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Abstract The integration of agronomic practices has shown significant potential in enhancing maize yield and nutrient use
efficiency (NUE). This study synthesizes findings from multiple studies to evaluate the impact of integrated agronomic practices
(IAP) on maize yield and NUE under varying soil fertility conditions. Studies indicate that IAP, which includes optimal planting
density, split fertilizer application, and subsoiling tillage, can substantially increase maize grain yield and NUE compared to
traditional farmers' practices (FP). The combination of organic and inorganic fertilizers, as part of integrated nutrient management
(INM), has also been shown to improve soil fertility and crop productivity, contributing to sustainable agricultural practices.
Long-term field studies reveal that integrated soil-crop system management (ISSM) strategies can achieve high maize yields and
NUE with reduced environmental costs. Additionally, the integration of weed and nutrient management practices has been found to
enhance maize yield, nutrient uptake, and economic returns in rice-maize cropping systems. The application of biochar in
conjunction with partial doses of inorganic fertilizers further supports improved crop productivity and sustainability in maize-wheat
cropping systems. Overall, the adoption of integrated agronomic practices offers a promising approach to achieving higher maize
yields and better nutrient use efficiency, thereby supporting sustainable agricultural intensification.
Keywords Integrated agronomic practices (IAP); Maize yield; Nutrient use efficiency (NUE); Integrated nutrient management
(INM); Sustainable agricultural practices

1 Introduction
Maize (Zea mays L.) is one of the most important cereal crops globally, serving as a staple food for millions of
people and a key component in animal feed and industrial products. It is cultivated extensively across diverse
climatic regions, making it a versatile crop with significant economic and nutritional value. In countries like India,
maize is the third most important food crop after wheat and rice, with substantial production during both the
Kharif and Rabi seasons (Sindhi et al., 2018; Augustine et al., 2021). The global demand for maize continues to
rise due to its wide range of uses, necessitating improvements in its production to ensure food security and meet
the needs of a growing population (Ramadhan, 2021; Sarwar et al., 2023).

Despite its global significance, maize cultivation faces several challenges that impact yield and sustainability. One
of the primary issues is nutrient use efficiency (NUE), which refers to the ability of the crop to utilize available
nutrients effectively. Poor NUE can lead to nutrient losses, environmental pollution, and increased production
costs. Factors such as soil fertility, inappropriate fertilizer application, and climatic conditions can significantly
affect NUE. For instance, unbalanced use of chemical fertilizers can degrade soil health and reduce crop
productivity over time (Ghosh et al., 2020; Jalal et al., 2022). Additionally, nutrient deficiencies, particularly in
nitrogen (N) and zinc (Zn), are common in many maize-growing regions, further complicating efforts to achieve
optimal yields (Zhou et al., 2019; Jalal et al., 2022).

Integrated Agronomic Practices (IAP) offer a promising solution to the challenges of maize cultivation by
combining various agronomic techniques to enhance crop performance and nutrient use efficiency. IAP strategies
may include optimal planting density, split fertilizer application, subsoiling tillage, and the use of organic
amendments such as biochar and farmyard manure (FYM) (Zhou et al., 2019; Sailaza and Kannamreddy, 2020;
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Sarwar et al., 2023). These practices aim to improve soil health, increase nutrient availability, and enhance the
overall resilience of the cropping system. Studies have shown that IAP can significantly increase maize grain yield
and NUE, particularly in fields with varying soil fertility levels (Zhou et al., 2019). For example, the application
of biochar in combination with reduced doses of inorganic fertilizers has been found to boost dry matter
production, grain yield, and nutrient uptake in maize (Sarwar et al., 2023). Similarly, the use of diazotrophic
bacteria and residual Zn fertilization has been shown to improve Zn use efficiency and grain biofortification (Jalal
et al., 2022). By integrating these practices, farmers can achieve higher productivity, sustainability, and
profitability in maize cultivation (Bhandari et al., 2021; Sarwar et al., 2023).

In conclusion, the adoption of integrated agronomic practices holds great potential for addressing the challenges
of maize cultivation, particularly in enhancing nutrient use efficiency and achieving sustainable yield
improvements. This study aims to explore the impact of various IAP strategies on maize yield and nutrient use
efficiency, drawing insights from recent research findings.

2 Integrated Agronomic Practices (IAP)
2.1 Definition and components of IAP
Integrated Agronomic Practices (IAP) refer to a holistic approach to crop management that combines various
agronomic techniques to optimize crop yield and nutrient use efficiency (NUE). The components of IAP typically
include optimal planting density, split fertilizer application, subsoiling tillage, and the use of biochar and other
organic amendments. These practices are designed to enhance soil fertility, improve plant health, and increase the
efficiency of nutrient uptake by crops (Zhou et al., 2019; Sailaza et al., 2020; Yu et al., 2020; Sarwar et al., 2023).

2.2 Historical development and adoption of IAP in maize cultivation
The concept of IAP has evolved over the years as researchers and farmers have sought more sustainable and
efficient ways to increase crop productivity. Initially, agronomic practices were often applied in isolation, but the
limitations of this approach led to the development of integrated strategies. For instance, the combination of
optimal planting density and split fertilizer application has been shown to significantly increase maize yield and
NUE under various soil fertility conditions (Zhou et al., 2019). Similarly, the integration of biochar with partial
doses of inorganic fertilizers has been found to improve dry matter production and grain yield in maize-wheat
cropping systems (Sarwar et al., 2023).

2.3 Adoption of IAP in maize cultivation
The adoption of IAP in maize cultivation has been driven by the need to enhance crop productivity and
sustainability. Studies have shown that IAP can lead to substantial increases in maize grain yield and NUE. For
example, IAP increased maize grain yield by 25%-37% and improved various NUE metrics compared to
traditional farming practices (Zhou et al., 2019). Additionally, integrated nutrient management practices, including
the use of farmyard manure and biofertilizers, have been found to be effective in improving maize growth and
yield (Sailaza et al., 2020). The adoption of IAP has also been influenced by the need to address environmental
concerns, such as reducing nitrogen loss and improving nitrogen balance in cropping systems (Liu et al., 2020).

The development and adoption of IAP in maize cultivation have been driven by the need to improve crop yield,
nutrient use efficiency, and sustainability. The integration of various agronomic practices has proven to be an
effective strategy for achieving these goals.

3 Impact of IAP on Maize Yield
3.1 Yield improvements with IAP
Integrated Agronomic Practices (IAP) have been shown to significantly enhance maize yield across various
studies. For instance, IAP strategies that include optimal planting density, split fertilizer application, and
subsoiling tillage have demonstrated yield increases of 25% and 28% in low soil fertility fields and 36% and 37%
in high soil fertility fields over two growing seasons (Zhou et al., 2019). Similarly, the application of 100%
recommended dose of fertilizer (RDF) combined with farmyard manure (FYM) and biofertilizer consortium
resulted in better growth and yield of maize compared to other nutrient management practices. Additionally,
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integrated soil-crop system management (ISSM) with a combination of inorganic and organic fertilizers achieved
a 27% increase in maize yield relative to traditional farmers' practices (Wang et al., 2020).

3.2 Comparison with traditional farming practices (FP)
When compared to traditional farming practices (FP), IAP consistently outperforms in terms of yield. For example,
IAP increased maize grain yield by 25-37% compared to FP, with the yield gap attributed to greater dry matter and
nitrogen accumulation due to increased leaf area index and root length (Figure 1) (Zhou et al., 2019). In another
study, ISSM achieved 97.7% of the yield obtained with high-yielding practices but with significantly lower
nitrogen surplus and environmental costs, indicating a more sustainable approach (Wang et al., 2020).
Furthermore, integrated weed and nutrient management practices in maize resulted in a 9% higher grain yield
compared to chemical weed control alone (Ghosh et al., 2020).

Figure 1 Nitrogen accumulation in maize plants for various treatments in 2013 and 2014 (Adopted from Zhou et al., 2019)
Image caption: HSF, high soil fertility field; LSF, low soil fertility field. CK, control without nitrogen; FP, conventional farmers'
practice; IAP, an integrated agronomic practice. V6, 6-leaf stage; V12, 12-leaf stage; R1, silking stage; R3, milk stage; R6,
physiological maturity (Adopted from Zhou et al., 2019)

3.3 Factors contributing to yield increase
Several factors contribute to the yield increase observed with IAP. Enhanced nutrient uptake and utilization are
primary contributors. For instance, the use of biochar in combination with partial doses of NPK fertilizers
improved dry matter production, grain weight, and nutrient uptake, leading to higher yields (Sarwar et al., 2023).
The integration of density and fertilizer management also optimized biomass accumulation and nutrient
remobilization, further boosting yield (Ren et al., 2020). Additionally, the combination of nitrogen fertilization
with iron foliar application improved photosynthetic characteristics and enzyme activities, enhancing
photosynthetic nitrogen use efficiency and ultimately increasing yield (Nasar et al., 2022). The use of organic
amendments like farmyard manure and biofertilizers also played a significant role in improving soil health and
nutrient availability, contributing to better crop performance (Ghosh et al., 2020; Sailaza et al., 2020).
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In summary, IAP significantly improves maize yield through optimized nutrient management, enhanced soil
health, and better agronomic practices, outperforming traditional farming methods and contributing to sustainable
agricultural productivity.

4 Nutrient Use Efficiency (NUE) in Maize
4.1 Definition and importance of NUE
Nutrient Use Efficiency (NUE) in maize refers to the ability of the plant to utilize available nutrients, particularly
nitrogen (N), to produce biomass and grain yield. NUE is a critical parameter in agricultural systems as it directly
impacts crop productivity and environmental sustainability. High NUE means that a greater proportion of the
applied nutrients are taken up and used by the crop, reducing the potential for nutrient losses to the environment
through leaching, volatilization, or runoff (Figure 2) (Zhou et al., 2019; Shiade et al., 2023; Yadav et al., 2023).

Figure 2 Interactions between nitrogen dynamics and environmental factors (Adopted from Yadav et al., 2023)
Image caption: This diagram illustrates the comprehensive dynamics of soil nitrogen cycling. Sunlight, ambient temperature, and
extreme weather events directly impact the nitrogen cycle. Crop rotation, tillage operations, plant species, and irrigation influence
nitrogen cycling through soil incorporation and crop residues. Fertilizer application directly adds nitrogen sources, while biological
nitrogen fixation converts atmospheric nitrogen into usable forms through microbial activity. Soil pH, temperature, salinity, texture,
cation exchange capacity (CEC), aeration, and moisture content affect soil microorganism activity and organic matter decomposition,
thus impacting nitrogen dynamics. Ultimately, the nitrogen cycle results in nitrogen uptake, emission, and leaching (Adopted from
Yadav et al., 2023)

4.2 Challenges in achieving high NUE
Achieving high NUE in maize is fraught with several challenges. One of the primary issues is the inefficient use
of nitrogen fertilizers, which often results in significant environmental pollution and increased greenhouse gas
emissions (Yadav et al., 2023). Factors such as soil fertility, climatic conditions, and inappropriate agronomic
practices can further complicate the efficient use of nutrients. For instance, excessive or poorly timed fertilizer
applications can lead to nutrient losses and reduced NUE (Zhang et al., 2018; Li et al., 2019; Zhou et al., 2019).
Additionally, the genetic variability among maize cultivars in their ability to uptake and utilize nutrients poses
another challenge (Yadav et al., 2023).

4.3 Strategies for improving NUE
Several strategies have been proposed and tested to improve NUE in maize. Integrated Agronomic Practices (IAP),
which include optimal planting density, split fertilizer application, and subsoiling tillage, have been shown to
significantly enhance NUE by promoting greater dry matter and nitrogen accumulation. The use of integrated
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soil-crop system management (ISSM) that combines organic and inorganic fertilizers has also been effective in
achieving sustainable high maize yields and improved NUE (Wang et al., 2020).

Moreover, adopting precision farming techniques, such as site-specific nitrogen management and the use of
enhanced efficiency fertilizers, can help in optimizing nutrient application and reducing losses (Yadav et al., 2023;
Shiade et al., 2023). The integration of crop-livestock systems (ICLS) has also been found to improve nutrient
cycling and soil chemical attributes, thereby enhancing NUE in paddy fields (Denardin et al., 2020). Lastly,
modern breeding and biotechnological tools, including gene-editing technologies, offer promising avenues for
developing maize cultivars with improved nutrient utilization capacities (Yadav et al., 2023).

By implementing these strategies, it is possible to achieve higher maize yields while minimizing the
environmental impact of agricultural practices.

5 Effect of IAP on NUE
5.1 Influence of IAP on NUE
Integrated Agronomic Practices (IAP) have been shown to significantly enhance Nitrogen Use Efficiency (NUE)
in maize cultivation. The implementation of IAP, which includes optimal planting density, split fertilizer
application, and subsoiling tillage, has demonstrated substantial improvements in both maize grain yield and NUE
under varying soil fertility conditions. For instance, a study found that IAP increased maize grain yield by
25%-28% in low soil fertility fields and by 36%-37% in high soil fertility fields over two growing seasons. This
increase was attributed to greater dry matter and nitrogen accumulation, which were promoted by increased leaf
area index and root length, leading to higher soil mineral nitrogen content and post-silking nitrogen accumulation
(Zhao et al., 2019).

Moreover, long-term studies have shown that combining inorganic and organic fertilizers under an integrated
soil-crop system management (ISSM) strategy can achieve sustainable high maize yields and improved NUE.
Over an 11-year period, ISSM increased maize yield by 27% compared to traditional farmers' practices, while also
reducing nitrogen surplus and losses, thereby enhancing NUE (Wang et al., 2020). Similarly, integrated nutrient
management practices, which include the use of farmyard manure and biofertilizers along with recommended
doses of inorganic fertilizers, have been found to improve maize growth and yield significantly (Sailaza and
Kannamreddy, 2019).

5.2 Case studies
Several case studies highlight the effectiveness of IAP in improving NUE:

Northeast China: An 11-year field study demonstrated that ISSM, which combines inorganic and organic
fertilizers, achieved 97.7% of the yield obtained with high-yielding practices while significantly reducing nitrogen
losses and greenhouse gas emissions. This approach resulted in higher NUE and better sustainability compared to
traditional practices (Wang et al., 2020).

North China Plain: A four-year study on double cropping of winter wheat and summer maize showed that
integrated agronomic practices management (IAPM) improved grain yield and nitrogen balance. The treatment
that combined optimized tillage, plant density, and fertilization practices resulted in the highest nitrogen recovery
efficiency and reduced nitrogen loss by 39.1%-54.4% compared to other treatments (Liu et al., 2018).

Pakistan: A field study on the maize-wheat cropping system found that integrated nutrient management (INM)
with 75% of the recommended dose of NPK fertilizers supplemented with biochar significantly improved dry
matter production, grain yield, and nutrient uptake. This approach also enhanced the economic sustainability of
the cropping system (Sarwar et al., 2023).

5.3 Mechanisms enhancing NUE
The mechanisms through which IAP enhances NUE are multifaceted and involve several physiological and
agronomic factors:
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Improved Root Development: IAP promotes greater root length and density, which enhances the plant's ability to
uptake nitrogen from the soil. This is particularly effective in high soil fertility conditions where increased root
length correlates with higher nitrogen uptake and post-silking nitrogen accumulation (Zhao et al., 2019).

Optimized Fertilizer Application: Split fertilizer application ensures that nitrogen is available to the plant at
critical growth stages, reducing nitrogen losses through leaching and volatilization. This method has been shown
to increase nitrogen recovery efficiency and agronomic nitrogen efficiency (Zhao et al., 2019; Wang et al., 2020).

Enhanced Soil Fertility: The use of organic fertilizers such as farmyard manure and biochar improves soil
structure and increases soil organic carbon content, which in turn enhances the soil's capacity to retain and supply
nitrogen to the plants. This integrated approach has been shown to improve nutrient uptake and NUE in various
cropping systems (Sailaza and Kannamreddy, 2019; Sarwar et al., 2023).

Balanced Hormone Levels: IAP can regulate the balance of endogenous hormones such as indole-3-acetic acid
(IAA), zeatin riboside (ZR), and gibberellin (GA3), which are crucial for grain filling and overall plant growth.
Optimized hormone levels lead to improved grain-filling characteristics and higher grain yield, thereby enhancing
NUE (Table 1) (Yu et al., 2020).

Table 1 Effects of integrated agronomic practices management on grain flling parameters and yield of summer maize (2016–2017)
(Adopted from Yu et al., 2020)

Year Treatment Growth curve
Parametric equation

Correlation
coeffcient

Tmax (d) Wmax (g/100
kernels)

Gmax (g/100
kernels d–1)

P(d) Ro Graindry weight
(g/100 kernels)

Yield
(Mg ha–1)

2016

T1 y=29.81/(1+40.39e–0.15x) 0.9982 25.36 b 14.91 b 1.09 a 41.1 b 0.15 a 30.1 b 9.0 c

T2 y=30.81/(1+35.53e–0.14x) 0.9902 25.85 b 15.40 a 1.06 a 43.4 a 0.14 b 31.3 a 10.8 b

T3 y=30.05/(1+41.46e–0.14x) 0.997 25.18 b 15.02 ab 1.03 a 43.8 a 0.14 b 30.3 b 13.5 a

T4 y=31.02/(1+34.98e–0.14x) 0.9985 27.13 a 15.51 a 1.06 a 43.8 a 0.14 b 31.2 a 11.9 b

N0 y=25.16/(1+57.57e–0.15x) 0.9984 30.66 a 12.58 c 0.92 b 41.1 b 0.15 a 27.2 d 9.8 d

N1 y=26.27/(1+50.54e–0.15x) 0.9981 26.81 b 13.14 b 0.96 b 41.0 b 0.15 a 29.2 b 12.2 c

N2 y=32.47/(1+32.98e–0.14x) 0.9875 25.87 c 16.24 a 1.10 a 44.4 a 0.14 b 32.0 a 13.3 a

N3 y=31.89/(1+47.37e–0.14x) 0.9975 26.94 b 15.94 a 1.14 a 41.9 b 0.14 b 30.9 b 12.9 b

2017

T1 y=27.50/(1+59.02e–0.16x) 0.9983 29.09 a 13.75 d 1.09 a 37.9 d 0.16 a 31.3 c 9.0 c

T2 y=30.04/(1+50.32e–0.14x) 0.9951 28.47 b 15.02 b 1.03 a 43.6 b 0.14 c 35.9 a 11.9 b

T3 y=28.93/(1+55.21e–0.15x) 0.9962 28.25 b 14.46 c 1.11 a 39.0 c 0.15 b 34.5 b 13.1 a

T4 y=31.20/(1+46.84e–0.13x) 0.9935 29.18 a 15.60 a 1.03 a 45.5 a 0.13 d 35.5 a 12.4 b

N0 y=24.79/(1+56.89e–0.14x) 0.9895 28.91 a 12.40 d 0.87 c 42.9 b 0.14 a 31.2 c 9.2 d

N1 y=27.51/(1+56.97e–0.14x) 0.9977 28.88 a 13.76 c 0.96 b 42.9 b 0.14 a 34.9 b 11.2 c

N2 y=31.19/(1+48.74e–0.14x) 0.9957 28.64 a 15.59 a 1.06 a 44.2 a 0.14 a 35.8 a 12.7 a

N3 y=30.17/(1+52.47e–0.14x) 0.9962 28.16 a 15.08 b 1.06 a 42.7 b 0.14 a 35.1 ab 12.2 b

Note: Tmax, days of maximum grain filling; Wmax, weight of maximum grain-filling rate; Gmax, maximum grain filling; P, active grain
filling period; Ro, initiative value of grain filling. 2) T1, local smallhoder famers practices; T2, based on T1, increase planting density,
decrease nitrogen rate, increase phosphorous and potassium rates, change fertilization time and delay harvesting; T3, based on T2,
further increase planting density and greater increase fertilize rate to creating high yield; T4, based on T3, decrease planting density
and the amount of fertilizer, were employed in a randomized block test design with four replications. N0-N3, 0, 129, 184.5, and 300
kg N ha–1, respectively.Values followed by different small letters within a column are significantly different at the 0.05 probability
level (Adopted from Yu et al., 2020)
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Reduced Environmental Impact: By minimizing nitrogen surplus and losses, IAP reduces the environmental
footprint of maize cultivation. This is achieved through better nitrogen balance and lower greenhouse gas
emissions, making IAP a sustainable approach to improving NUE (Liu et al., 2018; Wang et al., 2020).

In conclusion, the implementation of integrated agronomic practices significantly enhances nitrogen use efficiency
in maize cultivation through improved root development, optimized fertilizer application, enhanced soil fertility,
balanced hormone levels, and reduced environmental impact. These practices not only increase maize yield but
also contribute to sustainable agricultural systems.

6 Integrated Nutrient Management (INM)
6.1 Description of INM
Integrated Nutrient Management (INM) is a holistic approach aimed at maintaining or adjusting soil fertility and
optimizing plant nutrient supply to achieve sustainable crop productivity. This strategy involves the balanced use
of both chemical fertilizers and organic sources such as farmyard manure (FYM), compost, green manures, and
biofertilizers. The primary goal of INM is to enhance nutrient availability, improve soil health, and reduce
environmental impacts associated with excessive use of chemical fertilizers (Wang et al., 2020; Sarwar et al.,
2023).

6.2 Impact on maize yield and NUE
The implementation of INM has shown significant positive impacts on maize yield and nutrient use efficiency
(NUE). Studies have demonstrated that combining chemical fertilizers with organic amendments can lead to
substantial improvements in crop growth, yield, and nutrient uptake. For instance, the application of 75% of the
recommended dose of NPK fertilizers supplemented with biochar resulted in increased dry matter production,
grain weight, and grain yield in maize, as well as improved nutrient uptake and economic sustainability. Similarly,
integrated agronomic practices, including optimal planting density and split fertilizer application, have been found
to increase maize grain yield and NUE, particularly in fields with high soil fertility (Zhou et al., 2019; Ghosh et al.,
2020).

Long-term studies have also highlighted the benefits of INM in maintaining soil fertility and achieving sustainable
high yields. For example, an 11-year field study in Northeast China showed that INM with a combination of
inorganic and organic fertilizers significantly increased maize yield and NUE while reducing nitrogen losses and
greenhouse gas emissions. Another long-term experiment in the Indo-Gangetic plains of India revealed that INM
practices led to higher sustainable yield indices and better nutrient balance compared to the sole use of chemical
fertilizers (Saha et al., 2018).

6.3 Successful INM strategies
Several successful INM strategies have been identified in various studies. One effective approach involves the
partial substitution of chemical fertilizers with organic amendments. For example, substituting 50% of the
recommended nitrogen dose with farmyard manure or other organic sources has been shown to enhance maize
growth and yield parameters. Additionally, the use of biochar as a supplement to chemical fertilizers has proven to
be beneficial in improving crop productivity and nutrient uptake (Sarwar et al., 2023).

Another successful strategy is the integration of weed management practices with nutrient management.
Combining chemical weed control with mechanical methods, such as hoeing, has been found to reduce weed
density and enhance maize grain yield. Furthermore, the adoption of integrated soil-crop system management
(ISSM) strategies, which include the use of both inorganic and organic fertilizers, has been shown to achieve
sustainable high yields and improved NUE in maize cropping systems (Wang et al., 2020).

In conclusion, INM is a promising approach to enhance maize yield and nutrient use efficiency while maintaining
soil health and sustainability. The integration of chemical and organic nutrient sources, along with appropriate
agronomic practices, can lead to significant improvements in crop productivity and environmental sustainability.
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7 Soil Fertility and IAP
7.1 Importance of soil fertility
Soil fertility is a critical factor in determining crop yield and overall agricultural productivity. It influences the
availability of essential nutrients required for plant growth and development. High soil fertility ensures that crops
receive adequate nutrients, leading to better growth, higher yields, and improved quality of produce. Conversely,
low soil fertility can limit crop productivity and nutrient use efficiency (NUE), necessitating the implementation
of effective soil management practices to enhance soil health and fertility (Zhou et al., 2019; Wang et al., 2020;
Sailaza and Kannamreddy, 2020).

7.2 Addressing soil fertility issues
Addressing soil fertility issues involves the adoption of integrated nutrient management practices that combine
organic and inorganic fertilizers to improve soil health and nutrient availability. For instance, the application of
farmyard manure (FYM) along with recommended doses of fertilizers has been shown to enhance soil organic
carbon content, increase soil nutrient levels, and improve crop yields (Sailaza and Kannamreddy, 2020; Asaye et
al., 2022; Nisar et al., 2022). Additionally, the use of biochar and compost in conjunction with inorganic fertilizers
can significantly enhance soil fertility, especially in alkaline soils, by improving soil structure, nutrient retention,
and microbial activity (El-Syed et al., 2023). Long-term integrated soil-crop system management (ISSM)
strategies that combine organic and inorganic fertilizers have also been effective in maintaining high crop yields
and NUE while reducing environmental impacts (Wang et al., 2020).

7.3 Relationship between soil fertility and IAP effectiveness
The effectiveness of Integrated Agronomic Practices (IAP) is closely linked to the underlying soil fertility
conditions. Studies have shown that IAP, which includes optimal planting density, split fertilizer application, and
subsoiling tillage, can significantly increase maize grain yield and NUE, particularly in fields with high soil
fertility (HSF) (Zhou et al., 2019). In HSF conditions, IAP promotes greater dry matter and nitrogen accumulation,
leading to higher yields compared to low soil fertility (LSF) fields. However, even in LSF fields, IAP can still
enhance crop performance by improving root length and soil mineral nitrogen content, although the yield gains
may be less pronounced (Zhou et al., 2019). Furthermore, integrated nutrient management practices that combine
organic and inorganic inputs can improve soil fertility over time, thereby enhancing the long-term effectiveness of
IAP in various soil conditions (Sailaza and Kannamreddy, 2020; Asaye et al., 2022; Nisar et al., 2022).

By addressing soil fertility issues through integrated nutrient management and adopting IAP, farmers can achieve
sustainable increases in crop yield and NUE, contributing to improved food security and environmental
sustainability.

8 Environmental Impact of IAP
8.1 Environmental benefits
Integrated Agronomic Practices (IAP) have demonstrated significant environmental benefits, particularly in terms
of reducing nitrogen (N) losses and greenhouse gas emissions. For instance, the Nutrient Expert (NE) system, a
form of IAP, has been shown to reduce reactive N losses and greenhouse gas emissions by 46.9% and 37.2% for
maize, respectively, compared to traditional farmers' practices (FP) (Wang et al., 2020a). Additionally, the
Integrated Soil-Crop System Management (ISSM) strategy, which combines inorganic and organic fertilizers, has
achieved lower N losses and greenhouse gas emissions while maintaining high maize yields (Wang et al., 2020b).
These practices not only enhance nutrient use efficiency but also contribute to a cleaner environment by
minimizing the environmental footprint of agricultural activities.

8.2 Long-term Sustainability
The long-term sustainability of IAP is evident from various studies that highlight its ability to maintain high crop
yields and improve nutrient use efficiency over extended periods. For example, an 11-year field study in Northeast
China demonstrated that ISSM could sustain high maize yields and NUE with significantly lower environmental
costs compared to traditional practices. Similarly, the use of biochar integrated with nutrient application has been
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shown to improve crop productivity and sustainability in a maize-wheat cropping system, enhancing nutrient
uptake and reducing the need for chemical fertilizers (Sarwar et al., 2023). These findings suggest that IAP can
provide a sustainable solution for long-term agricultural productivity while preserving environmental health.

8.3 Potential environmental challenges
Despite the numerous benefits, IAP also presents potential environmental challenges that need to be addressed.
One such challenge is the risk of excessive nutrient accumulation in the soil, which can lead to nutrient
imbalances and potential environmental pollution. For instance, while IAP strategies like the NE system have
been effective in reducing N losses, there is still a need to monitor and manage soil nutrient levels to prevent
long-term accumulation and potential leaching (Wang et al., 2020a). Additionally, the variability in soil fertility
conditions can affect the efficiency of IAP, as seen in studies where the benefits of IAP were more pronounced in
high soil fertility fields compared to low soil fertility fields (Zhou et al., 2019). Therefore, it is crucial to tailor IAP
strategies to specific soil and environmental conditions to mitigate potential challenges and maximize their
environmental benefits.

9 Economic Viability of IAP
9.1 Cost-benefit analysis
Integrated Agronomic Practices (IAP) have shown significant potential in enhancing maize yield and nutrient use
efficiency (NUE), which directly impacts the economic viability of maize production. For instance, the application
of IAP, including optimal planting density, split fertilizer application, and subsoiling tillage, resulted in a
25%-37% increase in maize grain yield compared to farmers' practices (FP) under varying soil fertility conditions
(Zhou et al., 2019). This yield improvement translates into higher economic returns due to increased productivity.
Additionally, the use of integrated soil-crop system management (ISSM) with a combination of inorganic and
organic fertilizers has demonstrated a 27% increase in maize yield relative to FP, while also reducing nitrogen
surplus and environmental costs (Wang et al., 2020b). These findings suggest that the initial investment in IAP can
be offset by the substantial gains in yield and efficiency, making it a cost-effective strategy for maize production.

9.2 Economic returns
The economic returns from IAP are evident through various studies. For example, the integration of biochar with
nutrient management practices in a maize-wheat cropping system resulted in a 60%-63% increase in grain yield
and improved economic sustainability (Sarwar et al., 2023). Similarly, the use of integrated weed and nutrient
management practices in the rice-maize cropping system of Eastern India not only enhanced maize yield but also
maximized net returns and economic efficiency (Ghosh et al., 2020). Furthermore, conservation agriculture
combined with precision nutrient management practices in the maize-wheat system significantly increased net
returns by 36.8%-40.5% compared to conventional tillage (Jat et al., 2018). These studies highlight the economic
benefits of adopting IAP, which include higher yields, improved nutrient use efficiency, and increased
profitability.

9.3 Economic case studies
Several case studies illustrate the economic viability of IAP in different regions and cropping systems. In
Northeast China, an 11-year field study on ISSM demonstrated sustainable high maize yields and NUE with
significantly lower nitrogen losses and greenhouse gas emissions compared to FP (Wang et al., 2020b). In North
China Plain, integrated agronomic practices management (IAPM) in double cropping of winter wheat-summer
maize resulted in a 33.3% increase in annual grain yield and higher net profit and nitrogen use efficiency (Liu et
al., 2018). Additionally, a study in Rajasthan, India, showed that the application of 75% recommended dose of
fertilizer (RDF) through chemical fertilizer combined with vermicompost and biofertilizers produced the highest
grain yield and net returns, with a benefit-cost ratio of 2.27 (Shekhawat, 2021). These case studies provide
concrete evidence of the economic advantages of IAP, demonstrating its potential to enhance productivity and
profitability across diverse agricultural settings.
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10 Case Study
10.1 Detailed examination
This case study examines the impact of integrated agronomic practices (IAP) on maize yield and nutrient use
efficiency (NUE) across various soil fertility conditions. The study spans multiple regions and incorporates
diverse agronomic strategies to enhance maize productivity and sustainability.

10.2 Agronomic practices used
The integrated agronomic practices evaluated in this case study include a combination of optimal planting density,
split fertilizer application, subsoiling tillage, and the use of organic and inorganic fertilizers. These practices were
tailored to different soil fertility conditions to maximize their effectiveness.

Optimal Planting Density and Split Fertilizer Application: The use of optimal planting density and split fertilizer
application was a common strategy across several studies. This approach aimed to enhance nutrient uptake and
improve crop growth by ensuring that nutrients were available when the plants needed them most (Liu et al., 2018;
Wang et al., 2020b; Shekhawat, 2021).

Subsoiling Tillage: Subsoiling tillage was employed to improve soil structure and root penetration, which in turn
enhanced nutrient uptake and water retention. This practice was particularly effective in fields with low soil
fertility (Shekhawat, 2021).

Combination of Organic and Inorganic Fertilizers: The integration of organic fertilizers (such as poultry manure,
vermicompost, and biochar) with inorganic fertilizers was a key component of the IAP. This combination aimed to
improve soil fertility, enhance nutrient use efficiency, and increase crop yield (Sailaza and Kannamreddy, 2020;
Urmi et al., 2022; Sarwar et al., 2023).

Integrated Weed and Nutrient Management: In some regions, integrated weed and nutrient management practices
were implemented to reduce weed competition and enhance nutrient availability for maize. This approach
included the use of organic manures and chemical herbicides in a complementary manner (Ghosh et al., 2020).

Conservation Agriculture and Precision Nutrient Management: Conservation agriculture practices, such as
reduced tillage and residue management, were combined with precision nutrient management to improve water
use efficiency and crop productivity. This approach was particularly effective in regions with water scarcity issues
(Jat et al., 2018).

10.3 Results and lessons learned
The implementation of integrated agronomic practices led to significant improvements in maize yield and nutrient
use efficiency across various soil fertility conditions. The key findings and lessons learned from this case study are
as follows:

Increased Maize Yield: The use of IAP resulted in substantial increases in maize yield compared to traditional
farming practices. For instance, in fields with low soil fertility, IAP increased maize grain yield by 25% and 28%
in 2013 and 2014, respectively. In fields with high soil fertility, the yield increase was even more pronounced,
with gains of 36% and 37% in the same years (Shekhawat, 2021).

Enhanced Nutrient Use Efficiency: IAP significantly improved NUE by increasing nitrogen uptake and reducing
nitrogen losses. This was achieved through better root development, increased soil mineral nitrogen content, and
optimized fertilizer application timing. The partial factor productivity, agronomic efficiency, and recovery
efficiency of applied nitrogen were all higher under IAP compared to traditional practices (Wang et al., 2020b;
Shekhawat, 2021; Sarwar et al., 2023).

Improved Soil Fertility and Sustainability: The integration of organic fertilizers with inorganic fertilizers enhanced
soil fertility by increasing organic carbon content, total nitrogen, and other essential nutrients. This not only
improved crop yield but also contributed to long-term soil health and sustainability (Sailaza and Kannamreddy,
2020; Urmi et al., 2022; Sarwar et al., 2023).
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Economic Benefits: The adoption of IAP led to higher net returns and economic efficiency. For example, the use
of biochar and partial doses of inorganic fertilizers in a maize-wheat cropping system resulted in higher system
productivity and profitability compared to conventional practices (Sarwar et al., 2023).

Environmental Benefits: IAP practices reduced environmental costs by minimizing nitrogen losses and
greenhouse gas emissions. The use of conservation agriculture and precision nutrient management further
enhanced water use efficiency and reduced the environmental footprint of maize production (Jat et al., 2018).

In conclusion, the case study demonstrates that integrated agronomic practices can significantly enhance maize
yield and nutrient use efficiency while promoting soil health and sustainability. The successful implementation of
these practices requires a tailored approach that considers local soil fertility conditions and resource availability.
The lessons learned from this case study can inform future efforts to improve agricultural productivity and
sustainability in maize-growing regions worldwide.

11 Challenges and Limitations
11.1 Common implementation challenges
Implementing integrated agronomic practices (IAP) in maize cultivation faces several challenges. One significant
challenge is the variability in soil fertility across different fields, which affects the consistency of IAP outcomes.
For instance, while IAP significantly increased maize grain yield and nitrogen use efficiency (NUE) in high soil
fertility (HSF) fields, the benefits were less pronounced in low soil fertility (LSF) fields (Zhou et al., 2019).
Additionally, the complexity of managing multiple agronomic factors such as planting density, fertilizer
application, and tillage methods can be daunting for farmers, especially those with limited resources or technical
knowledge (Liu et al., 2018). The need for precise timing and coordination of these practices further complicates
their implementation (Xu et al., 2018).

11.2 Observed limitations
Despite the potential benefits, several limitations have been observed in the application of IAP. One major
limitation is the environmental impact, particularly in terms of nitrogen losses and greenhouse gas emissions.
Although integrated soil-crop system management (ISSM) strategies have shown promise in reducing these
environmental costs, they still require careful management to avoid negative impacts (Wang et al., 2020b).
Another limitation is the economic feasibility for small-scale farmers. While high-yield management practices can
significantly increase grain yield, they often involve higher input costs, which may not be sustainable for all
farmers (Xu et al., 2018). Additionally, the long-term sustainability of these practices is still under investigation,
with some studies indicating that continuous application may lead to diminishing returns in terms of soil health
and crop productivity (Sarwar et al., 2023).

11.3 Potential solutions and further research
To address these challenges and limitations, several potential solutions and areas for further research have been
identified. One promising approach is the use of biochar and organic amendments in combination with inorganic
fertilizers. This strategy has been shown to improve soil health, enhance nutrient uptake, and increase crop yield,
particularly under stress conditions such as drought (El-Syed et al., 2023). Another solution is the development
and dissemination of decision-support tools like the Nutrient Expert (NE) system, which helps optimize nutrient
management and reduce environmental impacts (Wang et al., 2020a). Further research is needed to refine these
tools and make them more accessible to farmers.

Additionally, long-term field studies are essential to evaluate the sustainability of IAP and ISSM strategies. These
studies should focus on understanding the interactions between different agronomic practices and their cumulative
effects on soil health, crop productivity, and environmental sustainability (Liu et al., 2018; Wang et al., 2020b).
Finally, there is a need for more comprehensive training programs to equip farmers with the knowledge and skills
required to implement these complex practices effectively (Sailaza and Kannamreddy, 2020).
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By addressing these challenges and limitations through targeted research and practical solutions, the potential of
integrated agronomic practices to enhance maize yield and nutrient use efficiency can be fully realized.

12 Concluding Remarks
Integrated agronomic practices (IAP) have demonstrated significant potential in enhancing maize yield and
nutrient use efficiency (NUE) across various soil fertility conditions. Studies have shown that IAP strategies,
which include optimal planting density, split fertilizer application, and subsoiling tillage, can increase maize grain
yield by up to 37% in high soil fertility (HSF) fields and 28% in low soil fertility (LSF) fields compared to
traditional farmers' practices (FP). The improvements in yield are primarily attributed to increased dry matter (DM)
and nitrogen (N) accumulation, greater leaf area index (LAI), and enhanced root length, which collectively
promote better post-silking DM and N accumulation.

Long-term studies have further validated the effectiveness of integrated soil-crop system management (ISSM) in
achieving sustainable high maize yields and NUE. For instance, an 11-year field study in Northeast China reported
a 27% increase in maize yield and significantly lower N losses and greenhouse gas emissions under ISSM
compared to FP. Additionally, integrated nutrient management (INM) practices, such as the combined use of
organic and inorganic fertilizers, have been shown to improve soil fertility, carbon sequestration, and overall crop
productivity.

The findings from these studies underscore the importance of adopting integrated agronomic practices to enhance
maize yield and NUE sustainably. Future agricultural practices should focus on the following:

Optimization of Agronomic Practices: Implementing optimal planting densities, split fertilizer applications, and
advanced tillage methods can significantly improve crop performance. Tailoring these practices to specific soil
fertility conditions can maximize their benefits.

Integration of Organic and Inorganic Fertilizers: Combining organic amendments such as poultry manure,
vermicompost, and biochar with inorganic fertilizers can enhance soil health, improve nutrient uptake, and
increase crop yields. This approach also contributes to better soil carbon sequestration and reduced environmental
impact.

Long-term Sustainability: Long-term field studies highlight the need for sustainable management practices that
balance high crop yields with minimal environmental costs. Strategies like ISSM and conservation agriculture,
which include crop rotation and residue management, should be promoted for their long-term benefits.

Precision Nutrient Management: Utilizing site-specific nutrient management tools can optimize fertilizer use,
improve NUE, and enhance economic returns. This approach ensures that crops receive the right amount of
nutrients at the right time, reducing waste and environmental pollution.

The integration of advanced agronomic practices holds great promise for improving maize yield and nutrient use
efficiency. By adopting a holistic approach that combines optimal planting techniques, precise nutrient
management, and sustainable soil practices, farmers can achieve higher productivity while maintaining soil health
and reducing environmental impact. Continued research and field trials are essential to refine these practices and
adapt them to diverse agricultural settings, ensuring food security and sustainability for future generations.
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