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Abstract: Over years of intensive cultivation and imbalanced fertilizer use, the soils of the Indian
subcontinent have become deficient in several nutrients and are impoverished in organic matter.
Recently, this region has started emphasizing a shift from inorganic to organic farming to manage soil
health. However, owing to the steadily increasing demands for food by the overgrowing populations
of this region, a complete shift to an organic farming system is not possible. The rice–wheat cropping
system (RWCS) is in crisis because of falling or static yields. The nations of this region have already
recognized this problem and have modified farming systems toward integrated nutrient management
(INM) practices. The INM concept aims to design farming systems to ensure sustainability by
improving soil health, while securing food for the population by improving crop productivity.
Therefore, this paper was synthesized to quantify the impact and role of INM in improving crop
productivity and sustainability of the RWCS in the context of the Indian subcontinent through
meta-analysis using 338 paired data during the period of 1989–2016. The meta-analysis of the whole
data for rice and wheat showed a positive increase in the grain yield of both crops with the use of INM
over inorganic fertilizers only (IORA), organic fertilizers only (ORA), and control (no fertilizers; CO)
treatments. The increase in grain yield was significant at p < 0.05 for rice in INM over ORA and CO
treatments. For wheat, the increase in grain yield was significant at p < 0.05 in INM over IORA, ORA,
and CO treatments. The yield differences in the INM treatment over IORA were 0.05 and 0.13 Mg
ha−1, respectively, in rice and wheat crops. The percent yield increases in INM treatment over IORA,
ORA, and CO treatments were 2.52, 29.2, and 90.9, respectively, in loamy soil and 0.60, 24.9, and 93.7,
respectively, in clayey soil. The net returns increased by 121% (INM vs. CO) in rice, and 9.34% (INM
vs. IORA) and 127% (INM vs. CO) in wheat crop. Use of integrated nutrient management had a
positive effect on soil properties as compared to other nutrient management options. Overall, the
yield gain and maintenance of soil health due to INM practices over other nutrient management
practices in RWCS can be a viable nutrient management option in the Indian subcontinent.
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1. Introduction

Rice (Oryza sativa L.) and wheat (Triticum aestivum L.) crops are major staple foods, contributing
a key portion of digestible energy and protein in human intake and occupying a premium position
among all food communities [1–3]. The rice–wheat cropping system (RWCS) is one of the most
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prominent cropping systems prevailing on the Indian subcontinent and is considered to be of utmost
importance for food security and livelihood [4–7]. The RWCS occupies about 13.5 million hectares
spread over the Indian subcontinent, namely, India, Pakistan, Nepal, Bangladesh, Sri Lanka, and
Bhutan, and accounting for one-fourth to one-third of total food grain production [8,9]. This cropping
system covers about one-third of the total rice cultivation and two-fifths of the total wheat cultivation
in the Indian subcontinent. Currently, more than nine-tenths of global rice is produced and consumed
in these nations [10].

Natural resources, primarily agricultural lands, are limited globally. To meet the food demand of
the ever-increasing population, agriculture must produce more food grains from limited cultivable
land [11]. The crop productivity of the region is low and oscillating from 0.5 t ha−1 to 2.5 t ha−1,
with a mean of 1.5 t ha−1. The increasing population and food consumption and the decline in
existing arable land and other units of supply are placing exceptional pressure on the present farming
system to meet the growing food demand. To counteract this problem and obtain higher yields, crop
growers are shifting to fertilizer-responsive high-yielding varieties and avoiding the overuse of inputs
such as synthetic fertilizers. The soils under the RWCS are now showing signs of fatigue and are
no longer showing increased production with an increase in fertilizer use [12]. Even with the use of
the recommended rate of fertilizer in the RWCS, a negative balance of primary nutrients has been
recorded. To obtain food security in these nations, crop yields must rise considerably while ecological
effects must contract significantly [13]. Figures 1 and 2 represent the trends and ratio of rice–wheat
production and fertilizer consumption in the Indian subcontinent. These show that, from 1961 to
2016, rice–wheat production increased by four times, whereas fertilizer consumption increased by
67 times, which clearly indicates the slower increase in rice–wheat production even though fertilizer
consumption was increasing at an exponential rate. Hence, innovative interventions are required to
optimize fertilizer use and sustain the rice–wheat production system in this region.

Intensive cropping systems with continuous imbalanced use of synthetic fertilizers to feed
fertilizer-responsive varieties have caused losses in soil organic carbon (SOC) [14] and soil
health [15–17], often leading to unsustainability of crop production systems. The use of organic
sources of nutrients in agriculture is rapidly gaining favor but, owing to the problems related to the
lack of availability of a good quality and quantity of organic materials, the system may not be sufficient
to achieve and sustain the production of cereal crops in the amounts required for food security [17].

Integrated nutrient management (INM) or integrated nutrient supply (INS) help to achieve
efficient use of synthetic fertilizers integrated with organic sources of nutrients [18]. INM is developed
with an understanding of the interactions among crops, soils, and climate, which advocates the
integration of inorganic and organic sources of nutrients. This approach is based on the maintenance
of plant nutrition supply to attain a certain level of crop production by enhancing the benefits from
all potential sources of plant nutrition in a cohesive manner, applicable to each cropping pattern and
farming scenario [19]. The inclusion of organic manures regulates the uptake of nutrients, positively
affecting production, improving soil quality (physical, chemical, and biological), and producing a
synergistic effect on crops [20]. INM integrates traditional and recent practices of nutrient management
into an environmentally sound and cost-effective ideal farming system that uses remunerations from all
probable sources of nutrition (organic, inorganic, and biological) in a careful, effective, and combined
way [21,22]. It optimizes the balance between input sources and outputs with the goal of coordinating
the nutritional demand of the crop and its discharge in its surroundings (Figure 3).
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environmental conditions, increasing mechanization (due to the serious labor shortage as a result of 
migration), the increasing popularity of conservation agriculture, upcoming rain-harvesting 
technologies, and the increasing focus on recycling of available organic nutrient flows [22]. The 
incorporation of these new interventions in an INM system has developed new dimensions in the 
INM system and thus makes these practices synthesized for the region. An innovative approach 
such as INM can harness natural resources appropriately, bring about food security, and improve 
the livelihood of the people in the region [24]. The provision of appropriate policies, such as an 
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management systems [22,23].

The importance of INM practices has been mentioned in several researches in the Indian
subcontinent. The INM concept is now being broadened to make it more context-specific for
local environmental conditions, increasing mechanization (due to the serious labor shortage as a
result of migration), the increasing popularity of conservation agriculture, upcoming rain-harvesting
technologies, and the increasing focus on recycling of available organic nutrient flows [22].
The incorporation of these new interventions in an INM system has developed new dimensions
in the INM system and thus makes these practices synthesized for the region. An innovative approach
such as INM can harness natural resources appropriately, bring about food security, and improve the
livelihood of the people in the region [24]. The provision of appropriate policies, such as an incentive to
adopt INM, will motivate small-holder farmers to adopt INM. Legislation on or the taxing of nutrient
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inputs should be enforced to minimize the use of inorganic fertilizers and encourage the integration of
organic fertilizers for nutrient management.

The RWCS is a fertilizer-responsive cropping system. However, the imbalanced and excessive
application of inorganic fertilizers is detrimental to the soil ecosystem and ultimately affects crop
yield. Organic farming, a traditional production system relying on the use of only organic sources
of nutrients, is supposed to be the production system that causes minimal damage to the ecosystem.
However, the organic farming system has become a fundamental topic for discussion in recent times,
with concerns about whether it can produce enough food to feed the ever-growing population of the
Indian subcontinent [25,26]. On the Indian subcontinent, around a half century ago, the population
was controlled and technology was not advanced. Organic manures were the only sources of nutrients.
Currently, with the increase in the availability of new sources of nutrients, there is a need to recognize
them and develop integrated options to increase production which are both ecologically viable and
linked to economic growth.

Several researchers showed the impact of INM over other nutrient management options, such
as the use of organic fertilizers only (ORA), the use of inorganic fertilizers only (IORA), or the use
of no fertilizers as a control (CO), through their studies of the RWCS and undoubtedly, INM has
emerged as a viable alternative nutrient management option in the RWCS for the Indian subcontinent.
Researchers have compared yield and other performance parameters of nutrient management options,
but an attempt to synthesize information in the RWCS, particularly in the Indian subcontinent region,
is critically lacking. Such kinds of synthesis can help to prioritize research and development issues,
including precise technology targeting, and articulate policy and institutional measures to facilitate
large-scale adoption of nutrient management options.

Therefore, the present paper aimed to perform a comprehensive meta-analysis to understand the
impacts of INM on crop performance in the RWCS of the Indian subcontinent during the period of
1989–2016. This study also outlines the sustainability of INM, noting that sole dependence on inorganic
fertilizers or organic farming could not serve the purpose of the food security of the ever-growing
populations in these countries. The role of INM is discussed for resolving those complications and as
one of the promising strategies for addressing the current challenges of crop output and sustainability
of the RWCS in these nations.

2. Materials and Methods

2.1. Data Collection

Literatures were reviewed for the period from 1989 to 2016 related to the on-station field
experiments using integrated organic and inorganic nutrient sources with an aim of finding the effect
of INM on crop productivity, net returns, and different soil parameters in the Indian subcontinent.
After general review, they were critically analyzed, and data pertaining to INM along with other
treatments (control (no fertilizer applied), organic fertilizer alone, and inorganic fertilizer alone) were
selected. The treatment with 100% NPK (Nitrogen-Phosphorous-Potassium) application was selected
as inorganic alone. Meta-analysis was conducted for the selected data (338 paired datasets) from
several researchers to show the impact of INM over the other nutrient management options.

Only studies that met the following criteria were included:

1. Rice and wheat as study crops.
2. Nutrient management options include INM—integration of organic and inorganic sources

(option 1); ORA—use of organic source of nutrient application only (option 2); or IORA—full dose
of inorganic fertilizer application that mean recommended dose fertilizer application (option 3).

3. CO: Control treatments where no fertilizers were added.
4. Two soil textures: Loamy (moderately coarse to medium fine) and clayey (moderately fine to fine).
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2.2. Crop and Soil Performance Parameters and Economic Analysis Used for Meta-Analysis Study

The following performance parameters were considered in the analysis: (a) Grain yield (Mg ha−1),
(b) soil parameters: Bulk density (BD; Mg m−3), soil pH (soil water ratio:1:2), soil organic carbon (SOC;
%), total nitrogen (TN; kg ha−1), available phosphorus (Av. P; kg ha−1), available potassium (Av. K;
kg ha−1), and soil microbial biomass carbon (SMBC; mg kg−1 ), and (c) net returns (NR; $ ha−1) (Net
returns data from the study points was converted from INR ha−1 to US$ ha−1 for meta-analysis).

2.3. Meta-Analysis

All the variables were subjected to meta-analysis separately for rice and wheat and for soil texture.
Meta-analysis has attracted considerable attention recently as a powerful statistical tool to analyze the
response of treatments (i.e., nutrient management options vs. CO) from diverse individual studies to
evolve to a general global trend or pattern. The meta-analysis was performed by using Meta Win 2.1
in two stages [27], in which effect size was calculated using the formula:

Effect size =
M(NM)

M(INM)
(1)

where M (NM) is the mean of response variables (Grain yield, NR, soil parameters) of options 2, 3, and
CO, and M (INM) is the mean of these variables of option 1. Since most researchers did not report the
variance of the means of response variables, the effect sizes were weighted based on the number of
replicates (N) as follows:

Weight =
N(NM)× N(INM)

N(NM) + N(INM)
(2)

where N (NM) and N (INM) represent the number of replications for each of the nutrient management
options, in an individual study. In cases where more than one observation was included in an
option, the number of observations from that research was divided by the weights. All the results
are discussed as change with INM over other nutrient management options and CO. Unless stated
otherwise, differences were considered significant only when p values were <0.05. The meta-analyzed
value has been presented either in graph or in table to clearly show the effect of INM over the other
nutrient management options.

3. Results

3.1. Impact of INM on Rice and Wheat Yield and Net Returns

The meta-analysis of the data for rice and wheat showed positive increases in the grain yield of
both crops with the use of INM over IORA, ORA, and CO treatments (Figure 4). The increase in grain
yield was significant at p < 0.05 for rice in INM over ORA and CO treatments. The data show that some
of the study points in INM over IORA for rice crop were negative, but the effect was non-significant.
The increases in wheat grain yield were significant in INM over IORA, ORA, and CO treatments.
The respective percent yield increases in INM treatment over CO, ORA, and IORA treatments were
86.5, 28.1, and 1.2 in rice crop, and 104.6, 39.2, and 4.5 in wheat crop. On average, the yield differences
in the INM treatment over IORA were 0.05 and 0.13 Mg ha−1 in rice and wheat crop, respectively.

The data showed a significant increase in grain yield with INM over IORA, ORA, and CO
treatments under loamy soils (Figure 4). Under clayey soils, there was an increase in grain yield in INM
over IORA, ORA, and CO treatments, but the effect was non-significant for IORA and ORA treatments
(Figure 4). The percent yield increases in INM treatment over CO, ORA and IORA treatments were
90.9, 29.2, and 2.52, respectively, in loamy soil, and 93.7, 24.9, and 0.60, respectively, in clayey soil.
The yield gains calculated through meta-analysis of various studies for INM treatment over other
nutrient management options suggest that INM can be a viable nutrient management option for
reversing the yield plateauing in both rice wheat cropping systems of the Indian subcontinent.
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Figure 4. Effect of integrated nutrient management on grain yield vis-a vis control (a), organic alone
(b), and inorganic alone (c), separated for rice and wheat crops and for soil texture (loamy and clayey).
(Note: Error bars in meta-analysis indicate 95% confidence intervals (CI), where effect of yield was
considered significant if 95% CI does not cover zero. * Indicates significant percent yield at p < 0.05).

Table 1 represents meta-analysis of the data, showing the effects of nutrient management practices
on net returns in rice and wheat crops. The data for rice showed a significant positive increase in net
returns with INM over the CO. The effect was significantly positive for INM over CO and IORA in
wheat crop. The increases were 121 percent in NM vs. CO for rice, 9.34 and 127 per cent in INM vs.
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IORA and INM vs. CO, respectively, for wheat crop. The net returns increased by 0.13% in INM over
ORA in wheat, but this was non-significant. Net returns decreased by 2.34% in INM vs. IORA and
0.27% in INM vs. ORA for rice crop, but these were non-significant. The negative effect in these cases
was due to increased cost of cultivations in some of the studies.

Table 1. Influence on net returns in rice and wheat with integrated nutrient management over inorganic
alone, organic alone, and control treatments in percent.

Nutrient Management Practices
Crops

Rice Wheat

INM vs. IORA −2.93 (−9.48 to 3.93) 9.34 (4.28 to 15.07) *
INM vs. ORA −0.27 (−3.78 to 3.37) 0.13 (−3.85 to 4.27)
INM vs. CO 121 (101 to 142) * 127 (97 to 156) *

Mean values are given with 95% CI in parentheses. In bracket the values represent the ranges of percent net return
for compared nutrient management practices. * Indicates percent net returns significant at p < 0.05. Where INM
stands for integrated nutrient management, IORA for inorganic alone, ORA for organic alone, and CO for control
(No fertilizer applied). CI used for confidence interval.

3.2. Effect of INM on Soil Characteristics

Crop- and texture-wise meta-analysis for the effect of INM compared to IORA, ORA, and CO
treatments on various soil properties is presented in Table 2. The effect was non-significant for bulk
density (BD) for both crops and soil textures. The BD increased by 0.53% (INM vs. IORA) and 1.15%
(INM vs. CO) in rice crop. In wheat crop, the BD decreased by 0.98% (INM vs. IORA) and 0.55% (INM
vs. CO). In loamy soil, BD decreased by 0.94% in INM vs. IORA and increased by 0.19% in INM vs.
CO. In clayey soil, BD increased by 1.85% in INM vs. IORA and 1.38% in NM vs. CO.

The data for soil pH showed a positive effect of INM with an increase of 1.15% over CO in rice.
However, the effect was negative by 0.55% in wheat crop for INM vs. CO. In clayey soil, pH increased
by 1.85% in INM vs. IORA. The effect on soil pH was significantly negative for INM vs. CO, decreasing
by 0.98% in wheat crop, and in INM vs. IORA by 0.94% in loamy soil (Table 2). The effects for all other
comparisons were non-significant.

Meta-analysis of SOC showed a significant positive effect for all comparisons with sufficient data
points, both crop-wise and texture-wise (Table 2). The SOC increased by 23.2% in INM vs. IORA and
by 34.95% in INM vs. CO for rice. The increases were 16.2% in INM vs. IORA and 52.09% in INM vs.
CO for wheat. In loamy soil, the increases were 26.5% in INM vs. IORA, and 51.21% in INM vs. CO. In
clayey soils, the increases were 12.29% in INM vs. IORA and 23.4% in INM. There was no sufficient
data for meta-analysis for INM vs. ORA.

For all the compared treatments, the TN, Av. P, Av. K, and SMBC showed significant positive
effects for rice and wheat crops, indicating that INM treatment improved these soil properties over
lone application of organic and inorganic fertilizers and CO (Table 2). Texture-wise, there was a
significantly positive effect of INM over other nutrient management NM practices and CO for Av. P,
Av. K, and SMBC.
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Table 2. Effect of integrated nutrient management on soil properties with respect to inorganic alone, organic alone, and control treatments for rice and wheat crops
and as influenced by soil texture (loamy and clayey), in percent.

Soil Parameters Nutrient Management Practices
Crops Texture Groups

Rice Wheat Loamy Clayey

BD
INM vs. IORA 0.53 (−1.33 to 2.44) −0.98 (−3.83 to 1.96) −0.94 (−2.87 to 1.04) 1.85 (−0.79 to 4.55)
INM vs. ORA # # # #
INM vs. CO 1.15 (−0.74 to 3.07) −0.55 (−3.42 to 2.42) 0.19 (−1.77 to 2.19) 1.38 (−1.24 to 4.06)

Soil pH
INM vs. IORA 0.53 (−0.13 to 1.33) −0.98 (−1.24 to −0.68) * −0.94 (−1.28 to −0.58) * 1.85 (0.84 to 3.02) *
INM vs. ORA −0.27 (−3.78 to 3.37) 0.13 (−3.85 to 4.27) −0.07 (−2.68 to 2.60) −0.31 (−45.34 to 81.83)
INM vs. CO 1.15 (0.24 to 2.18) * −0.55 (−0.99 to −0.14) * 0.19 (−1.77 to 2.19) 1.38 (−1.24 to 4.06)

SOC
INM vs. IORA 23.20 (18.55 to 27.48) * 16.20 (9.94 to 21.95) * 26.50 (21.05 to 31.19) * 12.29 (9.74 to 14.88) *
INM vs. ORA # # # #
INM vs. CO 34.95 (28.08 to 41.92) * 52.09 (41.79 to 66.53) * 51.21 (43.43 to 59.79) * 23.40 (17.95 to 29.38) *

TN
INM vs. IORA 49.86 (42.99 to 57.07) * 71.26 (60.11 to 83.16) * # #
INM vs. ORA 29.01 (24.93 to 33.22) * 29.16 (25.08 to 33.38) * # #
INM vs. CO 28.49 (25.46 to 31.59) * 29.16 (24.82 to 33.66) * # #

Av. P
INM vs. IORA 15.94 (12.24 to 19.76) * 4.88 (−0.45 to 10.47) 17.15 (13.18 to 21.26) * 5.30 (0.58 to 10.23) *
INM vs. ORA 12.68 (3.97 to 22.12) * 11.28 (1.42 to 22.09) * 12.49 (5.95 to 19.45) * 7.14 (−69.39 to 275.05)
INM vs. CO 37.18 (21.93 to 54.34) * 53.54 (31.93 to 78.68) * 54.64 (38.89 to 72.17) * 21.35 (3.40 to 42.40) *

Av. K
INM vs. IORA 15.33 (11.20 to 20.21) * 1.69 (−7.04 to 9.84) 13.36 (7.06 to 19.97) * 7.52 (4.75 to 10.69) *
INM vs. ORA 9.10 (7.36 to 10.82) * 9.46 (7.97 to 11.02) * 9.74 (8.68 to 10.83) * 3.48 (2.84 to 4.12) *
INM vs. CO 30.23 (24.68 to 36.12) * 18.32 (14.50 to 22.52) * 26.29 (21.85 to 31.48) * 23.97 (18.07 to 30.12) *

SMBC
INM vs. IORA 55.91 (44.09 to 68.67) * 32.92 (23.50 to 43.05) * 56.19 (46.29 to 66.76) * 28.44 (19.12 to 38.49) *
INM vs. ORA # # # #
INM vs. CO 97.90 (70.98 to 129.03) * 111.11 (95.15 to 128.35) * 134.03 (116.41 to 153.07) * 99.23 (79.98 to 103.16) *

# Data not sufficient for meta-analysis. Mean values are given with 95% CI in parentheses. In brackets the values represent the ranges of percent net return for compared nutrient
management practices. * Indicates percent net returns significant at p < 0.05. Where, INM stands for Integrated nutrient management, IORA for inorganic alone, ORA for organic alone, CO
for control (No fertilizer applied), BD means bulk density, SOC means soil organic carbon, TN means total nitrogen, Av. P means available phosphorus, Av. K means available potassium,
SMBC means soil microbial biomass carbon and CI used for confidence interval.
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4. Discussion

The above results in this article for the period 1989–2016, obtained through meta-analysis,
emphasize the importance of INM practices in the Indian subcontinent. The crop-wise and texture-wise
analyses show positive effects of INM treatment over IORA and ORA on grain yield. The increase in
yield due to the use of INM treatment puts forth that the integration of organic sources of nutrients
with inorganic fertilizers could be a viable alternative nutrient management option in RWCS in the
Indian subcontinent. Although the yield gains in the INM treatment over the IORA treatment were
only 1.2% in rice and 4.5% in wheat, considering that the conditions of curtailing the use of inorganic
fertilizers prevent the soil quality/health from ill effects of synthetic fertilizers, this would really show
the benefits of the use of INM over IORA treatment. From this study, it is clear that the use of the ORA
did not serve the purpose of enhancing crop productivity in both crops and hence, complete shifting
towards organic farming cannot be a feasible option as far as human food security is concerned. Similar
findings were also pointed out by different researchers of the Indian subcontinent. In Bangladesh,
researchers reported that integrated use of Sesbania (dhaincha) and mung bean residues with inorganic
sources of nutrients improved crop yield by 7.6% and 9.5%, respectively, over inorganic alone in T.
aman rice [28]. The application of wheat straw or farm yard manure (FYM) along with inorganic
fertilizer in the rice field recorded higher grain and straw yields of rice in comparison to the treatments
with only inorganic fertilizer [29]. The grain yields of basmati rice and wheat in the RWCS when
50% of the recommended dose from chemical fertilizers was substituted with green manure (GM)
significantly increased crop productivity by 100% [30]. The incorporation of green gram residues along
with inorganic fertilizers resulted in a significant rice yield increase of 13% over IORA [31]. The highest
yield of 4.68 Mg ha−1 in wheat crop was recorded when 50% N (nitrogen) of the recommended dose of
fertilizer treatment was replaced with FYM in the rice crop [32].

The yield response to the soil texture group suggests that INM treatment appears to be more
suitable in loamy soil in comparison to clayey soil. The reason is that loamy soils have better drainage
than clayey soils, and therefore offer adequate aeration. The better performance in these soils is also
because of less cracking of soil in the early state, which is critical for the rice crop. Cracking is high in
clayey soil, which directly affects the plant. The plant-available water content is also higher in these
soils [33].

The data show that the use of INM increased net returns in several studies over other nutrient
management options. Although, increases in the cost of cultivation at a few instances resulted in
negative values under meta-analysis. For wheat crop, the effect of INM treatment on net returns was
positive over the other nutrient management options. In case of rice, INM vs. IORA showed declines
in net returns, but the effect was not significant. This may be due to large variations in effects of
treatments for net returns. Proper planning and management can decrease the cost of cultivation for
INM in the instances with high cost of cultivation and can bring in a positive effect on net returns
for RWCS.

The study clearly indicated the positive effect of INM on soil characteristics over other nutrient
management options. The increases in SOC, TN, Av. P, Av. K, and SMBC correlated the INM with
enhanced soil quality/health. Continuous use of chemical fertilizers alone affects the soil reaction by
increasing hydrogen ions (H+) in the soil during the formation of ammonia. The soil reaction in turn
affects the supply of nutrients in the soil. The use of compost with inorganic fertilizers reduced soil pH
significantly over the IORA treatment [34]. The reduction in soil pH is due to the formation of organic
acids by the reactions between compost and the inorganic fertilizers in the presence of microorganisms.
The dissolution of salts by formed acids under INM significantly improved the electrical conductivity
(EC) of the soil. Thus, the use of INM regulates pH and EC of the soil due to the presence of organic
sources, hence improving nutrient availability in the soil.

The integrated application of organic and inorganic fertilizers for 29 years reduced soil reactions
by 0.22% over the application of inorganic fertilizers alone [32]. In a long-term fertilizer experiment
under the RWCS, it was reported that INM reduced BD by 16.6%, whereas the application of IORA



Agronomy 2019, 9, 71 10 of 15

showed a reduction of 7.3% compared to the CO treatment [35]. The effects of INM on nutrient
dynamics were recorded, and it was concluded that combining FYM with inorganic fertilizers could
maintain SOC and available N and P at either equal to or greater than the initial soil nutrient levels,
thus maintaining soil fertility even under continuous cultivation [36]. Incorporation of rice straw
with green manure along with inorganic fertilizers increased Av. P by 12.7% and Av. K by 14.3%,
as compared to treatments in which only inorganic sources of nutrients were applied [37]. Sesbania
green-manuring in rice, integrated with inorganic fertilizers, increased the available N from 5.8 to
22.0 kg ha−1, Av. P from 1.4 to 3.8 kg ha−1, and Av. K from 2.2 to 17.9 kg ha−1 in comparison to
IORA [38]. The use of INM in the RWCS increased SOC content by 21% [32] and 45.8% [39,40] over the
application of IORA.

The study [3] analyzed apparent balances of the nutrients N, P, and K in the RWCS for an
average of 28 years as influenced by a combination of organic and inorganic sources of nutrients.
Apparent N balance was negative for the CO and IORA, whereas apparent N balance was positive
for INM (50% recommended dose of fertilizer + 50% N straw). This shows that the nutrient N
was recycled through an organic supplement. Similar positive results for apparent P balance were
observed in the INM treatment over the CO. The positive balance shows more P accumulation due
to an affirmative linear relationship between the available and surplus P. Apparent K balance was
negative for all the treatments (INM, IORA, and CO). INM plays a key role in retaining the balance
between demand and supply of nutrients in the soil–plant system. Under the current scenario,
sustainable N, P, and K management strategies need to be identified for optimal production and
nutrient balance. The balances deliver key information about the sustainability of the RWCS and the
potential environmental impacts [41,42]. It is worth noting that one-fourth of the N and four-fifths of
the K removed by the rice and wheat crop remain in the straw and are obtainable after incorporation to
the soil. Application of straw residues in the field can thus reduce the recommended dose of chemical
fertilizer. At present, it has been assessed that only 33% to 50% of the applied N and P fertilizers are
used by crops [43,44]. The efficacy of the applied nutrients might be enhanced by the integrated use
of inorganic and organic fertilizers, by increasing the availability of these nutrients to the crops [45].
Declining trends in RWCS productivity and the need for higher inputs have been observed due to
the depletion of organic matter in the soil, which causes a disturbance in aggregate stability, soil
productivity, and soil quality/health [46,47]. Thus, there is a need for partial substitution of inorganic
fertilizers by locally available organic sources of nutrients for sustainable production [48–50].

Long-term studies conducted at several sites on the Indian subcontinent indicate that the
application of required nutrients only by inorganic fertilizers affects soil health [51]. The application of
unwarranted nutrients could lead to a decline in nutrient-use efficiency, making fertilizer application
uneconomical and resulting in an adverse effect on the environment [52] and groundwater quality [53],
causing health hazards and ill effects on the climate. Therefore, there is a need to enhance the
nutrient supply system through INM that brings sustainable changes in the soil–plant system and the
environment [54,55].

Soil sequesters atmospheric carbon in the soil, which improves the productivity and quality of
the ecosystem [56]. The integrated use of organic manure and inorganic fertilizer is an indispensable
component to manage soil in an arable crop production system. The application of INM can enhance
plant available nutrients, but the amendments can also affect the soil microbial population. The use of
organic manures for managing soil quality/health has been well recognized [57]. Soil biodiversity is
the population of microbes that manage or enhance soil health. The microbial population enhances
nutrient availability. Soil microbes and the mechanisms to control the activities are important for
maintaining the long-term sustainability of farming systems [58], and are key factors in nutrient
cycling and soil genesis. The activity and biomass of the microbes play a key role in enhancing soil
quality/health [59], as these respond to soil and crop management practices [60]. The bacterial and
fungal populations are compared in the INM-treated plot compared to the inorganic-treated plot [61].
The bacterial population increased by approximately 60%, whereas the fungal population almost
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doubled in the INM system in comparison with the IORA. The increase in microbial population is due
to the conducive soil environment, formed by the organic addition increasing the magnitude of easily
degradable carbonaceous compounds in the INM system supporting nutrition for soil inhabitants.
The INM application also improves physical components such as porosity, water-holding capacity, and
aggregate stability, and decreases surface crusting and soil bulk density. INM also helps in improving
structure, air capacity, and water retention in the soil profile [62].

Thus, the INM system improves soil quality by regulating the soil reaction, building up SOC,
improving soil physical properties, and improving nutrient solubility/mobility. By integrating organic
and inorganic sources, the added SOC can aid in the sustenance of agriculture for a longer period
than inorganic sources alone, especially in the tropical climate of the Indian subcontinent where the
temperature remains high and organic matter decomposition is rapid. INM is the key to sustaining our
soils for improving productivity and preserving soil quality and environmental sustainability. Because
the agricultural production system is a combined shared effect of the soil–water–fertilizer–climate
continuum (SWFCC), a sensible and methodical management of this multifaceted system is vital for
improving crop productivity on a continual basis. Among the several inputs of the nutrient balance,
water and nutrients are the critical inputs that contribute the most to crop yield. The use of these
inputs in a better manner and interactive effect with other factors is essential for targeting crop yield
potential. Practices to manage soil through tillage can improve the efficiency of these input factors.
Sustainable agricultural promotion uses the efficient integration of soil, water, soil organic matter,
tillage, and nutrients for achieving yield targets of the RWCS. INM aims to promote sustainable
production systems by managing soil quality together with improving crop yield through the balanced
integration of organic and inorganic sources [63].

The studies reported improvements in yields, net profit, and soil characteristics in the RWCS
with the use of INM, and attributed the increases to improvements in the availability of nutrients,
increases in resource-use efficiencies, and increases in resistance to environmental stresses with the use
of INM [22,64–68]. Farmers of these nations can be benefited with the use of INM through increased
productivity and profitability. This will not only reduce the excessive use of inorganic fertilizers but
also improve soil quality/health and ensure food security and environmental sustainability on the
Indian subcontinent.

5. Conclusions

This review paper emphasized the role and importance of an integrated nutrient management
system as a management strategy that can bring sustainability to the rice–wheat cropping system of the
Indian subcontinent. The meta-analysis data points of rice and wheat during the period of 1989–2016
revealed that INM treatment over inorganic alone, organic alone, and control treatments was positive
on grain yield, both crop-wise as well as texture-wise. The present paper also concludes that net
returns through integrated nutrient management treatment were increased by 121% and 127% in rice
and wheat, respectively, compared to control. Finally, the findings of the present review suggested that
INM can be one of the viable nutrient management options in the Indian subcontinent, particularly for
the rice–wheat cropping system.
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Abbreviations

RWCS Rice-wheat cropping System
INM Integrated nutrient management
SOC Soil organic carbon
INS Integrated nutrient supply
ORA Organic only
IORA Inorganic only
CO Control (No fertilization)
TN Total nitrogen
N Nitrogen
Av. P Soil available phosphorus
Av. K Soil available potassium
ANB Apparent nutrient balance
FYM Farm yard manure
SWFCC Soil-water-fertilizer-climate continuum
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