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Abstract

To further enhance nutrient use efficiency for maize cultivation in the Changbai
Mountains—Liaodong Hilly Region and to safeguard both grain production and soil qual-
ity, 2441 pairs of data points extracted from 47 publicly published papers were selected for
analysis to investigate the effects of different fertilizer types, their application rates, and
field management practices on spring maize yield enhancement, crop growth, and soil
physicochemical properties. According to the subgroup analysis of the above indicators,
the results demonstrated that various fertilization management practices can effectively
increase maize yield and soil nutrient content. Specifically, applications of nitrogen fertil-
izer (39.78%) and top-dressing (34.10%) had the best effect on increasing maize yield. The
combination of organic–inorganic application (22.93%) and straw returning (20.46%) had
the best effect on increasing soil organic matter. Based on grain yield and its components,
crop physiology and soil physicochemical properties, we recommend an optimal nutrient
management strategy for this region: an application rate of 180 kg/ha for nitrogen and
70–100 kg/ha for both phosphorus and potassium, and the field management practice
of combined application of chemical fertilizers and manure based on full-amount straw
returning in the field. This study provides a reference for nutrient management of maize
fields in the Changbai Mountains—Liaodong Hilly Region.

Keywords: Northeast China; maize cultivation; fertilization strategy; nutrient management;
soil properties

1. Introduction
Maize (Zea mays L.) is a major grain crop in China. According to statistical data,

the corn output of China was approximately 295 million tons in 2024, accounting for
about 41.74% of the nation’s total grain production and 24.17% of global corn output,
ranking as the second largest corn producer globally and the largest in Asia [1,2]. Moderate
fertilization can not only directly and significantly promote maize growth and increase
maize yield and nutrient content but also help reduce environmental pollution and farmers’
expenditures, thereby enhancing both economic and environmental benefits [3,4]. However,
in China, excessive fertilization in maize production is a widespread phenomenon. In
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2018, the average nitrogen (N) application rate for maize in China was 180 kg N/ha,
ranking first in the world and well above that of the second-ranked country, the United
States (158 kg N/ha) [5]. The national N surplus in maize fields was approximately
47–58 kg/ha [6]. Since 1990, a large amount of chemical fertilizer has been applied in
northeast China, while the nitrogen use efficiency (NUE) has only been 32%, far below the
world average of 55%, which has accelerated the degradation of arable soil and caused
severe acidification in the region [7–9]. Excessive N application not only adversely affects
soil physicochemical properties and microbial community composition but also reduces
crop nutrient use efficiency [10,11], leading to reduced yields and decreased economic
benefits [12]. Nutrients that are not absorbed and utilized by crops can pollute groundwater
and surface runoff after leaching [13,14] and can also be converted into NH3 and NO2,
which volatilize into the atmosphere and cause air pollution [15,16]. Additionally, excess
nutrients accumulated in the soil can also lead to nitrate accumulation and acidification
in deep soil layers [17]. However, when the N application amount is lower than the
requirement of crops, long-term cultivation will continuously deplete the soil N pool.
Meanwhile, under long-term N deficiency, the photosynthetic rate of plants decreases
significantly, and during the reproductive stage, it also leads to plant senescence and
decomposition of N components. These factors collectively constrain maize growth and
production, hindering sustainable agricultural development [18,19].

Previous research has shown that optimizing N application for maize (184 kg N/ha)
can increase yield (16%) and NUE (46%) in China [20]; reducing N application by 25%
(to 180 kg N/ha) can maintain maize yield while significantly reducing cumulative N2O
emissions (36.0%) in northeast China [21]. Furthermore, optimizing field management
practices is conducive not only to maintaining grain yield but also to enhancing soil quality
simultaneously. For instance, selecting locally suitable crop varieties and optimizing plant-
ing density during cultivation can improve crop nutrient use efficiency [22]. Implementing
a fertilization strategy that combines basal fertilizer and top-dressing, along with adjusting
their appropriate ratio, can meet crop nutrient demands at different growth stages while
reducing nutrient loss and waste [23]. When applying chemical fertilizers, combining them
with organic fertilizers such as manure, biochar, or compost can reduce the amount of
chemical fertilizer applied without altering the total N input [24,25]. Adopting conservation
tillage practices such as straw mulching, reduced tillage, and no-tillage farming can mini-
mize soil disturbance, promote nutrient accumulation, and enhance soil fertility [26–29].
Consequently, improved soil quality, as reflected in key physical indicators including bulk
density (BD), porosity, and water content, as well as chemical indicators such as soil organic
carbon (SOC) and N, can ultimately drive increases in yield [30,31].

The Changbai Mountains—Liaodong Hilly Region (CM-LHR) is located in the south-
eastern part of northeast China, mainly encompassing southeastern Heilongjiang Province,
eastern Jilin Province, and southeastern Liaoning Province, with geographic coordinates
ranging from 38◦43′ N to 46◦16′ N and 121◦05′ E to 131◦10′ E [32]. The topography of
this region is primarily mountainous and hilly, with sloping farmland as the main culti-
vated land type under a temperate continental monsoon climate [7,33]. Compared to other
areas in northeast China, this region has a mild and humid climate with less sunshine
but the most abundant precipitation [34]. The total cultivated land area is approximately
6.46 million ha, accounting for about 18.04% of the cultivated land in the northeast Black
Soil Region. However, nearly 60% of the cultivated land has a plow layer thickness of less
than 20 cm. The soil organic matter (SOM) content is low and the soil is severely acidified
(pH is about 5.5–6.5). The soil types in mountainous areas are mostly brown earth and
dark brown earth with a sandy texture, while the soil on gentle slopes features a heavier,
more clayey texture [7,32]. Influenced by natural factors such as abundant precipitation
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and alternating freezing and thawing, the cultivated land in this region suffers the most
severe water erosion in northeast China, as well as a certain degree of wind erosion [35]. Si-
multaneously, long-term monoculture and high-intensity agricultural cultivation, coupled
with inappropriate farming practices, have accelerated the significant loss of soil nutrients,
including SOC, N, and phosphorus (P) in the CM-LHR, leading to a decline in soil fertility
and degradation of the cultivated land [8,36].

Meta-analysis is a quantitative method used to summarize and analyze data and
conclusions from multiple independent studies [37]. Current meta-analyses on maize
cultivation and soil quality in northeast China primarily focus on the three northeastern
provinces and eastern Inner Mongolia as an aggregated region [4,29,38]. However, due to
differences in natural conditions such as climate, topography, vegetation, and soil, there
are significant variations in soil quality, water and nutrient use efficiency, and agricultural
ecological sustainability among different regions in northeast China. Consequently, the
quality of arable land resources in plain areas such as the Sanjiang, Songnen, and Liaohe
Plains is superior to those in the CM-LHR [7,34]. A systematic analysis specifically targeting
maize cultivation on farmland in the CM-LHR has been lacking. To address this gap, this
study collected published data relevant to this region and employed a meta-analysis to
investigate the effects of different fertilizer types, application rates, and field management
practices on maize yield and its components, soil physicochemical properties, and nutrient
content. The aim of this study was to identify suitable nutrient management strategies for
enhancing maize yield and improving soil fertility in this specific area and to provide a sci-
entific theoretical basis and technical support for rational fertilization and organic fertilizer
utilization, as well as to enhance both maize yield and SOC content in the CM-LHR.

2. Materials and Methods
2.1. Data Collection and Collation

The literature was searched in databases including the China National Knowledge
Infrastructure (CNKI) and Web of Science (WOS) using keywords such as “Northeast”,
“Maize (or “Corn”)”, and “Soil” for publications from January 1990 to August 2025. Studies
were screened based on the following criteria: (1) the experimental sites were located within
the CM-LHR, and the trials were conducted under rain-fed dryland field conditions; (2) the
reported indicators included at least the application rates of fertilizers such as N, P, and
potassium (K), as well as related crop or soil parameters at maturity (including maize yield
or biomass, maize physiological indicators, soil physicochemical properties and nutrient
contents, etc.), with data obtained through experimental measurements, observations, or
calculations; (3) the experiment covered at least one complete growing season. To avoid
data duplication, only one set of data was retained for experiments from the same location
and period when reported in multiple publications. Based on these criteria, 55 articles
were initially selected. Using the geographic locations and experimental year information
provided in the literature, annual rainfall during each trial period was further extracted
and calculated from the ERA5-Land hourly time-series dataset published by the European
Centre for Medium-Range Weather Forecasts (ECMWF) [39,40]. Finally, the literature
information and rainfall data were integrated to construct a comprehensive database for
the analyses presented in Sections 3.1 and 3.2.

Furthermore, the inclusion criteria were refined to require that each trial must include
both a control (CK) and a treatment group. For the analysis of fertilization effects, the
CK was defined as applying N, P or K fertilizer alone or no fertilizer, while the treatment
involved fertilizer application. For the analysis of chemical–organic fertilizer combination
application (CO), the CK was the application of chemical fertilizer only, and the treatment
was the combined application of chemical and organic fertilizer. For the analysis of basal
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and top-dressing (BT), the CK was no top-dressing, and the treatment was basal fertilizer
plus top-dressing. For the analysis of straw returning (SR), the CK was no SR, and the
treatment was SR. Following this refined screening, 47 articles were ultimately selected to
construct the database for the meta-analysis in Sections 2.2 and 3.3–3.5. The extracted data
pairs included: grain yield (672 pairs), grain number per ear (293 pairs), 1000-grain weight
(386 pairs), biomass (230 pairs), plant height (177 pairs), leaf area index (LAI, 160 pairs),
nutrient content of soil and grain (279 pairs), SOC (157 pairs), and soil physical and chemical
properties (87 pairs). Based on the experimental information from the literature, data were
categorized into groups according to different fertilization treatments (Table 1). Here,
N, P, and K fertilizer rates were expressed in kg/ha. The basal and top-dressing ratio
was established based on N application. The effects of various influencing factors on the
relevant response variables were examined using meta-subgroup analysis.

Table 1. Data grouping situation and abbreviations.

Fertilizer Types and Management Methods Abbreviation Subgroup

N N 0 < N ≤ 120; 120 < N ≤ 180;
180 < N ≤ 240; N > 240

P2O5 P 0 < P ≤ 70; 70 < P ≤ 100; P > 100
K2O K 0 < K ≤ 70; 70 < K ≤ 100; K > 100

Chemical–organic fertilizer combination application CO CF + biochar; CF + manure
Basal fertilizer and top-dressing fertilizer BT 1:0 < BT ≤ 1:1; 1:1 < BT ≤ 1:2; BT > 1:2

Straw returning SR

For data reported only with the standard error (SE), the standard deviation (SD) was
calculated using the following formula:

SD = SE ×
√

n (1)

where n is the sample size. For data lacking reported SD values, following the approach
of other studies [41–43], the missing SD values were estimated using 10% of the mean
based on the observed proportional relationship between existing SD values and their
corresponding means in the dataset.

For data reporting only SOM, SOC was calculated using the following formula:

SOC = SOM ÷ 1.724 (2)

2.2. Data Processing and Analysis

Data collation and grouping were performed using Microsoft Office 2021. Graphs were
plotted and functions were fitted using Origin 2024. Meta-analysis was conducted with
MetaWin 3.0, and forest plots were generated using GraphPad Prism 10.1.2. The natural
logarithm of the Response Ratio (lnRR) was selected as the effect size. The overall effect
size (lnRR+) and its 95% confidence interval (95% CI) were calculated using the following
formula [37]:

lnRR = ln
(

Xt

Xc

)
(3)

vi =
SD2

t
NtXt

+
SD2

c
NcXc

(4)

wi =
1
vi

(5)

lnRR+ =
∑(lnRRi × wi)

∑ wi
(6)
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SlnRR+
=

√
1

∑ wi
(7)

95%CI = lnRR+ ± 1.96SlnRR+
(8)

where Xt and Xc are the mean values of the treatment and control groups, respectively;
Nt and Nc are the sample sizes of the treatment and control groups, respectively; SDt and
SDc are the standard deviations of the treatment and control groups, respectively; wi is the
weight assigned to each individual study; vi is the variance of the individual effect size;
and SlnRR+ is the standard error of lnRR+.

To intuitively illustrate the treatment effects on the indicators, lnRR+ was converted
into a percentage change (E) for generating forest plots:

E =
(

elnRR+ − 1
)
× 100% (9)

In the forest plots, the numbers in parentheses indicate the sample size. If the confi-
dence interval of E crosses the zero line, it indicates that the treatment has no significant
effect on the corresponding indicator compared to the CK. If it does not cross the zero line,
the effect is considered significant. A confidence interval and E both greater than zero
indicate that the treatment significantly promotes or increases the indicator compared to
CK, while values less than zero indicate a significant adverse effect or reduction [41].

The tests for heterogeneity and publication bias of each treatment on the indicators in
this study are detailed in Table S1. The choice of meta-analysis model was determined by
the heterogeneity test results (Cochran’s Q) [4,44]: if P(Q) > 0.05, a fixed-effects model was
used to calculate the effect size; if P(Q) < 0.05, a random-effects model was used. Publication
bias was assessed using Rosenthal’s Fail-safe Number (Nf) [45]: if Nf > 5n + 10 (where
n is the number of studies for the corresponding indicator), it suggests no substantial
publication bias; otherwise, it indicates that publication bias may have a considerable
influence on the meta-analysis results, and unpublished studies could potentially alter the
conclusions drawn for that indicator in this study.

3. Results
3.1. Bibliometric Analysis

This study counted a total of 59 experimental sites, and the distribution of experimental
sites within the study region is shown in Figure 1a. The trials were primarily located in
Changchun City (23) of Jilin Province, Harbin City (11) of Heilongjiang Province, and Dalian
City (8) of Liaoning Province. Among these sites, Xianyu 335 was the most cultivated maize
variety (accounting for 20.97% of all tested varieties; the same applies to the subsequent
percentages), followed by Zhengdan 958 (12.90%), Liangyu 99 (8.06%), and Pioneer 38P05
(6.45%). Among the sites, Liaoning Province primarily cultivated Zhengdan 958 (accounting
for 12.00% of all varieties across all experimental sites in the province; the same applies to
the subsequent percentages) and Liangyu 99 (12.00%); Jilin Province mainly grew Xianyu
335 (37.50%) and Zhengdan 958 (12.50%), while Heilongjiang Province predominantly
planted Xianyu 335 (30.77%) and Pioneer 38P05 (30.77%). The trial years spanned from
1990 to 2023, with a peak concentration occurring from 2013 to 2021 (Figure 1b). Due
to the lag between conducting experiments and publishing results, the number of trials
recorded for 2022 and beyond is relatively low, but this does not mean a declining trend
in actual trials conducted after 2022. Therefore, the overall number of trials in the study
region shows a progressive increase over the years. The publication years spanned from
2009 to 2025, with the highest output concentrated from 2016 to 2024. The annual number
of publications fluctuated slightly, reaching a peak of eight articles in 2024. In terms of
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author contributions (considering only first and corresponding authors), Jingkao Zhao
published the most articles, totaling four, primarily between 2013 and 2017, followed by Ye
Fan, with three articles, mainly between 2021 and 2024. Additionally, 8 authors contributed
two articles each, and the remaining 74 authors contributed one article each.

 

Figure 1. The bibliometric analysis. (a) The distribution of experimental sites in the research
area; (b) the number of experiments and papers; (c) the network co-occurrence diagram of the
paper keywords. Note: The y-axis in panel (b) is presented with a break to accommodate data
range variation.

Merging keywords with the same meaning but different expressions, the keyword
co-occurrence network for the included articles is displayed in Figure 1c. “Yield” was
the most prominent keyword, appearing 32 times between 2011 and 2024, followed by
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“Maize” (appeared 29 times spanning 2009–2024) and “Black soil” (appeared 11 times
spanning 2011–2025, and particularly 7 occurrences between 2021 and 2025). Both “Straw
incorporation” and “Nitrogen use efficiency” appeared eight times (spanning 2018–2025
and 2013–2024); “Planting density” appeared six times (spanning 2011–2021); and both “Ni-
trogen application rate” and “Nitrate nitrogen” appeared five times (spanning 2016–2023
and 2009–2021). The remaining 113 keywords each appeared fewer than five times. In the
initial period (2009–2014), keywords were mainly focused on “Maize”, “Yield”, “Fertilizer”,
“Planting density”, “Dry matter”, “Black soil”, “Growth characteristic”, and N-related top-
ics, with research centered on N in soil and fertilizers, exploring the effects of fertilization
and nutrient supply on maize growth and production. The middle period (2015–2020) wit-
nessed a shift, with new keywords like “Soil microorganisms”, “Soil enzyme activity”, “Soil
nutrient”, “Straw incorporation”, and “Organic fertilizer” emerging. The research scope
broadened to include soil biological properties and the impacts of organic amendments,
and research mainly focused on soil microorganisms and enzymes, and SR and organic
fertilizer, and explored the effects of organic fertilizer and SR on soil nutrient supply and
microbial communities. The recent period (2021–2025) reflects further evolution, high-
lighted by keywords such as “Organic carbon”, “Tillage”, “Biochar”, and those covering
P-related topics. Current investigations prioritize soil carbon sequestration, conservation
tillage practices, and the development of advanced fertilizer technologies.

3.2. Effects of Natural Factors and Cultivation Differences on Maize Yield and Biomass

The collected data on yield, biomass, rainfall, and planting density were subjected to
fitting analysis. Results indicated that when rainfall was 737.75 mm, biomass reached a
maximum of approximately 21.36 t/ha. However, the fitting function showed that grain
yield decreased with further increasing annual rainfall, and the corresponding grain yield
at the peak biomass level was about 9.75 t/ha (Figure 2a). As shown in Figure 2b, biomass
increased with the increase in planting density, reaching approximately 21.23 t/ha at a
density of 9.00 × 104 plants/ha. In contrast, planting density had a minor impact on
grain yield. Within the density range of 3.89–9.00 × 104 plants/ha, the fitted yield curve
fluctuated around 10.00 t/ha. The minimum grain yield, approximately 9.33 t/ha, occurred
at a planting density of 6.15 × 104 plants/ha, while the corresponding biomass was about
18.25 t/ha.

The variation in maize yield and biomass across different soil types is presented
in Figure 2c, focusing on four main cropland soil types in the CM-LHR. Among them,
black soil exhibited the highest average maize yield and biomass, reaching 10.30 t/ha and
21.49 t/ha, respectively. The maize yield and biomass in brown soil were slightly lower
than those in black soil. Meadow soil had the lowest average grain yield at 7.08 t/ha, and
albic soil had the lowest average biomass at 13.24 t/ha. Nine commonly grown maize
varieties in the CM-LHR were evaluated in Figure 2d for their effects on yield and biomass.
Data for Pioneer 38P05 were limited to grain yield, in contrast to the other varieties, for
which both yield and biomass data were available. Among the varieties, Hongyu 236
showed the highest average yield and biomass, at 11.57 t/ha and 23.40 t/ha, respectively,
whereas Xianda 203 showed the lowest values, at 6.65 t/ha and 13.24 t/ha, respectively.
For the four most cultivated varieties in the region, the average yields for Xianyu 335,
Zhengdan 958, Liangyu 99, and Pioneer 38P05 were 8.52 t/ha, 10.64 t/ha, 8.19 t/ha, and
8.35 t/ha, respectively. Regarding biomass, the average values for Xianyu 335, Zhengdan
958, and Liangyu 99 were 18.91 t/ha, 20.90 t/ha, and 19.85 t/ha, respectively.

https://doi.org/10.3390/agronomy16070752

https://doi.org/10.3390/agronomy16070752


Agronomy 2026, 16, 752 8 of 18

 

Figure 2. The effects of natural factors and cultivation differences on grain yield and aboveground
biomass. (a) Annual rainfall; (b) planting density; (c) soil types; (d) maize varieties.

3.3. Effects of Fertilizer Application Rate and Management Practices on Maize Yield and
Its Components

The meta-analysis of N, P, and K fertilizers in this study was conducted using exper-
iments without corresponding N, P, and K fertilizers as the control; that is, the CK was
defined as applying N, P or K fertilizer alone or no fertilizer. Consequently, some of the
experimental data for P and K fertilizers included N treatments. Results showed that N
fertilizer was significantly superior to P and K fertilizers only in terms of yield enhance-
ment, while there were no significant differences in the remaining indicators among the
three types of fertilizers. This may be due to the overlap in experimental data.

Figure 3 depicts the effects of different fertilizer application rates and management
practices on three yield components: grain yield (a and d), grain number per ear (b and e),
and 1000-grain weight (c and f). Except for SR, all fertilization rates and management prac-
tices significantly (p < 0.05) increased grain yield. The application of fertilizer significantly
increased the overall yield as follows: 39.78% (with subgroups increased by 30.49–50.10%;
the same applies to the subsequent percentages) for N application, 25.80% (12.00–33.81%)
for P application, 28.32% (13.61–32.57%) for K application, 13.96% (11.03–17.66%) for CO,
34.10% (31.56–40.56%) for BT, and 6.75% for SR.
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Figure 3. The impact of fertilizer application rates and management practices on grain yield
and its components. (a,d) are the grain yield; (b,e) are the grain number per ear; (c,f) are the
1000-grain weight.

For grain number per ear, the effects of all treatments were similar to those observed
for grain yield in the overall analysis, with the increases as follows: 22.44% (21.29–24.68%)
for N application, 18.00% (12.66–21.23%) for P application, 18.29% (5.06–21.94%) for K
application, 7.52% (−0.62–9.73%) for CO, and 23.17% (12.77–31.03%) for BT. SR increased
only by 0.76%. In the overall analysis, the enhancing effects of BT on grain yield and
grain number per ear were significantly greater than those on CO and SR. In the subgroup
analysis, the combination of chemical fertilizer and manure did not show a desirable effect,
although the result was not significant.

Different from grain yield and grain number per ear, all treatments significantly
increased 1000-grain weight in the overall analysis, with the increases as follows:
16.21% (14.35–17.16%) for N application, 16.99% (8.92–25.30%) for P application, 15.57%
(12.07–23.59%) for K application, 5.89% (−3.27–14.41%) for CO, 11.86% (7.94–16.30%) for
BT, and 5.77% for SR. In the subgroup analysis, the combination of chemical fertilizer and
manure produced a negative effect, although it was not significant.

3.4. Effects of Fertilizer Application Rates and Management Practices on Physiological Traits of
Maize Plants

As shown in Figure 4, the effects of different fertilizer application rates and manage-
ment practices on aboveground biomass and plant height at maize maturity were consistent
in the overall analysis. The application of N, P, and K chemical fertilizers, as well as the
combined use of organic and inorganic fertilizers, significantly increased both biomass
and plant height overall. Specifically, for aboveground biomass, the overall significant
increases were as follows: 12.35% (6.69–14.50%) for N application, 10.79% (−0.61–15.63%)
for P application, 11.80% (5.85–17.36%) for K application, and 18.57% for CO. BT increased
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by 6.79% (−2.61–11.26%), but this effect was not significant. In the subgroup analysis,
negative but non-significant effects were observed for a basal–top-dressing ratio ≤ 1:1
and for P application at the rate of ≤ 70 kg/ha. For plant height, the overall significant
increases were as follows: 7.18% (3.11–9.20%) for N application, 11.47% (10.38–14.32%)
for P application, 8.50% (4.68–9.24%) for K application, 10.84% (9.08–16.54%) for CO, and
2.50% for SR. BT increased by 2.30% (1.04–3.63%), but this effect was not significant.

Figure 4. The impact of fertilizer application rates and management practices on the plant physiologi-
cal traits. (a,d) are the biomass at the maturity stage; (b,e) are the plant height at the maturity stage;
(c,f) are the LAI of the jointing, silking and maturity stages.

For LAI, at the jointing stage, N application increased by 1.75% (−16.51–5.97%) overall;
P and K applications both significantly increased by 7.40%. At the silking stage, N appli-
cation significantly increased by 20.73% (0.40–23.55%) overall; both P and K applications
significantly increased by 20.12%. At the maturity stage, N application significantly in-
creased by 72.31% (0.69–99.16%) overall; both P and K applications significantly increased
by 14.49%. When the N application rate was > 240 kg/ha, it had a negative impact on LAI at
the jointing stage and only a marginal positive effect at the silking and maturity stages, and
none of these effects were significant overall. This indicates that excessive N application
can adversely affect leaf growth at different stages. Other N application rates increased
LAI to varying degrees at different stages but only significantly at the silking and maturity
stages. In the overall analysis, the effect of N application on maize LAI followed the order
maturity stage > silking stage> jointing stage, with all differences being significant. Both P
and K applications had a certain increasing effect on LAI in each stage.

3.5. Effects of Fertilizer Application Rates and Management Practices on Soil Physicochemical
Properties and on Soil and Grain Nutrients

All fertilizer types and their application rates increased nutrient content in soil and
grain at maturity (see Figure 5a,c). The overall significant increases were as follows: N

https://doi.org/10.3390/agronomy16070752

https://doi.org/10.3390/agronomy16070752


Agronomy 2026, 16, 752 11 of 18

application significantly increased alkali-hydrolyzable nitrogen (AN) and grain nitrogen
(GN) by 37.17% (15.11–65.24%) and 19.24% (8.11–30.77%), respectively; P application
significantly increased available phosphorus (AP) and grain phosphorus (GP) by 20.26%
(17.81–21.30%) and 8.20% (7.22–9.11%), respectively; K application significantly increased
available potassium (AK) and grain potassium (GK) by 12.77% (11.53–15.52%) and 7.35%
(2.88–9.69%), respectively. In the overall analysis, the effects of N and P applications on
soil available nutrients were significantly greater than those on grain nutrients, while K
application also showed an improvement, though it was not significant. In the subgroup
analysis, N application had the best effect on increasing AN and GN when the N application
rate was >240 kg/ha and was significantly superior to other application rates. In contrast,
no significant differences were observed between the subgroups of P and K application.

Figure 5. The impact of fertilizer application rates and management practices on soil and grain
nutrients and soil physicochemical properties in the maturity stage. (a,c) are the nutrient con-
tent of the soil (AN, AP, and AK) and grain (GN, GP, and GK); (b,d) are the SOC; (e) is the soil
physicochemical properties.

All fertilizer types and management practices significantly increased SOC content at
maturity in the overall analysis, but some treatments reduced it in the subgroup analysis
(Figure 5b,d). The overall significant increases were as follows: 11.30% (−1.56–15.76%)
for N application, 10.22% (−1.09–11.21%) for P application, 12.18% (−1.34–16.42%) for K
application, 22.93% (13.69–28.54%) for CO, and 20.46% for SR. In the subgroup analysis,
negative but non-significant effects were observed for N application at rates ≤ 120 kg/ha
and for P and K applications at rates > 100 kg/ha. And the effect of the combination with
biochar was significantly greater than that of the combination with manure.

The effects of CO and SR management practices on soil physical and chemical proper-
ties at maturity are shown in Figure 5e. For soil pH, CO significantly increased by 5.65%,
while SR significantly decreased by 7.07%. For soil moisture content, the two significantly
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increased by 17.50% and 12.89%, respectively. For soil bulk density, both decreased by
6.29% and 3.96%, respectively, with only the effect of SR being significant. For soil porosity,
both significantly increased by 5.56% and 6.62%, respectively.

4. Discussion
4.1. Effects of Different Fertilizers and Their Application Rates on Maize Yield Enhancement and
Soil Fertility Improvement

As a typical N-sensitive and P-sensitive crop, maize relies on N to drive chlorophyll,
protein, and enzyme synthesis, as well as photosynthesis and growth, while P supports
root growth and development [19,46,47]. Despite not being a structural component of
biomolecules (unlike N and P), K plays an equally critical role by regulating photosynthesis,
water balance, and stress tolerance in crops [48]. Together, these three nutrients interact syn-
ergistically to regulate key physiological processes, thereby ensuring stable and high yield,
thus making it essential to optimize their application rates. Appropriate N application can
meet the demands of crop growth and production while improving NUE, thereby reducing
nutrient loss, lowering environmental pollution risks, and cutting costs [3,49]. However, N
application rates for maize vary widely across the globe, ranging from approximately 20
to 300 kg/ha, largely due to regional differences in soil and climate [50]. In this study, N
application at rates of 120–180 kg/ha had the best effect on increasing grain yield and its
components, plant height, and SOC. For biomass, AN and GN, the optimal increase was
achieved at N application rates of 180–240 kg/ha. Excessive N application (>240 kg/ha)
negatively affected biomass and LAI, while insufficient application (≤120 kg/ha) nega-
tively impacted SOC. Considering the variability in soil fertility across different regions and
the direct yield reduction caused by excessive N reduction [49], we recommend an optimal
N application rate of 180 kg/ha. For areas prone to nutrient loss, particularly farmland with
abundant precipitation and sandy soil textures, the application rate should be appropriately
increased [51,52] but should not exceed 240 kg/ha. This recommendation is consistent with
the optimal N application rates (180–240 kg/ha) suggested in other meta-analyses on spring
maize cultivation in northeast China [4,53] and is slightly higher than the rates reported for
Mollisols in South Dakota (142–174 kg/ha) and in Illinois (179 kg/ha), USA [54,55].

P and K application at rates > 70 kg/ha generally produced better overall increases
in grain yield and its components, biomass, and plant height. Although K application
at rates > 70 kg/ha resulted in somewhat smaller increases in 1000-grain weight and
biomass compared to the 0–70 kg/ha range, the difference between the two rate ranges
was not significant. Moreover, a low K application rate can directly reduce grain yield [56].
Therefore, the higher application rate (>70 kg/ha) remains acceptable. However, different
application rates of P and K did not produce significant differences in soil AP and AK
content or GP and GK content. When P and K application rates were >100 kg/ha, a negative
effect on SOC was observed. Although grain yield was slightly higher with an application
rate of 70–100 kg/ha, the difference was not significant compared with the >100 kg/ha
rate. SOC is fundamental to improving crop yield as well as soil fertility, structure, and
water retention capacity [57,58]. Additionally, there is a linear relationship between SOC
storage and crop yield, along with yield stability [59]. Therefore, considering the goal
of soil carbon sequestration, we recommend P and K application rates of 70–100 kg/ha.
Experiments in Argentina indicate that Mollisols has a low P adsorption capacity but a
higher efficiency in converting applied P into AP [60]. Therefore, the annual P application
rate can be adjusted, specifically increasing in the first year and decreasing in subsequent
years. The recommended P rate is slightly lower than the 89–119 kg/ha suggested in other
meta-analysis for northeast China [61], while the recommended K rate is slightly higher
than the 46–76 kg/ha proposed in other studies [62].
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4.2. Effects of Different Management Practices on Maize Yield Enhancement and Soil
Fertility Improvement

Both CO and SR are field management practices that improve soil environment and
increase nutrient content through the external addition of organic materials. After decom-
position or mineralization, these exogenous organic materials not only directly increase
SOC and nutrients such as N, P, and K but also participate in soil N turnover, reducing N
volatilization and leaching while enhancing its availability [28,44,63,64]. At the microbial
level, these practices can alter the composition and function of soil microbial communities,
promote microbial involvement in SOM turnover and SOC sequestration [65], and mitigate
nutrient competition between soil microbes and crops [24]. Consequently, in this study,
both practices overall had positive effects on yield and its components, plant physiology,
and SOC. In the subgroup analysis, the combination of chemical fertilizer and biochar
resulted in greater increases than the combination with manure (except for plant height) or
SR. However, manure application had negative effects on kernel number per ear and 1000-
grain weight. For soil physical and chemical properties, CO can significantly increase soil
pH, thereby alleviating soil acidification. In contrast, SR significantly reduced soil pH, and
this phenomenon was also reported in meta-studies by Liang et al. [66] and Guo et al. [67].
Although SR is generally regarded as a measure to mitigate soil acidification, its effective-
ness remains debated [68]. After straw addition, the humification of organic matter and the
transformation of carbon components generate a large amount of acidic organic material,
primarily aliphatic, which can further lower the pH of already acidic soils [69]. Simultane-
ously, under conditions of high N application and low SR rates, soil chemical processes
dominated by chemical fertilizers can also lead to persistent soil acidification [68]. However,
both practices significantly increased soil moisture content and porosity and decreased soil
bulk density (although the effect of CO was not significant). These changes enhance soil
physical quality by improving aeration, water retention, and nutrient retention capacity,
thereby mitigating soil degradation and creating a more favorable growth environment for
crop roots [25,70]. In turn, the improvement in soil physical quality contributes indirectly
to the enhancement of soil chemical and microbial quality [30]. In addition, the application
of organic materials supplies nutrients, an appropriate carbon-to-nitrogen ratio, and a
favorable microbial habitat [24]. In summary, these factors promote maize yield increase
from the perspectives of physical, chemical, and microbial processes. Considering cost and
economic benefits, and given that the soil quality improvement from SR generally increases
with the amount of straw returned [71,72], we recommend prioritizing the full-amount SR
mode when conditions permit. On this basis, the field management practice of chemical
fertilizer combined with manure application should be adopted. However, fertilization
trials conducted on Mollisols in Illinois indicated that applying biochar did not significantly
increase maize yield, crop N uptake, or N recovery efficiency at equivalent N application
rates [55]. Therefore, if economically feasible, biochar can be further co-applied to syner-
gistically enhance soil health and carbon sequestration capacity, rather than as a primary
organic amendment for yield enhancement in combination with chemical fertilizers.

In this study, BT significantly increased grain yield and its components regardless of
the top-dressing ratio, and the overall effect was better than CO and SR. But in terms of plant
physiological indicators, the overall effect was poorer than that of CO, though it still showed
an increasing trend. Due to the varying nitrogen demands of maize at different growth
stages, single fertilization typically exhibits low NUE, which in turn leads to excessive
application rates to avoid potential yield losses [73]. By contrast, BT satisfies crop N needs
across vegetative and reproductive stages while reducing N loss, thus directly promoting
yield improvement [73,74]. In the subgroup analysis, the optimum range for the basal–top-
dressing ratio was identified to be between 1:1 and 1:2, except for its slight yield increase
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compared to ratios > 1:2, which was not significant. Conversely, a ratio < 1:1 reduced
biomass, albeit not significantly. Although other studies have recommended basal–top-
dressing ratios of <1:1 [75] or >1:2 [76], considering the natural endowment and cropland
quality of the CM-LHR, we recommend applying N fertilizer with a basal–top-dressing ratio
within the 1:1–1:2 range. Due to the limited availability of experimental data on top-dressing
timing collected in this study, a subgroup analysis on this factor could not be conducted.
However, based on the existing experimental information, we recommend applying top-
dressing during the maize jointing to V12 stage [23,77,78]. Nevertheless, considering the
complex topography of farmland in the CM-LHR, with the associated difficulties and costs
of mechanized operations, the implementation challenges and additional expenses of top-
dressing may result in lower overall economic benefit than the simpler single fertilization.
Therefore, whether to adopt top-dressing should be comprehensively evaluated based on
local practical production conditions and operational profitability.

4.3. Limitations

In this study, constrained by the relatively small number of publications currently
available from the region, the analysis of certain indicators may be subject to bias. This
data limitation also precluded more detailed subgroup analysis for some field management
practices. For example, as indicated by the publication bias test results (Table S1), the effects
of SR on grain yield, grain number of per ear, plant height, and soil bulk density; the effect
of CO on soil bulk density; and the effects of N, P and K application on LAI at the jointing
stage all showed signs of publication bias. Consequently, the meta-analysis results for these
specific treatments and indicators in this study should be interpreted with caution and
require validation through subsequent data collection and more in-depth research.

Furthermore, the number of data pairs for plant height, LAI, SOC, and soil physico-
chemical properties was fewer than 200, which is a relatively small sample size. Addition-
ally, some data were missing standard deviations or detailed experimental information.
Therefore, future research would benefit greatly if investigators could provide more com-
prehensive information, particularly regarding field management practices. This should
include, but not be limited to, the type and application rate of organic fertilizers and the
method and quantity of SR. Such detailed reporting would facilitate more precise and
in-depth meta-analysis in the future, offering stronger theoretical insights and technical
guidance for optimizing fertilization and field management practices in the CM-LHR.

5. Conclusions
This study conducted a meta-analysis to assess the effects of different fertilizers, their

application rates, and field management practices on spring maize yield and soil properties
in the CM-LHR. To integrate the goals of maize yield enhancement, crop growth, and soil
fertility improvement, we propose the following optimized nutrient management strategy:
(1) N should be applied at 180 kg/ha, which can be increased to a maximum of 240 kg/ha
for fields prone to nutrient loss; (2) P and K should be applied at 70–100 kg/ha; (3) field
management should be based on full-amount SR combined with chemical fertilizer and
manure. Given the complex topography and variable cropland quality in this region, we
further recommend that fertilization rates and management practices be appropriately
adjusted according to local farmland quality grades. This strategy is ultimately directed
toward the dual objectives of synergistically enhancing regional grain yield and soil fertility
and progressively reducing chemical fertilizer input and farmers’ costs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy16070752/s1, Table S1: Heterogeneity testing and
Rosenberg’s Fail-safe Number of various indicators.
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