www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Effects of different fertilization
practices on maize yield, soil
nutrients, soil moisture, and water
use efficiency in northern China
based on a meta-analysis

Minghao Jiang?, Chao Dong?, Wenpeng Bian', Wenbei Zhang* & Yong Wang?3**

The application of fertilizer to ensure the steady improvement of crop yield has become the main
means of agricultural production. However, it remains to be determined whether fertilization practices
with different combinations of nitrogen (N), phosphorus (P), potassium (K), and organic (O) fertilizers
play a positive role in the sustainability of maize yield and the soil in which it is grown. Therefore, this
meta-analysis extracted 2663 data points from 76 studies to systematically analyze and explore the
effects of different fertilization measures on maize yield, soil nutrients, water content and water use
efficiency (WUE) in northern China. Articles addressing this topic showed that fertilization effectively
increased the soil nutrient content and maize yield. The soil organic matter (SOM) increased by 2.36
(N)-55.38% (NPO), total nitrogen content increased by 6.10 (N)-56.39% (NPO), available phosphorus
content increased by 17.12 (N)-474.74% (NPO), and available potassium content changed by - 2.90
(NP)-64.40% (NPO). Soil moisture increased by 3.59% under a single organic fertilizer application
and decreased by 4.27-13.40% under the other treatments. Compared with no fertilization, the

yield increase of fertilized maize reached 11.65-220.42%. NP, NPK and NPKO contributed the most
to increased yield in lithological, black and fluvo-aquic soils, respectively. The effects of different
fertilization practices on maize yield varied in response to the same meteorological factors. The WUE
increased from 9.51 to 160.72%. In conclusion, rational fertilization can improve the soil nutrient
content and increase maize yield. The combined application of chemical and organic fertilizer showed
the greatest increase in yield and WUE. Organic fertilizer application alone increased soil moisture.
Our results provide a theoretical basis for fertilizer application and for improving the soil structure for
maize cultivation in northern China.

Maize is one of the main cereal crops in China. Compared with wheat, rice and other crops, the maize root system
can penetrate deeper into the soil in search of water and nutrients, and the leaves have a higher transpiration rate
and photosynthetic efficiency’. This ensures the more efficient use of light energy for photosynthesis while regu-
lating water loss by opening or closing the stomata, thus increasing the ability to synthesize carbohydrates and
the growth rate, making maize more resistant to water stress under drought conditions and better able to adapt
to poor soil conditions?. Combined with its own environmental adaptations and its long history of domestica-
tion, maize has demonstrated excellent environmental adaptability®. Since 1950, maize cultivation in China has
been growing, and technology has been improving, making China the second-largest maize-producing country
in the world*. Maize is not only a food product but also a raw material for the development of industry, animal
husbandry and other fields in China. Therefore, China is also the second-largest consumer of maize worldwide”.
According to the statistical data from the National Bureau of Statistics of China, in 2020, the total area planted
with maize in China reached 23,056 thousand hectares. The total output reached 192,590.4 kt, with the Northeast
Plain and the North China Plain accounting for approximately 70% of the total national maize output®. Around
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the same period, the yield of maize per unit area in six provinces (Heilongjiang, Jilin, Liaoning, Inner Mongolia,
Shandong and Jiangsu) exceeded 400 kg per mu in 2019, reaching the highest yield in Jilin Province, 7.2 tons per
hectare’. Northern China, as the main area of intensive maize cultivation, has contributed greatly to ensuring
food security in China and even the world, as well as the stable development of other industries®. This has led to
the rapid growth of the corn farming industry and raises questions about how long-term corn farming affects soil
moisture and nutrients. Is there an indirect effect on yield? Does fertilization play a positive role in this process?

Fertilizer application is an important artificial measure, and the provision of adequate nutrients to crops
through fertilization is critical to maintaining high crop yields and ensuring global food security®. Fertilizer
application is responsible for up to 50% of the total increase in crop yields in modern agricultural production'.
Fertilizer application ensures that maize absorbs sufficient nutrients from the soil as it grows to sustain its own
biomass build-up and the growth of its photosynthetic organs'>'?. At present, most studies have shown that the
application of nitrogen, phosphorus and potassium fertilizers has a significant impact on soil fertility’>'*. The
combined application of organic fertilizer and chemical fertilizers can further improve soil nutrients and the
organic matter content'>"'7. However, some studies showed that potassium'® and phosphorus' availability in
the soil can be reduced by fertilizing the soil with NPK compared to not fertilizing. The combined application of
organic fertilizer and chemical fertilizer or chemical fertilizer alone reduced the soil total nitrogen content®*?!.
In addition, fertilization can change soil chemical properties and affect soil moisture?>**. Through a 3-year field
experiment, Wang et al.* found that soil water storage in the 0-120 cm soil layer was lower in unfertilized soil
compared with fertilized soil; however, Zhang et al.?* found that the soil water storage capacity in the 0-200 cm
soil layer gradually decreased with increasing fertilizer application, and this phenomenon was particularly obvi-
ous in deep soil. Jia et al.? believed that the long-term application of inorganic fertilizer would gradually transfer
the water loss problem in the surface soil to deeper soil. Guo et al.”” showed that the long-term application of
organic fertilizer significantly increased soil water storage, and the increase rate was positively correlated with
the application amount and time. Zhang et al.?® found that combining organic fertilizer with inorganic ferti-
lizer reduced evaporation and increased the soil water content. On the other hand, some studies showed that
improvements in maize yield varied regionally. For example, long-term trials have shown that in the arid region
of the Loess Plateau of Northwest China, the application of N fertilizer alone increased maize yield by 10-40%
compared with the control®; and the addition of organic fertilizer increased maize yield by 1-3 times*’; On
the North China Plain, the combination of organic fertilizer and chemical fertilizer increased maize yield by
approximately sixfold compared with no fertilizer treatment®’. The yield in Northeast China was similar to that
in Northwest China under the same fertilizer application, but the demand for fertilizer was lower*>*?. It has also
been reported that not applying P fertilizer for more than ten years in fields with a high P content did not affect
the maize yield**.

To date, Chinese researchers have made many advancements in understanding the effects of fertilization on
soil nutrients, moisture and maize yield. However, due to the vast size of China and the large differences within
each region, complex external factors such as the regional scale, climate and environment can vary among
maize planting regions®®¥. As a result, summarizing these differences among studies is difficult. In addition, we
assume that the soil under different fertilizer application does not always tend to have the same change in each
index. Meta-analysis is a formal statistical method used to systematically combine the results of independent
experiments and can also be used to quantitatively evaluate the effects of certain treatments at the regional level.
This approach has the advantage of analyzing and summarizing large-scale ecological phenomena in a regional
environment®?°. Therefore, based on the literature, we took northern China as the research area and conducted a
meta-analysis to explore the effects of different fertilization measures on maize yield, soil nutrients, soil moisture,
and WUE in maize fields and to relate soil types, climate and other factors to quantify the effects of fertiliza-
tion. We also revealed the mechanisms by which fertilization measures maintain maize yield and preserve soil
water fertility. The results showed that crop growth was affected not only by multiple factors but also by multiple
interactions that need to be further investigated. This study provides a basis for evaluating the effectiveness of
fertilization practices in the rational development and sustainable management of maize soil.

Materials and methods

Data collection and extraction

In this study, articles were retrieved using data and knowledge content platforms such as China National Knowl-
edge Infrastructure (https://www.cnki.net), Wanfang (https://www.wanfangdata.com.cn), China Science and
Technology Journal Database (http://qikan.cqvip.com), Web of Science (https://www.webofscience.com), and
Google Scholar (https://scholar.google.com). The keywords “maize/corn’, “fertilization”, “soil nutrients”, “soil
moisture content’, “yield”, and “water use efficiency” were used to retrieve articles in English and Chinese.
The articles retrieved were published before May 25, 2023 and included maize field experiments conducted in
northern China.

To ensure the quality of the included literature and to reduce bias in the meta-analysis results, the abstracts
were read in a preliminary screening, and a full-text reading required meeting the following five inclusion
criteria: (1) a maize field experiment was conducted in northern China (Heilongjiang, Jilin, Liaoning, Inner
Mongolia, Hebei, Beijing, Tianjin, Shandong, Henan, Shanxi, Shaanxi and northern Anhui provinces) stating
the number of repeated experiments, excluding pot experiments or laboratory model simulation experiments;
(2) at least one pair of fertilization treatments (organic fertilizer, chemical fertilizer, organic fertilizer combined
with chemical fertilizer) and a nonfertilization treatment, with other conditions identical, were conducted; (3)
the results provided at least one soil nutrient, water content, yield, or WUE index, and the index under different
treatments was reported using the same measurement method and form; (4) if the data were reported in the form
of a bar chart, line chart or scatter plot, GetData Graph Digitizer software (version 2.20; GetData; http://getda
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ta-graph-digitizer.com/download.php) was used for data extraction; and (5) the results of studies with identical
experimental location, year, variety and experimental data were either excluded or pooled, and repeated data
were included only once.

In addition, to prevent a high or low application of chemical fertilizers and the diversity of organic fertilizers
from impacting the analysis, the present study required N, P, and K at 150-300 kg/hm?, 70-200 kg/hm?, and
70-200 kg/hm?, respectively, and restricted the organic fertilizers to be derived from livestock manure. To further
analyze the effect of fertilizer application on the soil water content, the soil depth of 0-200 cm was divided into
three profiles in this study: 0-70 cm, 0-100 cm and 100-200 cm.

Data transformation and inclusion

We extracted the data from the included articles, and as some of the data on the maize yield, WUE and soil
nutrients other than the soil organic matter content were provided in the articles, they were used directly in
the analysis. The soil moisture and soil organic carbon (SOC) data were standardized according to the methods
recommended in the literature, and the soil mass moisture content (w)*° and soil organic matter (SOM)*! content
were obtained. The specific conversion formulas are as follows:

w= 11\\4; (1)
V=wxp (2)
SHS=pxhxw (3)
SOM = SOC x 1.724 (4)

where w is the soil mass water content, %; M,, is the soil water quality, g; M; is the soil dry weight, g; V is the soil
volumetric water content, %; p is the soil bulk density, g cm™; h is the soil layer thickness, mm; SHS is the soil
water storage, mm; and SOC is the soil organic carbon content, g kg™

After data transformation, the sample size of each fertilization measure under each index was determined;
studies with a sample size less than 5 were abandoned, and no analysis was carried out.

Finally, 76 articles were included, and a total of 2663 pairs of data were analyzed (Supplementary Informa-
tion). The distribution of experimental sites found in the literature is shown in Fig. 1, the basic information of
each experimental site is listed in Table 1 by administrative region, and the sample size for each indicator is
shown in Table 2.
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Figure 1. Distribution map of experimental stations (50 test sites). This figure was generated by ArcGIS
software (version 10.1; http://support.esrichina-bj.cn/2013/0128/1677.html).
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Region Type of fertilization Type of soil

Heilongjiang NP, PK, NPK, O, NPO, NPKO Black soil

Jilin N, NP, NK, PK, NPK, O, NO, NPKO Black soil

Liaoning NPK, NPKO Black soil

Inner Mongolia | NP, NK, PK, NPK Chestnut soil

Beijing N, NP, NK, PK, NPK, NPKO Fluvo-aquic soil, cinnamon soil

Tianjin NP, NK, PK, NPK Fluvo-aquic soil

Hebei NP, NK, PK, NPK, NPKO Fluvo-aquic soil, cinnamon soil, brown soil
Henan N, NP, NK, NPK, NPKO Fluvo-aquic soil, brown soil

Anhui NPK Fluvo-aquic soil

Shandong NP, NK, PK, NPK, O, NPKO Black soil, fluvo-aquic soil, brown soil
Shanxi N, NP, NPK, O, NO, NPO, NPKO Cinnamon soil

Gansu N, NP, NK, PK, NPK, O, NO, NPO, NPKO | Fluvo-aquic soil, cinnamon soil, chestnut soil, lithologic soil, desert soil
Shaanxi NP, NK, PK, NPK Fluvo-aquic soil, cinnamon soil

Ningxia NP, NK, PK, NPK Lithologic soil

Xinjiang PK, NPK, NPKO Desert soil

Table 1. Basic information of the research area described in the paper. N nitrogen fertilizer, NP combined
application of nitrogen and phosphate fertilizer, NK nitrogen and potassium fertilizer combination, PK
combined application of phosphate and potassium fertilizer, NPK combined application of nitrogen,

phosphorus and potassium fertilizer, O organic fertilizer, NO organic fertilizer with nitrogen fertilizer, NPO
organic fertilizer with nitrogen and phosphate fertilizer, NPKO organic fertilizer with NPK fertilizer.

Soil nutrients
‘Water use
Indicator Soil moisture Organic matter Total nitrogen Available phosphorus | Available potassium | Yield efficiency
Number of articles 17 18 20 24 24 65 14
Sample Size 1061 137 159 193 193 920 172

Table 2. Articles including data on maize yield, soil nutrients, water content and water use efficiency.

Data analysis and statistics

Meta-analysis is a systematic quantitative analysis and comprehensive evaluation of similar results in the con-
text of multiple independent research results. In essence, it is a series of processes that summarize the results of
multiple studies with the same research purpose and analyze and evaluate the comprehensive effect size. It is a
statistical method to compare and integrate the conclusions of a series of studies. In this study, fertilizer measures
applying any one or more of N, P, K, and O were selected as the treatment group, and no fertilizer measures were
selected as the control group to assess the effect of fertilizer measures on maize yield, soil nutrients, soil water con-
tent and water use efficiency in terms of natural logarithmic response ratios (InR) using the following equation:

InR = ln(%) =In(X;) — In(X,) (5)

where X; is the value of the fertilization treatment and X, is the value of the no-fertilization treatment.

After the variance v; and weight w; of the results of each independent study were calculated, the effect size of
each study was variance weighted according to this method to obtain the overall weighted comprehensive effect
size [nRR. The formulas are as follows:

SD;2  SD.2
Vim e e (6)
NtXt NcXc
1
wo— &
i = (7)
InRR f
InRR = 22UnRR x w)

S ®)

where SD; and SD are the standard deviations of the treatment group and the control group, respectively. N
and N are the sample sizes of the treatment and control groups, respectively, and X; and X, are the means of
the treatment and control groups, respectively.

Additionally, in the absence of the standard deviation and standard error based on the data collected in this
study, the bootstrap method was used to estimate the 95% confidence interval (95% CI) of the statistic*’. When
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the sample size was small, the bias correction method was used to correct the 95% CI to obtain the upper limit
(UL) and lower limit (LL) of the corrected confidence interval, calculated as follows:

UL = N[2N"'(F) + Z, 2] ©9)

LL = N[2N"X(F) — Z, 5] (10)

where N is the standard normal distribution function; N~ is the inverse function of the standard normal dis-
tribution function; F is the ratio of the number of bootstrap values below the initial value to the total number of
bootstrap values; Z,/; is the Z value of the standard normal distribution, and a is the level of significance, which
is taken to be 0.05, so that Z,, is 1.96.

To facilitate observing the effect of the fertilization treatment compared with the control group, the weighted
average effect size InRR was converted to the relative rate of change (E) as described, and the calculation formula
is as follows:

E = (¢"RR — 1) x 100% (11)

The heterogeneity test, also known as the homogeneity test, was used to determine the analysis model. If the
test result was not significant (I><50%), the fixed effect model was selected, and if I*>50%, the random effect
model was selected. If the confidence interval included zero points, there was no significant difference (P> 0.05);
otherwise, there was a significant difference between the treatment group and the control group (P <0.05). If the
confidence interval was greater (or less) than zero, the current fertilization conditions improved (or reduced)
the maize yield, soil nutrients, soil water content and WUE.

Results

Test of heterogeneity and bias for determining the effect of fertilization on the maize yield, soil nutrients, water
content and WUE. Figure 2 shows the distribution of the different effects of fertilization on the maize yield, soil
nutrients, water content, and WUE. The results of the Kolmogorov-Smirnov (K-S) test showed that the frequency
distribution of the effect sizes related to the maize yield, soil nutrients, water content, and WUE under different
fertilization treatments did not follow a normal distribution. Therefore, a nonparametric estimation method
was used to generate a comprehensive effect size (InRR), and the bootstrap method was used to estimate the
95% CI of the statistic.

Response of soil moisture to fertilization in maize fields
Compared with the treatment without fertilization, the effects of fertilization on the water content in the
0-200 cm soil layer (Fig. 3a) were not homogeneous. Organic fertilizer (O) alone significantly increased the soil
water content (3.59%, P <0.05), while organic fertilizer combined with nitrogen fertilizer (NO) had no significant
effect on the soil water content (0.8278%, P> 0.05). Organic fertilizer combined with nitrogen and phosphorus
fertilizer (NPO) did not significantly reduce soil moisture (P >0.05), while other fertilization measures signifi-
cantly reduced soil moisture, with relative rates of change of -3.56% (NPKO), 4.27% (N), and -12.46% (NP).
At the 0-70 cm depth (Fig. 3b), NPO, NP and N significantly reduced soil moisture (P <0.05), with relative
rates of change of — 10.13%, — 10.32% and — 3.05%, respectively, while NPKO and NPK had no effect on soil
moisture (P>0.05). However, NO significantly increased soil moisture (4.0187, P <0.05). In the 0-100 cm soil
layer (Fig. 3c), the effects of NPKO and NPK on the soil water content changed from no effect to a reduction
in the soil water content. However, in the 100-200 cm soil profile (Fig. 3d), except for a significant increase in
soil moisture due to O (P <0.05), other fertilization measures significantly reduced the soil moisture (P <0.05),
and the rates of change from the top of the profile to the bottom were as follows: — 15.26%, — 5.20%, — 20.45%,
—14.93%, — 4.32% and — 8.45%.

Responses of soil nutrients to fertilization in maize fields

Compared to the nonfertilizer treatment, the application of organic fertilizer positively affected soil organic mat-
ter (Fig. 4a), with increases of 34.95% (O), 55.38% (NPO), 26.35% (NPKO) and 51.10% (NO), which were higher
than the average rate of change with chemical fertilizer application alone [6.31% (NPK), 14.62% (NP), 2.36%
(N)]. All fertilization measures increased the soil total nitrogen content (Fig. 4b), and the rate of change from
highest change to smallest was as follows: NPK (63.27%) > NPO (56.39%) > NO (40.23%) > NPKO (27.58%) > NP
(21.52%) >0 (19.77%) >N (6.10%). Regarding the relative rate of change in the soil available P content (Fig. 4c), N
resulted in a nonsignificant increase (17.12%, P >0.05), while other fertilization measures significantly increased
available P. Among these, the NPO and NPKO applications showed the most significant increase, increasing
soil available P content 4.74-fold and 3.39-fold compared with the control group, with increases ranging from
1.62-7.79 times and 0.96-7.19 times, respectively. The rates of change in the soil available P content under
other fertilization treatments from highest to lowest were: NP (221.74%) > NO (125.28%) > O (83.32%) > NPK
(76.91%). Except N, which resulted in a nonsignificant reduction in the available potassium content (Fig. 4d)
(0.36%, P >0.05) and NP which did not significantly reduce available potassium content (- 2.90%, P >0.05), the
application of organic fertilizer or potassium fertilizer increased the content of available potassium in the soil
compared to no fertilizer. The relative increases in the available potassium content from highest to smallest were
NPO (64.40%) > NO (50.11%) > O (40.95%) > NPK (37.55%) > NPK (11.09%).
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Figure 2. Frequency distribution of maize yield, soil nutrients, water content and water use efficiency under the influence of fertilization. (a) Soil moisture. (b) Soil organic matter. (c) Total

nitrogen. (d) Available phosphorus. (e) Available potassium. (f) Maize yield. (g) Water use efficiency.
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Figure 3. Response of soil moisture in maize fields to different fertilization measures. (a) 0-200 cm soil profile.
(b) 0-70 cm soil profile. (c) 0-100 cm soil profile. (d) 100-200 cm soil profile. "(*)" indicates that the sample
under this treatment was not included in the study due to its small size (n<5).

Response of maize yield to fertilization

Compared to the nonfertilizer treatment, fertilization increased maize yield (Fig. 5a) by 11.65-220.42%. The
NPKO and NO treatments resulted in the highest maize yield increases of 148.64% and 149.83%, respectively,
with the remaining treatments from highest to lowest yield increase being as follows: NPO (103.78%) > NP
(100.38%) > NPK (94.11%) > NK (91.71%) > O (84.00%) >N (48.66%) > NK (20.45%). Since NP (Fig. 5b), NPK
(Fig. 5¢) and NPKO (Fig. 5d) were the common fertilization types, they were selected for further analysis accord-
ing to soil type classification. It was shown that NP had the greatest effect on increasing maize yield in lithological
soil and the lowest effect in cinnamon soil, NPK had the greatest effect on increasing maize yield in black soil
and the lowest effect in chestnut soil, and the NPKO treatment had the greatest effect on increasing maize yield
in fluvo-aquic soil and the lowest effect in brown loam soil.

Response of WUE to fertilization

Except N, which had no significant effect on WUE (P >0.05, Fig. 6), other fertilization measures significantly
improved the WUE of maize (P> 0.05) compared with no fertilization. The rate of change in water use efficiency
from high to low was NPK (160.72%) > NPKO (144.05%) > O (113.83%) > NPO (104.72%) > NP (103.13%).

Correlation analysis between the effects of fertilization measures on maize yield and climatic
factors

Linear regression was used to analyze the effects of average annual rainfall (Fig. 7) and average annual tempera-
ture (Fig. 8) on maize yield under different fertilization measures. The results showed that maize yield was posi-
tively correlated with annual average rainfall under the nitrogen and potassium fertilizer treatments (P <0.05).
Under the condition of organic fertilizer application alone, maize yield was significantly negatively correlated
with average annual rainfall (P <0.05). In terms of mean annual temperature, maize yield was significantly
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Figure 4. Response of soil nutrients to different fertilization measures in maize fields. (a) Soil organic matter.
(b) Total nitrogen. (c) Available phosphorus. (d) Available potassium.

negatively correlated with mean annual temperature under the treatments of nitrogen fertilizer alone, NPK and
organic fertilizer with NPK, and combined organic fertilizer (P <0.05). There was a significant positive correlation
between maize yield and mean annual temperature (P <0.01) under the combination of nitrogen and potassium
fertilizer. Under the condition of organic fertilizer combined with nitrogen fertilizer and phosphorus fertilizer,
maize yield was positively correlated with mean annual temperature (P <0.05).

Discussion

Effects of different fertilization measures on soil nutrients

Soil nutrients are an important basis for plant growth, and fertilization is one of the main exogenous input
pathways to maintain their continuous balance. In this study, the integrated data analysis showed that under
different fertilization measures, organic fertilizer combined with chemical fertilizer had the most obvious effect
on improving soil nutrients. Although organic fertilizers do not provide more nutrients compared to chemical
fertilizers, they need to be transformed and degraded before being taken up by plants compared to chemical
fertilizers, which may be one of the driving factors for changes in soil microbial communities. At the same time,
the neutral and alkaline nature of organic fertilizers prepared by the fermentation of manure or straw may limit
the microbial activity in the original soil and the rate of decomposition of the organic matter, which is ultimately
sequestered in the soil, while ensuring the supply of nutrients during the growing season and preventing nutri-
ent loss*>*. In addition, the results of this study showed that the three fertilization measures, N, NP, and NPK
without the application of organic fertilizers, increased the organic matter content of the soil from 2.36 to 14.62%
compared to no fertilization (Fig. 4a). This may be due to the fact that chemical fertilizers are effective in provid-
ing specific nutrients to promote crop growth and increase crop yields, thereby increasing crop residue inputs
and thus soil organic matter content, but they do not have the ability to increase soil organic matter and improve
soil structure in the same way that organic fertilizers do***. Cai et al.*é found that the long-term application of
organic fertilizer directly affected crop residues, increased soil organic carbon sequestration, and maintained the
average annual growth rate of soil organic matter at 0.3-9.36 mg/hm? Hou et al.*” found that by the third year,
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Figure 5. Maize yield and soil type under different fertilization treatments. (a) Maize yield under different
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soil types under NPK fertilization. (d) Maize yield in different soil types under NPKO fertilization.
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Figure 6. Response of WUE to different fertilization treatments.

soil organic matter showed a downward trend when maize was grown without fertilization, and compared with
the treatment of chemical fertilizer and no fertilization, the application of organic fertilizer could significantly
increase soil organic matter content by 5.1-11.2% and 4.5-9.5%, respectively.

The soil nitrogen content is an important factor affecting plant rhizosphere growth and development. The
higher total nitrogen content of soil under NPK fertilization or NPK combined with organic fertilizer application
had a positive effect on maize root growth because enough nitrogen was added to the rhizosphere soil during
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maize growth, which increased the growth of roots and root exudates and then increased the recovered total
nitrogen content and facilitated mineralization*®. However, in the context of poor soil fertility, nitrogen applica-
tion alone may increase the total nitrogen content, but improved maize growth may be significantly inhibited.
This is because imbalanced fertilization reduces the nitrogen uptake by maize, which leads to the volatilization
or leaching of nitrogen after application, while at the same time, not applying nitrogen fertilizer will lead to a
significantly reduced total nitrogen content in the soil*.

When crops are harvested, phosphorus and nitrogen are removed from the soil. Therefore, fertilization
without P would reduce the soil available P content. Pan et al.*° conducted a 22-year long-term experiment and
showed that the application of nitrogen fertilizer alone reduced the content of soil available phosphorus, while
the combined application of nitrogen and phosphorus fertilizer increased the content of soil available phosphorus
by 2.49 and 2.77 times, compared with no fertilization and the application of nitrogen fertilizer alone, respec-
tively. Meanwhile, some studies have found that NPK fertilization or NPK fertilization combined with organic
fertilizer does not necessarily increase the soil available P content but instead reduces the soil P content in the
year of application®'. The reasons for this may be manifold, the neutral soil with a pH between 6-7 are ideal for
crop growth, and the application of nitrogen, phosphorus and potash fertilizers can make the soil acidic because
in strongly acidic or weakly alkaline soils, phosphorus forms complexes with aluminium, iron or calcium, which
reduces the amount of phosphorus available for uptake by the crop, limiting the availability of phosphorus. And
the soil itself is low in nutrients at this time and has not built up an effective phosphorus reservoir. Coupled with
the crop’s intensely rapid development and growth facilitated by fertilizers, the phosphorus it needs exceeds the
amount of fertilizer supplementation, However, this phenomenon tends to increase significantly as long-term
stable and balanced fertilization becomes total and effective phosphorus stable®>>*. In addition, the effect of the
depth of fertilizer application and microbial activity in the soil should not be ignored. On the one hand, an appro-
priate increase in the depth of phosphorus fertilizer application can regulate the growth and development of the
root system, improve root distribution, and form more deep roots, thereby increasing the specific root surface
area, which has a positive effect on delaying leaf senescence and enhancing photosynthetic performance®. On
the other hand microorganisms can compete with plants for effective orthophosphate in the soil solution and
also represent a large amount of fixed P that is temporarily unavailable to plants, and microbial phosphorus is a
highly dynamic soil phosphorus pool and can change significantly in response to environmental factors such as
soil temperature, humidity, and availability carbon, although ultimately microbial phosphorus has the potential
to be utilized by plants™.

The long-term application of potassium fertilizer has a positive effect on the content of soil available potas-
sium, but it can destroy the potassium and sodium balance in the soil and damage the soil structure. In this
study, there was no significant difference in the effects of the two fertilization measures on the soil available K
content, and the soil available K content under the combined application of phosphorus and potassium was
higher than that under the P-free treatment or the complete fertilizer treatment. The reason is that the potassium
content absorbed during crop growth is higher than that applied by fertilizer®” or there is a change in adsorption
sites in soil and the ability to fix potassium.

In addition, the variation in soil nutrient content is not only affected by fertilization measures but is also
determined by other factors. (1) The soil parent material refers to the original material from which the soil was
formed and whose chemical and physical properties affect the content and availability of soil nutrients. Soils with
different parent materials have different nutrient contents and ratios®°. Huang et al.*! showed that the contents
of total phosphorus and available phosphorus in the soil would increase or decreased with the application of P
fertilizer, but the correlation analysis between the amount of P fertilizer applied and the available soil P content
showed that the two were only weakly correlated (R?=0.25, P <0.05, n=108). Li et al.** adopted the practice of
not applying P and K fertilizers for 4 consecutive years to black soil with sufficient P and K reserves and found
that this treatment did not affect the absorption of soil nutrients by maize. (2) The regional climate, mainly in
terms of temperature and precipitation, both of which can change the root structure of crops by altering their
photosynthesis and water uptake and thus impacting fertilizer use efficiency®. (3) Crop management, including
fertilizer management (type, amount, timing and location of fertilizer application, etc.), cropping patterns (no-till,
rotary, shallow and deep tillage, etc.) and yield enhancement measures (crop sets, rotations and intercropping,
etc.), has an impact on plant—soil-microbe relationships®¢,

Effects of different fertilization measures on the soil water content

Fertilization, as one of the important means of artificially increasing yield, not only affects soil nutrients but also
changes the soil water absorption capacity of plants during growth. Water scarcity negatively affects maize yield,
which is contrary to the original intention of fertilization. Therefore, coupling water and fertilizer appropriately
is the key to crop development in agroecosystems.

Our analysis showed that most fertilization treatments negatively affected the soil moisture under maize,
especially N, NP, and NPO. First, these three fertilization treatments all involve the application of nitrogen
fertilizer. Nitrogen can promote plant growth and development and is one of the essential nutrients for plant
growth. Meanwhile, nitrogen is inextricably linked to plant root growth and transpiration because nitrogen is an
important element in the synthesis of chlorophyll and proteins, and nitrogen fertilization promotes an increase in
the leaf area of plants, which indirectly increases the transpiration area and may lead to an increase in the rate of
transpiration, which is also a major factor driving the uptake of nutrients from the soil by the rhizosphere system
during crop growth, leading to a decrease in soil moisture®®’. However, excessive nitrogen fertilization may lead
to the disruption of soil granular structure, increase the risk of soil erosion, and may reduce soil permeability
and water retention, which may be detrimental to the long-term productivity of the soil®®. Second, the dosing
of phosphorus fertilizers further meets the nutrient requirements for crop growth, leading to a rapid increase
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in plant leaf area, which in turn leads to a further increase in the rate of transpiration, resulting in more water
being absorbed from the soil and evaporated into the atmosphere through the leaves of the plant®. Moreover,
the application of phosphorus fertilizer makes plant hormones play a role in plant growth that should not be
ignored, for example, under phosphorus stress, the gibberellin content in the root system increases, so that the
original root structure changes thereby obtaining more effective phosphorus from the soil, while the soil is suf-
ficient in phosphorus, gibberellin will be enriched in the leaves, which is conducive to the accumulation of dry
matter’’. Meanwhile, the auxin will rise with the application of phosphorus fertilizer with the growth of maize,
and the higher the auxin level facilitates endosperm cell differentiation and dry matter transfer, and promotes
the transport and distribution of photosynthetic products”.

Moreover, microorganisms in the soil are able to decompose organic matter to release water, while the appli-
cation of nitrogen fertilizer may lead to a decrease in the biomass and activity of microorganisms, reducing the
release of water’>7>.

A single application of organic fertilizer steadily retained water in the 0-200 cm soil profile due to large
amount of organic matter in the organic fertilizer, which strengthened the soil aggregate stability’*”>. The emer-
gence of this phenomenon not only shows that the soil organic matter content has a positive effect on the soil
water-holding capacity but may also be related to the soil organic matter content before fertilization”®””. Factors
affecting differences in the initial soil organic matter content are multifaceted and are related to soil pH and soil
management practices, in addition to the influence of soil type78'79. On the one hand, soil pH has an effect on
the decomposition rate and stability of organic matter. In acidic soil, the decomposition rate of organic matter
is slower, and the organic matter content is relatively high. In alkaline soil, the decomposition rate of organic
matter is faster, and the organic matter content is relatively low***!. On the other hand, the application of organic
fertilizers, tillage and the choice of tillage methods can affect the accumulation and decomposition of soil organic
matter. In addition, the results showed a decreasing trend in the soil water content when organic fertilizers were
combined with nitrogen, phosphorus and potassium fertilizers, which might be because fertilizers increase the
salt content in the soil, thereby loosening the soil particles, thus destroying the soil structure and decreasing
the permeability of the soil, which led to a decrease in the soil water content. However, we cannot exclude the
possibility that the plant root system will increase the absorption of water and nutrients due to fertilizer applica-
tion, which promotes its own growth and at the same time increases the evaporation of water, thus leading to a
decrease in the soil water content®?.

Effects of different fertilization practices on maize yield and WUE

This study showed that the percentage increase in yield from a single organic fertilizer application was slightly
higher than or close to that of a single chemical fertilizer application, but both were lower than that of the
combined organic and chemical fertilizer application. This is because organic fertilizer can not only reduce soil
bulk density but also increase soil porosity, which significantly improves plant nutrient absorption®. In addi-
tion, the combined application of organic fertilizer and inorganic fertilizer can effectively coordinate the rapid
release of inorganic nutrients and the slow supply of organic nutrients in the soil to meet the nutrient demand
for crop growth and thus improve crop yield®**%°.Moreover, according to the results in Fig. 8, maize yield is more
sensitive to temperature, and shows a decreasing trend with increasing temperature. This may be due to the fact
that summer maize is mainly grown in China, and the average temperature during its reproductive period is
relatively high. A certain degree of decrease in the maximum daytime temperature not only does not reduce the
intensity of photosynthesis, but also reduces the risk of high temperature and drought, which helps to increase
maize yield**¥. Among them, the increase in maize yield under NPO measures showed an increasing trend with
increasing temperature, which could be attributed to the small increase in temperature promoting microbial
activity in the soil, and the rich organic matter in organic fertilizers providing a food source for soil microbes,
which helps the microbes to decompose the organic matter and release more nutrients to the plants®. Meanwhile,
under different fertilization treatments, according to the effect of soil type on maize yield, the combination of N
and P fertilization should be the primary fertilizer treatment to ensure the continuous increase in maize yield
for soil types in Northwest China, which are mostly lithologic soil. Most of the soils in Northeast and North
China are black soil and fluvo-aquic soil, respectively, which should be treated with an all-nutrient combined
application or organic fertilizer combined with all-nutrient chemical fertilizer. According to the linear regression
analysis of maize yield and climate factors, Northeast China and part of North China with lower temperatures
and higher rainfall are more suitable for maize cultivation.

In addition, rational fertilization measures are key to improving crop WUE.And there is a close physiologi-
cal relationship between nutrient uptake and transpiration. First, nutrient uptake is the process by which plants
absorb nutrients from the soil. Plants absorb water and nutrients, including essential elements such as nitrogen,
phosphorus and potassium, through the root system. These nutrients are essential for plant growth and develop-
ment, especially nitrogen, which is involved in many biochemical processes in plants and also plays an important
role in increasing corn kernel yields*. Second, phosphorus promotes root development, expands the surface area
of the root system for soil nutrient uptake, and improves corn’s ability to absorb soil nutrients and water, which is
an important factor in increasing corn’s below-ground biomass®*®'. Additionally, potassium is involved in many
physiological processes within the maize plant including osmotic regulation, enzyme activation, and photosyn-
thesis product transport, and improves maize tolerance to biotic and abiotic stresses’’. Adequate potassium sup-
ply can help the crop maintain a high photosynthetic capacity while reducing unnecessary water loss, therefore
increasing WUE and contributing to overall crop health and yield®. Finally, the application of organic fertiliz-
ers can improve soil structure and texture, increase soil water retention and fertility, and improve soil nutrient
availability. Organic fertilizers are rich in organic matter and microorganisms, which can improve the physical,
chemical and biological properties of the soil, promote soil microbial activities and nutrient transformation, and
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increase the effectiveness and availability of nutrients, thus improving the efficiency of nutrient and water use by
the crop®. In this study, the improvement of corn yield and WUE under NPKO treatment had a good perfor-
mance, which may be due to the improvement of soil characteristics through the reasonable fertilizer application
measures, optimizing soil nutrient supply to meet the crop’s nutrient needs. soil characteristics and optimize
soil nutrient supply to meet the crop’s nutrient needs, thus increasing yield and WUE. Moreover, reasonable
fertilization measures can also adjust the pH of the soil to provide suitable environmental conditions conducive
to the absorption of nutrients by the plant root system. Different plants have different adaptabilities to soil pH,
and a reasonable adjustment of the soil pH can provide a suitable environment to improve the effectiveness and
availability of nutrients and increase the nutrient absorption capacity of plants®.

In this study, we investigated the effects of different fertilization measures on maize yield, soil nutrients, soil
moisture and water use efficiency in northern China through meta-analysis and elaborated on the intrinsic
mechanisms that may affect the changes in plant physiology and the soil environment before and after fertili-
zation. This study provides a basis for subsequent studies to compare and summarize the effects and potential
mechanisms of different fertilization measures. This helps to gain a deeper understanding of the effects of fer-
tilizer application on crop yield and soil quality and provides guidance for further research. Meanwhile, man-
agement can also formulate appropriate agricultural policies based on the results of this study to help farmers
choose appropriate fertilizer application measures to improve the efficiency of agricultural production and the
sustainability of the farming system.

Conclusion

Based on the data obtained in this meta-analysis, from the long-term perspective of maintaining farmland eco-
systems, ensuring the supply of soil nutrients to crops and balancing soil water, fertilization practices combining
organic fertilizer with chemical fertilizer should be adopted in northern China, combined with water conser-
vation measures such as straw return and film mulching, and appropriate tillage measures should be applied
according to different geographical locations to achieve the sustainable management of farmland soil in China
(Supplementary information).
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