK plots were 15%, 11%, 8%, 21%,8%, 5%, and
11% greater, respectively, than that after CK treatment. In 2018, the crop yield of the
M, MN, MP, MNP, NP, NK, and NPK plots was higher than that of the CK plots by
11%, 14%, 15%, 19%, 7%, 3%, and 11%, respectively (Fig. 6).

In 2017, the water consumption (ET) recorded in the CK plots lower than the other
fertilized plots; approximately 12.83-47.73 mm lower than that of all fertilization
treatments. Meanwhile, the soil water consumption of the MN, MP, and MNP plots was
higher than that of other fertilization treatments, both before sowing and after harvest
(Fig. 7). In 2018, the soil water consumption of the CK plots was lower than that of the
fertilization treatments; meanwhile, the soil water storage in the MN, MP, MNP, and
NPK plots was higher in other fertilization treatments (Fig. 7).

The linear regression showed that the ET was significantly positively correlated with
crop yield (R?>=0.846, P < 0.001) (Fig. 8).
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Figure 5. The soil water storage (mean + standard error) recorded in 2017 (a) and 2018 (b) for
the different fertilization treatments. Values that are in the same column and the same year
followed by different letters indicate significant differences at the 5% level (Duncan P < 0.05).
M stands for organic fertilizer; MN, organic fertilizer combined with nitrogen fertilizer; MP,
organic fertilizer combined with phosphate fertilizer; MNP, organic fertilizer combined with
nitrogen and phosphate fertilizer; NP, nitrogen fertilizer combined with phosphate fertilizer;
NK, nitrogen fertilizer combined with potassium fertilizer; PK, phosphorus combined with
potassium fertilizer; NPK, nitrogen combined with phosphate and potassium fertilizer; CK, no-
fertilizer control
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Figure 6. The crop yield (mean + standard error) at different fertilization treatments in 2017
and 2018. Values in the same column and the same year followed by different letters indicate
significant differences (Duncan P < 0.05). M stands for organic fertilizer; MN, organic
fertilizer combined with nitrogen fertilizer; MP, organic fertilizer combined with phosphate
fertilizer; MNP, organic fertilizer combined with nitrogen and phosphate fertilizer; NP,
nitrogen fertilizer combined with phosphate fertilizer; NK, nitrogen fertilizer combined with
potassium fertilizer; PK, phosphorus combined with potassium fertilizer; NPK, nitrogen
combined with phosphate and potassium fertilizer; CK, no-fertilizer control
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Figure 7. Water consumption (ET) (mean + standard error) at different fertilization treatments
in 2017 and 2018. Values in the same column and year followed by different letters indicate
significant differences (Duncan P < 0.05). M, organic fertilizer; MN, organic fertilizer
combined with nitrogen fertilizer; MP, organic fertilizer combined with phosphate fertilizer;
MNP, organic fertilizer combined with nitrogen and phosphate fertilizer; NP, nitrogen fertilizer
combined with phosphate fertilizer; NK, nitrogen fertilizer combined with potassium fertilizer;
PK, phosphorus combined with potassium fertilizer; NPK, nitrogen combined with phosphate
and potassium fertilizer; CK, no-fertilizer control
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Figure 8. The correlation between crop yield and soil water consumption (ET)

Soil water use efficiency (WUE)

Overall, higher WUE was recorded after fertilization. In 2017, in comparison to the
CK plot, the WUE of the M, MN, MP, MNP, NP, PK, and NPK plots was greater by
21%, 23%, 26%, 39%, 12%, 6% and 20%, respectively (Fig. 9). In 2018, the WUE of
the M, MN, MP, MNP, NP, PK, and NPK plots was greater than that of the CK plots by
15%, 24%, 25%, 39%,12%, 8% and 20%, respectively (Fig. 9).

Discussion

Improving WUE is a major goal of agricultural development in arid and semi-arid
areas. Appropriate fertilizer application can promote crop growth and development,
encourage the growth of deep roots, and enhance crop use of deep soil water (Ameen et
al., 2019; Tamaki, 1997). We tested whether the application of organic and inorganic

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(5):6555-6568.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1805_65556568
© 2020, ALOKI Kft., Budapest, Hungary



Liu et al.: Effects of fertilization on soil water use efficiency and crop yield on the Loess Plateau, China
- 6564 -

fertilizers will improve soil WUE and found that fertilization was closely linked to soil
water storage and WUE (Samuelson, 2018; Zhang et al., 2019). In 2017 and 2018, soil
WUE increased by 6-39%, and 8-39%, respectively, compared with the no-fertilization
control, supporting Hypothesis 1. However, the soil water content and water storage
showed an overall reduction compared with the no-fertilization treatment; this result is
in line with those of the previous studies but contradicts Hypothesis 1.

OCK M 8MN @MP MNP oNP BNK @PK ONPK

—
o
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Figure 9. Soil water use efficiency (WUE) (mean =+ standard error) of the different fertilization
treatments in 2017 and 2018. Values in the same column and year followed by different letters

indicate significant differences (Duncan P < 0.05). M, organic fertilizer; MN, organic fertilizer
combined with nitrogen fertilizer; MP, organic fertilizer combined with phosphate fertilizer;

MNP, organic fertilizer combined with nitrogen and phosphate fertilizer; NP, nitrogen fertilizer
combined with phosphate fertilizer; NK, nitrogen fertilizer combined with potassium fertilizer;
PK, phosphorus combined with potassium fertilizer; NPK, nitrogen combined with phosphate

and potassium fertilizer; CK, no-fertilizer control

Multiple mechanisms and factors are at play in the effect of fertilization on crop
water use. Previous studies have found that soil WUE follows the same changing
characteristics as the leaf area index (De et al., 2013; lbrahim et al., 2015; Krbel, 2012).
Firstly, appropriate fertilization treatment can significantly increase the total amount of
crop roots, enhance root vitality, and expand the space available to roots to absorb soil
moisture and nutrients; it can also increase leaf area, boost the photosynthetic rate,
reduce evaporation, and achieve maximum efficiency in the utilization of limited
moisture in semi-arid areas (Wang, 2013; Liu et al., 2010). It is because fertilization
promotes the vigorous growth of crops that the water consumption of ground
evaporation is reduced (Sheoran et al., 2017). Therefore, after fertilization, the rapid
growth of the crops increases soil water consumption and decreases soil water storage
and content, while soil WUE increases. Secondly, the growth of the vegetation and the
expansion of plant stems and leaves after fertilization results in a stronger plant cover
on the ground surface, slowing down the water consumption in the form of surface
evaporation, which also increases the plant water use. In addition, the abundant rainfall
in the late filling stage (Fig. 2) is likely to have enabled the plants to fully exploit the
available soil nutrients. This explains why the water consumption of the fertilized plots
was significantly greater than that of the unfertilized control.

The ultimate goal of increasing crop WUE is an enhanced yield, which can be
achieved when the right balance is struck between the source and sink conditions
(Zhang et al., 2019; Amoah et al., 2012). Fertilization is an important agronomic
measure for increasing source characteristics such as dry matter accumulation and sink
characteristics such as crop yield (Chaab, 2011; Meng et al., 2012). Our results show
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that higher crop yield can be achieved by fertilization. In this study, the yield of plants
treated with additional organic and inorganic fertilizers was significantly higher than
that of the no-fertilization control. This is in line with the results of previous studies
showing an overall increase in dry matter accumulation after fertilization.

Fertilization can enhance crop yield via a variety of pathways. It is known that low
soil nutrient availability limit growth (Kurwakumire et al., 2014). Fertilization increases
the amount of available nutrients in the soil, boosting the absorption and utilization of
soil nutrients by plants. In addition, chlorophyll is essential for photosynthesis, and its
content in leaves reflects the level of photosynthesis (Roland et al., 2012). Nutrients are
required for chlorophyll production (Wang and Jin, 2007). Appropriate application of
fertilizers can increase chlorophyll content in plant tissues, as demonstrated previously
(Xu et al., 2020b); this promotes the growth of above-ground parts, thereby increasing
biomass accumulation. Some studies have shown that fertilization can achieve higher
yields through simultaneously improving cooperatively improving the indicators of crop
dry matter accumulation, dry matter transport capacity of vegetative organs, and
photosynthetic compound accumulation (Eisvand, 2018).

It is likely that both nutrient availability and water consumption are involved in the
enhancement of crop yield observed after the application of fertilizers. This is consistent
with our finding of a significant positive correlation between crop yield and soil ET,
suggesting that the two occur synergistically after fertilization. Studies have shown that
nutrients can increase water uptake, transport, and overall content in plants, thereby
increasing yields (Tamaki, 1997). A 2006 study reported that the addition of organic
and inorganic fertilizers increased the soil nutrient supply and the soil WUE during the
crop growth period, benefitting plant growth and development, enhancing
photosynthesis, and thus increasing plant biomass accumulation (Li et al., 2018). A
positive feedback loop mechanism may be involved: it has been shown that increases in
biomass promote transpiration, which indirectly promotes root growth and
photosynthesis, thereby further increasing crop yields. Drought and nutrient deficiencies
are typical characteristics of the Loess plateau and can have significant negative effects
on crop yields (Amoah et al., 2012). Our study provided a preliminary look at the effect
of different types of fertilization on crop production and WUE. There is scope for future
studies to explore the complex mechanisms that drive the yield changes observed under
different fertilization modes.

In recent years, owing to many countries’ emphasis on the protection of the
ecological environment and the quality and safety of agricultural products, more and
more scientists have focused their research on the rational use of organic fertilizers
(Sadeghzadeh and Rengel, 2011). We found that the use of organic fertilizers
improved soil water efficiency and crop growth more than the use of inorganic
fertilizers, which supported Hypothesis 2. One potential reason for this result is that
organic fertilizers can improve the functional diversity of microbial communities in
crop rhizosphere soils (Cheng et al., 2015; Wang, 2009) and are therefore superior to
inorganic fertilizers in terms of their effect on plant nutrient absorption and
transformation. For instance, Wang et al. (2012) found that the combined application
of NPK fertilizers and organic fertilizer can make crops have improved yields and
results in higher yields than NPK fertilizers alone. In addition, some studies have
found that the nutrient release of organic fertilizer is slow and thus more helpful for
subsequent improvement of soil fertility (Ren et al., 2019). Our results showed that
the treatments that increased production and improved water use the most were the
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combination of organic fertilizer with N and P fertilizer in 2017 and 2018. Further
experiments are needed to quantify the economic benefits of organic fertilizer and
elucidate its relative effects on different crop species. Additional factors such as
ecological and environmental protection, sustainable soil use, and economic output
benefits should be comprehensively considered when making definitive
recommendations on the application of organic and inorganic fertilizers.

Conclusion

Our study sheds light onto the effect of organic and inorganic fertilizers on soil
water use and agricultural production in rain-fed agricultural areas on the Loess
Plateau (China). We examined the variations in soil WUE and crop yield under nine
fertilization treatments. Our results revealed that fertilization increases soil WUE and
crop yield but decreases soil water storage. The treatments combining organic
fertilizer with N and P fertilizer had the strongest positive effect on soil WUE and
crop yield. Based on our results, we therefore recommend the use of organic fertilizers
in arid and semi-arid areas as a method for improving soil WUE and crop yield.
Further studies should conduct similar analyses over a longer study period and with
different crop species and attempt to elucidate the mechanisms at play in the effect of
fertilization on crop yield.
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