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Introduction: High-yield and high-quality production of silage maize in cold

regions is crucial for ensuring the sustainable development of livestock industry.

Methods: This study first conducted an experiment to select the optimized silage

maize varieties and densities using a split-plot design. The tested maize varieties

were Xuntian 3171, Xuntian 16, Xunqing 858, and Fengtian 12, with each variety

planted at densities of 67,500, 79,500, and 90,000 plants ha-1. Following the

variety and density selection, another experiment on optimizing nitrogen

management for silage maize was carried out using a completely randomized

design: no nitrogen fertilizer (T1), applying urea-N 320 kg ha-1 (T2), applying

urea-N 240 kg ha-1 (T3), applying polymer-coated urea-N 240 kg N ha-1 (T4), and

ratios of polymer-coated urea-N to urea-N at 9:1 (T5), 8:2 (T6), 7:3 (T7), and 6:4

(T8). T5-T8 all applied 240 kg N ha-1. The yield and quality of silage maize,

nitrogen use efficiency and balance, and economic benefits were evaluated.

Results: Results showed that Xunqing 858 had significantly higher plant height

(8.7%-22.6% taller than the other three varieties) and leaf area (30.9% larger than

Xuntian 3171), resulting in yield 11.5%-51.6% higher than the other three varieties.

All varieties achieved maximum yields at a planting density of 79,500 plants ha-1.

Integrated management strategy 7 (T7: Xunqing 858, 79,500 plants ha-1,

polymer-coated urea-N to urea-N ratio of 7:3) achieved the highest yield of

73.1 t ha-1, a 6.1%-58.1% increase over other treatments. This strategy also

produced the highest crude protein (11.1%) and starch (19.1%) contents, and

the lowest neutral detergent fiber content (50.6%), with economic benefits

improved by 10.3%-97.8% compared to other strategies. Additionally, T7

improved nitrogen use efficiency by 15.4%-94.5%, reduced soil nitrate leaching

by 4.4%-36.5%, and decreased nitrogen surplus by 7.0%-46.6%.
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Conclusion and discussion: Comprehensive analysis revealed that the

integrated management strategy 7 significantly improved silage maize yield

and quality in cold regions while enhancing nitrogen use efficiency and

reducing the risk of nitrate leaching, aligning with green agriculture

development requirements. These findings will provide vital theoretical

insights and practical guidance for high-yield and high-quality silage maize

production in cold regions worldwide.
KEYWORDS

silage maize, variety and density, nitrogen fertilizer management, yield and quality,
nitrogen balance integrated management strategy
GRAPHICAL ABSTRACT
1 Introduction

Economic growth and improved living standards had led to a

substantial increase in the consumption of dairy and meat products,

and this trend continues to increase in the future (Komarek et al.,

2021; Du et al., 2023). For instance, from 2013 to 2022, the per capita

consumption of meat and dairy products increased by 35.16% and

30.15%, respectively (China Statistical Yearbook, 2014, 2023).

However, the sustainable development of livestock husbandry is

under threat due to the degradation of natural grasslands caused by

overgrazing and drastic climate change, which in turn impacts the

meat and milk supply (Wheeler and von Braun, 2013; Niu et al., 2019;

Zhao et al., 2019). Silage maize is becoming a good substitute for
02
natural forage because of its economic efficiency (low cost) and

excellent nutritional properties (rich in nutrition, highly palatable

and digestible) (Guyader et al., 2018; Bilal et al., 2021; Galeano et al.,

2021). But now, silage maize production is facing great challenges,

including the lack of superior varieties, inappropriate planting

density, and suboptimal water and fertilizer management, leading

to unstable and lower yields, poor feed quality, and serious

environmental pollution. Therefore, it is imperative to develop

high-yield, high-quality, cost-effective and eco-friendly silage maize

production technology.

Integrated Soil-Crop SystemManagement (ISSM) offers a practical

solution for achieving synergistic improvements in yield, quality, and

environmental benefits in crop production systems. By utilizing
frontiersin.org
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appropriate crop varieties, optimal sowing dates, suitable planting

densities, and advanced nutrient and water management strategies,

ISSM restructures the entire production process to align with local

environmental conditions (Chen et al., 2011). This approach has

demonstrated substantially increase in summer maize grain yield,

ranging from 33.0%-86.8%, while simultaneously reducing nitrogen

losses by 39.0% to 88.9% (Chen et al., 2014; Liu et al., 2018). However,

the overall scheme suitable for silage maize that ensures high yield,

superior quality and environmental sustainability remains unclear.

High-latitude and high-altitude regions generally serve as crucial

bases for the development of the livestock industry. However, these

regions face severe challenges, including year-round drought and cold,

short frost-free periods, and soil with poor capabilities of retaining

water and fertilizer. These factors make it difficult to ensure the yield

and quality of silage maize, as highlighted by Yang et al. (2019) and Bai

et al. (2022). Crop yield relies on complex interactions between

genotypes, environmental factors (including climate and soil

conditions), and agricultural management. Among these, the yield-

increasing potential of genotype is an important aspect. Liu et al. (2021)

showed that the contribution of variety improvement to grain yield was

111.4 kg ha-1 year-1. Research by Kumar et al. (2022) has shown that

planting early-maturing varieties of silage maize in high-latitude

regions could increase dry matter content, starch content, and
Frontiers in Plant Science 03
organic matter digestibility. However, the current silage maize

varieties are generally chaotic and miscellaneous, and the adaptability

and resistance of different varieties have obvious differences.

Meanwhile, different silage maize varieties have different optimal

planting densities because of their different plant types. Evidence

points towards plant density as one of the critical indicators in

explaining maize yield booms in the USA and other parts of the

world (Duvick, 2005). In North America, optimum plant density

increased at a rate of 700 plants per hectare per year during 1987-

2016 (Assefa et al., 2018). Furthermore, another study demonstrated

that in high-altitude regions, the optimum plant density for silage

maize production can be beyond 138900 plants ha-1 (Fallah and

Tadayyon, 2010). However, under the condition that the density of

maize hybrids continues to increase, the light conditions will

deteriorate and the yield will decrease. It can be seen that the yield

can be effectively improved on the basis of optimizing varieties and

cooperating with the best planting density. Thus, the selection of

varieties and their optimized density is of great significance to ensure

the yield and quality of silage maize in this region. Additionally,

sufficient nutrients are required because of higher biomass of silage

maize during the whole growth period. In this case, over-fertilization is

becoming common in actual production. According to our survey, the

conventional nitrogen application rate of farmers in northwest Hebei
A

B C

FIGURE 1

Experimental site and climate map. (A–C) represent experimental site, temperature and precipitation in 2018 and temperature and precipitation in
2019, respectively.
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province of China is as high as 320 kg ha-1. Relevant research showed

that the nitrate content of groundwater in this region has reached

20~30 mg L-1, which is 2~3 times that of the American standard for

drinking water (Ru et al., 2013). Excessive synthetic N fertilization has

resulted in severe soil degradation and environmental pollution in

agricultural system (Wu et al., 2024). Consequently, there is an urgent

need to develop an integrated management strategy suited for silage

maize production in cold regions.

In conclusion, hypothesizing that the integrated management

strategy can improve the yield and quality of silage maize and reduce

soil nitrogen loss in cold regions, the objectives of this study are as

follows: (1) assessing the influence of the integrated management

strategy on the yield and quality of silage maize in these cold

regions; (2) elucidating the effects of integrated management strategy

on nitrogen use efficiency, nitrogen balance, and economic benefits.

The findings of this study will offer vital theoretical insights and

practical guidance for enhancing yield and economic returns,

promoting efficient resource utilization, and fostering the sustainable

development of the livestock industry in these specified regions.
2 Materials and methods

2.1 Experimental site

The experimental site (41°28’24” N, 115°1’3” E, altitude 1450 m)

for this study was situated at the Comprehensive Experimental Station

of the National Forage System in Zhangjiakou, as depicted in

Figure 1A. This area was typically a continental monsoon climate

with a frost-free period lasting 100 days. The tested soil was classified as

chestnut soil. The chemical properties of tested soil in 0-20 cm layer

were recorded as follows: Organic matter, 24.6 g kg-1, alkali-

hydrolyzable N, 50.1 mg kg-1, available P, 13.2 mg kg-1, available K,

130.2 mg kg-1, and pH, 8.0. The soil bulk density in 0-20 cm, 20-40 cm,

40-60 cm, 60-80 cm, and 80-100 cm layer was 1.4, 1.5, 1.6, 1.5, and 1.5 g

cm-3, respectively. The total precipitation amounts were 4675.3 mm

and 3921.9 mm, and the average temperature was 17.0°C and 17.2°C

during the growing seasons in 2018 and 2019 (shown in Figures 1B, C).
2.2 Experimental design

2.2.1 Selection of best silage maize variety and
planting density

This experiment involved two factors, viz., maize variety and

planting density. The tested four silage maize varieties as main

factor included Xuntian 3171, Xuntian 16, Xunqing 858, and

Fengtian 12. Three planting densities as sub-factor comprised

67,500 (A1), 79,500 (A2), and 90,000 (A3) plants ha-1. Each

treatment was repeated in triplicate, with each plot measuring

7 m by 4 m, totaling 28 square meters. The maize was sown on

May 10th, 2018, and harvested on October 8th of the same

year. The application amount of urea (N, 46%), calcium

superphosphate (P2O5, 18%) and potassium sulfate (K2O, 50%)

were 320 kg N ha-1, 90 kg P2O5 ha-1, and 90 kg K2O ha-1,
Frontiers in Plant Science 04
respectively. Of this, one-third of the urea was used as base

fertilizer (applied before sowing), and two-thirds as topdressing

(applied at the big trumpet period). Both calcium superphosphate

and potassium sulfate were applied as base fertilizers. All other

management strategies were consistent with those used in typical

high-yield fields.

2.2.2 Optimization of nitrogen management in
silage maize planting system

Expanding upon the selection of the optimal variety (Xunqing

858) and density (79,500 plants ha-1), an experiment was conducted

to optimize nitrogen fertilizer management. Eight treatments were

arranged in a completely randomized design and repeated in

triplicate, which included: (1) no application of nitrogen fertilizer

(as control, T1); (2) applying urea-N 320 kg ha-1 as traditional

fertilization according with that in farmers’ practice (as integrated

management 2, T2); (3) applying urea-N 240 kg ha-1 (as integrated

management 3, T3); (4) applying polymer-coated urea-N 240 kg N

ha-1 (as integrated management 4, T4); (5) ratio of polymer-coated

urea-N to urea-N at 9:1 (as integrated management 5, T5); (6) ratio of

polymer-coated urea-N to urea-N at 8:2 (as integrated management

6, T6); (7) ratio of polymer-coated urea-N to urea-N at 7:3 (as

integrated management 7, T7); (8) ratio of polymer-coated urea-N to

urea-N at 6:4 (as integrated management 8, T8). Treatments T5, T6,

T7, and T8 all applied 240 kg N ha-1, and all the above treatments

contained the same amount of 90 kg P2O5 ha
-1 and 90 kg K2O ha-1 as

basal fertilizers according to the conventional recommended fertilizer

rate in the local region. 40% N was applied before planting, and 60%

N was applied during big trumpet period. The length and width of

each experimental plot was 7 m and 8 m, respectively. Seeds were

sown on May 19th and harvested on October 2nd in 2019. All other

field management practices, such as weed control and irrigation, were

consistent with those used in typical high-yield fields.
2.3 Sample collection and measurement

The agronomic traits of silage maize were measured at the milk

maturity stage. For this purpose, 10 consecutive maize plants were

selected from each plot to determine their plant height, stem

diameter, and maximum leaf area. The maximum leaf area was

calculated according to leaf length × leaf width × 0.75 (Zhao et al.,

2020; Sezer et al., 2021).

For the determination of yield and quality of silage maize, two

square meters from each plot were randomly chosen at the milk

maturity stage, and the silage maize was cut at a height of 3 cm

above the ground. The harvested maize was weighed on site, and

recorded. Approximately 1 kg of the mixed sample of chopped was

randomly taken for precise weight recording. All plant samples were

first oven-dried at 105°C for 30 min and subsequently at 70°C until

reaching constant weight. The dried samples were ground.

Measurements were then conducted for crude protein content

(using the kjeldahl method), acid detergent fiber content (ADF,

using acid detergent method), neutral detergent fiber content (NDF,

using neutral detergent method), crude starch content (using
frontiersin.org
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rotation method), and total nitrogen content (using the kjeldahl

method), as detailed by Zeng et al. (2022).

Soil samples from 0-20 cm soil layer were collected and then air-

dried before sowing to determine the basic physico-chemical

properties. Soil organic matter content and alkali-hydrolyzable

nitrogen were determined using the potassium dichromate-external

heating method and alkali-dispersion method, respectively. Available

phosphorus and potassium were determined using vanadium

molybdenum blue colorimetry method and flame photometry

method, respectively. Soil pH was measured using the glass electrode

method with a water-to-soil ratio of 2.5:1. At the milk maturity stage of

silage maize, post-harvest soil samples were collected randomly from

three sites in each plot using an auger (inner diameter 2.0 cm) to a

depth of 100 cm at 20cm intervals. The three samples from each plot at

the same depth were thoroughly mixed to form one composite sample

per depth and then transported in coolers on ice to laboratory. Fresh

soil samples were immediately analyzed for nitrate nitrogen using

ultraviolet spectrophotometry, and soil water content was determined
Frontiers in Plant Science 05
after drying at 105°C for 24 h. Soil bulk density of each layer was

measured using the ring knife method (Bao, 2000).
2.4 Statistical analysis and
relevant calculation

The significance among treatments was analyzed by analysis of

variance (ANOVA) using the SPSS 13.0 software (SPSS Inc.,

Chicago, IL, USA). For multiple comparisons, we used Least

Significant Differences (LSD) at the 5% level. Data analysis in this

study was conducted using Microsoft Excel for computation and

OriginPro 2022 for graphical representation.

The formulas used for various calculations are as follows, in line

with the methodology described by Zhang et al. (2008):

Plant nitrogen uptake (kg ha−1)

= plant dry matter (kg ha−1)� plant nitrogen content ( % )
A B

DC

FIGURE 2

Effect of variety and density on yield and agronomic traits of silage maize. Panels (A-D) represent yield, plant height, stem diameter, and leaf area,
respectively. A1, A2 and A3 represent planting densities of 67,500, 79,500 and 90,000 plants ha-1, respectively. Different lowercase letters indicate
that different densities of the same variety have significant differences at the level of 0.05, and different uppercase letters indicate that different
varieties have significant differences at the level of 0.05. ** and * represent significance at the 0.01 and 0.05 probability level, respectively, and ns
represents no significance at the 0.05 probability level. No application of nitrogen fertilizer (as control, T1); Applying urea-N 320 kg ha-1 according
with that in farmers’ practice (as integrated management 2, T2); Applying urea-N 240 kg ha-1 (as integrated management 3, T3); Applying polymer-
coated urea-N 240 kg N ha-1 (as integrated management 4, T4); Ratio of polymer-coated urea-N to urea-N at 9:1 (as integrated management 5, T5);
Ratio of polymer-coated urea-N to urea-N at 8:2 (as integrated management 6, T6); Ratio of polymer-coated urea-N to urea-N at 7:3 (as integrated
management 7, T7); Ratio of polymer-coated urea-N to urea-N at 6:4 (as integrated management 8, T8).
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Nitrogen use efficiency (NUE,   % )

= (plant nitrogen uptake from treatments with N fertilizer

− plant nitrogen uptake in treatments without N fertilizer) (kg ha−1)

=the application rate of N fertilizer (kg ha−1)� 100
Frontiers in Plant Science 06
Nitrogen agronomic efficiency (NAE,  kg kg−1)

= (the grain yield from treatments with N fertilizer

− the grain yield in treatments without N fertilizer) (kg ha−1)

=the application rate of N fertilizer (kg ha−1)
A B

D E

C

FIGURE 3

Effect of different management strategies on yield and quality of silage maize. Panels (A-E) represent yield, crude protein, starch, acid detergent fiber
and neutral detergent fiber, respectively. Different lowercase letters indicate the significant differences at the level of 0.05. No application of nitrogen
fertilizer (as control, T1); Applying urea-N 320 kg ha-1 according with that in farmers’ practice (as integrated management 2, T2); Applying urea-N
240 kg ha-1 (as integrated management 3, T3); Applying polymer-coated urea-N 240 kg N ha-1 (as integrated management 4, T4); Ratio of polymer-
coated urea-N to urea-N at 9:1 (as integrated management 5, T5); Ratio of polymer-coated urea-N to urea-N at 8:2 (as integrated management 6,
T6); Ratio of polymer-coated urea-N to urea-N at 7:3 (as integrated management 7, T7); Ratio of polymer-coated urea-N to urea-N at 6:4 (as
integrated management 8, T8).
TABLE 1 Effect of different management strategies on nitrogen use efficiency of silage maize.

Treatment
Plant nitrogen uptake

(kg ha-1)
Nitrogen

use efficiency (%)

Partial factor
productivity of N
fertilizer (kg kg-1)

Nitrogen agronomic
efficiency (kg kg-1)

T1 132.2 ± 5.14 c – – –

T2 178.9 ± 4.58 b 14.6 ± 1.81 b 39.9 ± 0.57 c 9.5 ± 0.57 c

T3 183.0 ± 3.35 b 21.1 ± 1.16 ab 54.0 ± 0.93 b 13.4 ± 0.93 b

T4 180.7 ± 2.42 b 20.2 ± 2.69 ab 53.5 ± 0.39 b 12.9 ± 0.39 b

T5 186.4 ± 2.62 ab 22.6 ± 3.20 ab 54.2 ± 0.17 b 13.7 ± 0.17 b

T6 191.2 ± 3.68 ab 24.6 ± 2.31 a 56.7 ± 2.51 ab 16.1 ± 2.51 ab

T7 200.5 ± 10.72 a 28.4 ± 2.35 a 58.8 ± 3.51 a 18.2 ± 3.51 a

T8 182.0 ± 2.64 b 20.7 ± 2.67 ab 54.3 ± 0.80 b 13.7 ± 0.80 b
Different lowercase letters indicate the significant differences at the level of 0.05. No application of nitrogen fertilizer (as control, T1); Applying urea-N 320 kg ha-1 according with that in farmers’
practice (as integrated management 2, T2); Applying urea-N 240 kg ha-1 (as integrated management 3, T3); Applying polymer-coated urea-N 240 kg N ha-1 (as integrated management 4, T4);
Ratio of polymer-coated urea-N to urea-N at 9:1 (as integrated management 5, T5); Ratio of polymer-coated urea-N to urea-N at 8:2 (as integrated management 6, T6); Ratio of polymer-coated
urea-N to urea-N at 7:3 (as integrated management 7, T7); Ratio of polymer-coated urea-N to urea-N at 6:4 (as integrated management 8, T8).
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Partial factor productivity of nitrogen fertilizer (PFPN,  kg kg
−1)

= the grain yield from treatments with N fertilizer (kg ha−1)

=the application rate of N fertilizer (kg ha−1)

Nitrate nitrogen accumulation (kg ha−1)

= (the soil nitrate content in the corresponding soil layer (mg kg−1)

� the soil layer thickness (cm) � the soil bulk density (g cm−3))=10

Nitrogen surplus (kg ha−1)

= (Chemical� N + Irrigation� N + Atmospheric deposition� N

+Mineralized� N) (kg ha−1) − (Plant remove N + 0 − 40 cm NO  −
3 �N)

 (kg ha−1)

Note: Chemical N refers to nitrogen brought by fertilizer input.

The irrigation-N and atmospheric deposition-N are based on the

research findings of Ju et al. (2006) and Liu et al. (2013),

respectively. Mineralized-N refers to the amount of nitrogen

absorbed by plants under the condition of no fertilization.

Output value ( ha−1) = yield (t ha−1)� unit price ( t−1)

Economic benefit ( ha−1) = output value ( ha−1)

− fertilizer cost ( ha−1) − other costs ( ha−1)
Frontiers in Plant Science 07
Note: The expenses of fertilizers, the price of fresh grass, and other

costs including irrigation, labor, pesticides, and machinery were

calculated in accordance with the prevailing market prices of 2019.

To comprehensively evaluate the effects of different management

strategies, the data pertaining to yield, crude protein, nitrogen uptake,

nitrogen use efficiency, nitrogen surplus, and economic benefit were

all standardized (Wang et al., 2020) according to the formula x� �x
Std .

Among this formula, �x stands for average and Std stands for

standard deviation.
3 Results

3.1 Effect of variety and density on yield
and agronomic traits of silage maize

The yield, plant height, stem diameter, and leaf area of silage

maize were significantly influenced by both variety and density.

However, the interaction between these two factors only has a

significant effect on leaf area, as depicted in Figures 2A–D. Among

the four examined varieties, Xunqing 858 exhibited a significantly

higher yield by 11.5%-51.6% than the other varieties. Moreover, the

yield of all varieties initially increased with planting density, but

subsequently decreased, and reaching its peak value at a planting

density of A2 (79,500 plants ha-1) (Figure 2A).
FIGURE 4

Effect of different management strategies on soil nitrate nitrogen accumulation. Different lowercase letters indicate the significant differences among
different treatments in the same soil layer at the level of 0.05. No application of nitrogen fertilizer (as control, T1); Applying urea-N 320 kg ha-1

according with that in farmers’ practice (as integrated management 2, T2); Applying urea-N 240 kg ha-1 (as integrated management 3, T3); Applying
polymer-coated urea-N 240 kg N ha-1 (as integrated management 4, T4); Ratio of polymer-coated urea-N to urea-N at 9:1 (as integrated
management 5, T5); Ratio of polymer-coated urea-N to urea-N at 8:2 (as integrated management 6, T6); Ratio of polymer-coated urea-N to urea-N
at 7:3 (as integrated management 7, T7); Ratio of polymer-coated urea-N to urea-N at 6:4 (as integrated management 8, T8).
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Concerning agronomic traits, it was observed that the plant height,

stem diameter, and leaf area of silage maize progressively diminished as

the planting density increased, as illustrated in Figures 2B–D. The stem

diameter showed no significant differences among the four varieties.

Xunqing 858 was distinguished by having the tallest plants and the

largest leaf area. In comparison to the other varieties, the plant height of

Xunqing 858 was significantly greater by 8.7%-22.6%, and its leaf area

was substantially larger by 30.9% than that of Xuntian 3171.
3.2 Effect of integrated management
strategies on yield and quality of
silage maize

Compared to other treatments, the T7 treatment had the higher

yield and crude protein content of silage maize, as shown in Figure 3.

Treatment 1 without nitrogen fertilizer had the lowest yield at 46.2 t

ha-1, which was significantly lower by 27.1%-36.7% than that of other
Frontiers in Plant Science 08
fertilization treatments. T3 and T4 did not show a significant decrease

in yield compared to T2, even with a reduced nitrogen application of

80 kg ha-1. Under the total nitrogen application rate at 240 kg ha-1,

the T7 treatment achieved the highest yield at 73.1 t ha-1, which

significantly higher than the other treatments by 6.1% to 58.1%.

Furthermore, T7 also had the highest crude protein content at 11.1%

(Figure 3B), the highest starch content at 19.1% (Figure 3C), the

lowest acid detergent fiber at 25.9% (Figure 3D) and the lowest

neutral detergent fiber at 50.6% (Figure 3E).
3.3 Effect of integrated management
strategies on nitrogen use efficiency

As the proportion of polymer-coated urea-N was reduced, the

plant nitrogen uptake, nitrogen use efficiency (NUE), nitrogen

partial factor productivity (PFPN), and nitrogen agronomic

efficiency (NAE) exhibited an initial increase followed by a
TABLE 2 Effect of different management strategies on nitrogen balance in soil-maize system (kg ha-1).

Item T1 T2 T3 T4 T5 T6 T7 T8

Input

Chemical N 0 320 240 240 240 240 240 240

Irrigation
water N

4.8 4.8 4.8 4.8 4.8 4.8 4.8 4.8

Atmospheric N 21.1 21.1 21.1 21.1 21.1 21.1 21.1 21.1

Mineralized N 132.2 132.2 132.2 132.2 132.2 132.2 132.2 132.2

Output

Plant remove N 132.2 178.9 183.0 180.7 186.4 191.2 200.5 182.0

0-40 cm
NO3

–N
28.0 83.7 68.5 72.3 72.4 81.0 82.5 92.3

Total input 158.1 478.1 398.1 398.1 398.1 398.1 398.1 398.1

Total output 160.2 262.6 251.5 253.0 258.8 272.2 283.0 274.3

Nitrogen surplus -2.1 e 215.5 a 146.6 b 145.1 b 139.3 bc 125.9 cd 115.1 d 123.8 d
Different lowercase letters indicate the significant differences at the level of 0.05. No application of nitrogen fertilizer (as control, T1); Applying urea-N 320 kg ha-1 according with that in farmers’
practice (as integrated management 2, T2); Applying urea-N 240 kg ha-1 (as integrated management 3, T3); Applying polymer-coated urea-N 240 kg N ha-1 (as integrated management 4, T4);
Ratio of polymer-coated urea-N to urea-N at 9:1 (as integrated management 5, T5); Ratio of polymer-coated urea-N to urea-N at 8:2 (as integrated management 6, T6); Ratio of polymer-coated
urea-N to urea-N at 7:3 (as integrated management 7, T7); Ratio of polymer-coated urea-N to urea-N at 6:4 (as integrated management 8, T8).
TABLE 3 Effect of different management strategies on the economic benefit of silage maize ($ ha-1).

Treatment Fertilizer cost Other costs Output value Economic benefit

T1 197 1466 3228 ± 165 c 1565 ± 165 d

T2 508 1466 4582 ± 303 b 2608 ± 303 bc

T3 430 1466 4702 ± 151 b 2806 ± 151 ab

T4 590 1466 4524 ± 159 b 2468 ± 159 bc

T5 574 1466 4430 ± 250 b 2390 ± 250 c

T6 558 1466 4807 ± 189 ab 2783 ± 189 abc

T7 542 1466 5102 ± 183 a 3094 ± 183 a

T8 526 1466 4770 ± 254 ab 2779 ± 254 abc
Different lowercase letters indicate the significant differences at the level of 0.05. No application of nitrogen fertilizer (as control, T1); Applying urea-N 320 kg ha-1 according with that in farmers’
practice (as integrated management 2, T2); Applying urea-N 240 kg ha-1 (as integrated management 3, T3); Applying polymer-coated urea-N 240 kg N ha-1 (as integrated management 4, T4);
Ratio of polymer-coated urea-N to urea-N at 9:1 (as integrated management 5, T5); Ratio of polymer-coated urea-N to urea-N at 8:2 (as integrated management 6, T6); Ratio of polymer-coated
urea-N to urea-N at 7:3 (as integrated management 7, T7); Ratio of polymer-coated urea-N to urea-N at 6:4 (as integrated management 8, T8).
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decrease, as detailed in Table 1. The T7 treatment displayed the

highest values in all these parameters. Specifically, the plant

nitrogen uptake reached 200.5 kg ha-1, increased by 4.9%-51.7%

compared to T1-T8, and its NUE was at 28.4%, PFPN and NAE

were recorded at 58.8% and 18.2 kg kg-1, respectively. These figures

underscore T7’s superior performance in terms of nitrogen

utilization efficiency.
3.4 Effect of integrated management
strategies on soil nitrate
nitrogen accumulation

Significant differences were observed in the accumulation of nitrate

nitrogen among different soil layers and treatments. Compared to the

unfertilized control (T1), all fertilizer treatments significantly increased

the accumulation of nitrate nitrogen in the 0-100 cm soil layer.

However, different optimized nitrogen management strategies

resulted in a reduction of nitrate nitrogen accumulation in the

deeper soil layer of 40-100 cm, as indicated in Figure 4. Notably,

even with the nitrogen application rate of 320 kg ha-1 in T2, there was

no significant difference in nitrate nitrogen accumulation in the 0-

40 cm layer compared to T3, T4, and T5, where nitrogen was reduced

by 80 kg ha-1. In the 0-40 cm layer, the accumulation of nitrate nitrogen

in T6, T7, and T8 was significantly higher than that in other treatments,

but the differences among these three were not significant. In the 40-

100 cm soil layer, T2 exhibited the highest accumulation of nitrate

nitrogen at 52.4 kg ha-1. However, there was no significant difference
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among T3 to T7 treatments. Importantly, T7 showed the lowest

accumulation of nitrate nitrogen (33.3 kg ha-1), effectively reducing

the risk of nitrate leaching.
3.5 Nitrogen balance

Chemical nitrogen fertilizer is the predominant nitrogen input in

agricultural fields, contributing to more than 60% of the total nitrogen

input (Table 2). Among all evaluated fertilizer treatments, T7 had the

lowest nitrogen surplus at 115.1 kg ha-1, which was 7.0% to 46.6%

lower than that of the other fertilizer treatments. Additionally, T7 also

had the highest total nitrogen output, recorded at 283.0 kg ha-1. This

output was 3.2% to 12.5% higher compared to the other fertilization

treatments, underscoring its efficiency in nitrogen utilization.
3.6 Economic benefits of integrated
management strategies

The T7 treatment demonstrated significantly higher economic

benefits compared to the other treatments (Table 3). In terms of

output value, T7 achieved the highest value at 5102 $ ha-1, which

was significantly greater than that in other treatments (T1-T5) by

8.5% to 58.1%. However, there was no significant difference in

output value among T2, T3, T4, and T5. In the aspect of economic

benefit, T1 had the lowest net income at 1565 $ ha-1, whereas T7

had the highest net income at 3094 $ ha-1, and the net incomes
FIGURE 5

Comprehensive evaluation of different management strategies. No application of nitrogen fertilizer (as control, T1); Applying urea-N 320 kg ha-1

according with that in farmers’ practice (as integrated management 2, T2); Applying urea-N 240 kg ha-1 (as integrated management 3, T3); Applying
polymer-coated urea-N 240 kg N ha-1 (as integrated management 4, T4); Ratio of polymer-coated urea-N to urea-N at 9:1 (as integrated
management 5, T5); Ratio of polymer-coated urea-N to urea-N at 8:2 (as integrated management 6, T6); Ratio of polymer-coated urea-N to urea-N
at 7:3 (as integrated management 7, T7); Ratio of polymer-coated urea-N to urea-N at 6:4 (as integrated management 8, T8).
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among T2, T3, and T4 treatments did not show significant

differences. Among the treatments with different ratios of

polymer-coated urea-N to urea-N (T5-T8), the fertilizer cost for

T7 and T8 was comparatively lower.
4 Discussion

4.1 Effect of integrated management
strategies on yield and quality of
silage maize

Selecting excellent varieties, optimizing planting density and

applying optimized fertilizer management are necessary measures

for improving the quality and yield of maize (Cardwell, 1982; Hu

et al., 2013; Zhang et al., 2014). Our results demonstrated that the

integrated management strategy 7 had the highest silage maize yield

(73.1 t ha-1), with an increase of 6.1%-58.1% compared to other

treatments (Figure 3A). The primary reason for this yield increase is

that favorable plant traits promote the biomass formation (Dong

et al., 2023). In this study, Xunqing 858 exhibited a distinct

advantage in plant height and leaf area. Its plant height was

significantly higher than other varieties by 8.7%-22.6%, and its

leaf area was significantly higher than Xuntian 3171 by 30.9%

(Figures 2B, D). This may be attributed to the strong adaptability

and stress resistance of Xunqing 858 under unique climatic

conditions characterized by low temperature and a short frost-

free period. Additionally, a suitable planting density created a

favorable population structure (Borrás et al., 2003; Assefa et al.,

2016; Piao et al., 2016), enhanced crop light utilization, and

ultimately coordinated individual and population yield (Li et al.,

2019). The integrated management strategies for silage maize not

only affected yield but also impacted its nutritional value. This study

found that the integrated management strategy 7 increased crude

protein and starch content by 0.2%-21.5% and 0.6%-7.3%

(Figures 3B, C) compared to other treatments, respectively. This

is mainly due to the optimized treatment increasing nitrate nitrogen

accumulation in 0-40 cm soil layer (Figure 4) and effectively

increasing plant nitrogen uptake by 4.9%-51.7% (Table 1). These

factors promoted the accumulation of enzymatic protein and

photosynthesis in plants, leading to quality improvements (Wang

et al., 2012; Ma et al., 2013; Zhou et al., 2016).
4.2 Effect of integrated management
strategies on nitrogen use efficiency and
nitrogen balance

Poor management on water and fertilizer during the silage maize

production not only leads to the wastage of nutrient resources but

also contributes to nitrogen losses and decreases the nitrogen use

efficiency (Kang et al., 2016; Srivastava et al., 2020; Wang et al., 2021;

Zhao et al., 2022). In recent years, improving nitrogen use efficiency

by regulating or altering the transformation or release characteristics

of nitrogen fertilizer applied to soil has become a prominent research

topic domestically and internationally (Sim et al., 2021). However, the
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nutrient transformation and release characteristics of commonly used

slow-released fertilizers are affected by soil temperature, humidity and

other factors (Tlustos and Blackmer, 1992; Husby et al., 2003;

Ransom et al., 2020; Lin et al., 2021). Previous studies had shown

that the integrated management strategies have a positive impact on

nitrogen use efficiency and environmental effects in the plant-soil

system (Wang et al., 2020; Chen et al., 2021). Similar results were

founded in this study. During the harvest of silage maize, the nitrogen

surplus in T7 decreased by 7.0-46.6% (Table 2) compared to other

management strategies. The main reason was that, under the

condition of equal total nitrogen rate of input items, the nitrogen

taken up by plants and nitrate nitrogen in 0-40 cm soil were higher in

the nitrogen balance output in integrated management strategy 7.

Simultaneously, through effectively regulating the soil nitrogen

supply and increasing the nitrate accumulation in 0-40 cm soil, the

reasonable ratio of polymer-coated urea-N to urea-N in the

integrated management strategy 7 (7:3) met the sustained nitrogen

demand during the early and later growth stages of silage maize,

resulting in higher nitrogen use efficiency. Compared to other

treatments, the nitrogen use efficiency, partial factor productivity of

N fertilizer and nitrogen agronomic efficiency of T7 increased by

15.4%-94.5%, 3.7%-47.4% and 13.0%-91.6%, respectively (Table 1).
4.3 Application opportunities and barriers
of integrated management strategy

Against the backdrop of increasing pressure on feed supply and

environmental resources, achieving further improvement in silage

maize yield and quality, as well as environmental protection, poses

significant challenges in the development of livestock industry in

China (Hu et al., 2019; Randby et al., 2019). Integrated management

strategies, through optimizing crop varieties and densities and

employing a balanced combination of polymer-coated urea-N to

urea-N, provide a practical approach to address the issues of low

and unstable yield and quality, as well as nitrogen excess in silage

maize production in cold regions, while reducing environmental

pollution (Figure 5). However, there are still many obstacles and

challenges to applying and promoting these management strategies.

Firstly, in terms of personnel allocation, China’s agriculture is

primarily operated by millions of small-scale farmers, which poses a

significant challenge to the widespread implementation of integrated

management technologies (Spielman et al., 2010; Cui et al., 2018; Yin

et al., 2019; Zhang et al., 2020). Secondly, in terms of the controllability

of technology, rural areas, especially in cold regions, are sparsely

populated and unattractive to young generations, making it difficult to

adopt new technologies or production transformations (Zhang et al.,

2020). Lastly, in terms of economic factors, technology cost is an

important driving factor in determining the implementation of this

technology (Dreher et al., 2003). Due to the high labor cost of

fertilization, farmers are increasingly inclined to apply all fertilizers

before sowing (without top dressing). Hence, farmers have a great

demand for slow-released compound fertilizers (Li et al., 2022).

However, the technology recommended in this study requires a

reasonable proportion of polymer-coated urea-N to urea-N, which

increases the difficulty of popularization.
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To implement this effective technology strategy, we should (1)

increase technical services to enable farmers to adapt and adopt

more knowledge-intensive agricultural practices (Chen et al., 2014);

(2) increase institutional support and infrastructure construction,

and transfer integrated management technologies to millions of

small-scale farmers (Zhang et al., 2016). (3) Governments should

increase policy support and financial investment in the agricultural

sector. Importantly, farmers must receive proper remuneration for

using this technology. Additionally, the new technology must be

evaluated and receive feedback for end-user, including farmers.

Also, the technology can then be further improved and better

adapted to the specific agricultural conditions relevant to the end-

users, reflecting a bidirectional feedback mechanism via iteration

(Shen et al., 2024; Zhang et al., 2024).

In summary, concerted efforts from multiple stakeholders are

required to conduct sufficient localized studies to achieve

widespread application and promotion of these management

strategies globally. This is paramount for realizing the green

development of livestock industry. The integrated management

technology was studied in cold regions in China. However, this

idea and the related results can also provide important references

for silage maize production in similar regions of other countries. It

is only necessary to update management strategies according to

local climate and soil properties to promote the sustainable

development of the global livestock industry.
5 Conclusion

The integrated management strategy 7, which optimized silage

maize variety Xunqing 858 with a planting density of 79,500 plants

ha-1, and applied 240 kg N ha-1 with a nitrogen formula ratio of 7:3

(polymer-coated urea-N to urea-N), can effectively increase yield and

quality, improve nitrogen use efficiency and economic benefits, as

well as reduce soil nitrogen surplus in the silage maize production

system in cold regions. However, we acknowledge that there are still

planting systematic, technological, personnel and financial barriers to

implementing this integrated management strategy, which requires

concerted efforts from multiple stakeholders. Nevertheless, the

successful application of this strategy will provide valuable insights

for promoting the sustainable development of livestock husbandry

facing similar challenges worldwide.
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