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Long-term moisture
conservation and nutrient
management improves yield
stability and resource use
efficiency in pearl millet
(Pennisetum glaucum)—mustard
(Brassica juncea) system under
rainfed ecosystem
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Twinkle Jena! and Rohan Serawat!

!Division of Agronomy, ICAR-Indian Agricultural Research Institute, New Delhi, India, 2ICAR-Indian
Agricultural Statistics Research Institute, New Delhi, India

Moisture- and nutrient-stress substantially limits the productivity and profitability
under rainfed environments; therefore, strategic nutrient and moisture
management is obligatory. Present study aims to assess the impacts of diverse
moisture-conservation and nutrient-management protocols on yield-stability,
system-sustainability, and soil-health in rainfed pearl millet—mustard rotation.
Four moisture-conservation systems: control (M1), crop-residue mulch (CRM:
5 t/ha, M2), farmyard manure (FYM: 5 t/ha, M3), and a combination of CRM
2.5 t/ha + FYM 25 t/ha (M4); and three nutrient-management practices:
control [N1], recommended dose of nitrogen (RDN: 60-40-40 kg/ha, N, P,Og
and KyO, respectively) [N2], and 50% RDN + biofertilizers (Azospirillum +
Pseudomonas striata) [N3] were evaluated in split-plot design for 6 years. The
study revealed that the M4 and M3 treatments significantly improved pearl
millet yield (64.4%—70.7%), mustard yield (25.8%—31.6%), system productivity
(35%—41.4%), rainwater-use efficiency (RUE, 35.2%—40.8%), and sustainable
yield index (65.5%—81.6%) over control. The system productivity was highest
in 2014-15 (6.06 t/ha) and 2019-20 (5.93 t/ha). The RUE reached maxima
during 2017-18 (7.27 kg/ha-mm). The M4N3 combination resulted in greatest
system productivity (7.64 t/ha), higher available NPK (200, 16.03 and 259.2
kg/ha, respectively) content in top-soil and improved soil microbial-enzymatic
activity (dehydrogenase, acid phosphatase, alkaline phosphatase and protease).
The integrated approach of CRM + FYM coupled with 50% RDN + Azospirillum
+ Pseudomonas biofertilizers offers a viable solution for sustainably enhancing
productivity in the pearl millet—mustard system under water-limited ecologies.
Our studies indicate the potential of adopting organic nutrient-cum-moisture
management along with conventional synthetic fertilizers in sustaining the
productivity and soil-health in fragile rainfed ecosystems.
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crop-residue recycling, moisture conservation, organics-embedded nutrient
management, pearl millet-mustard system, rainwater use efficiency, rainfed agriculture,
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1 Introduction

Rainfed agriculture, which encompasses over 1.13 billion
hectares globally, plays a pivotal role in ensuring world food
security, contributing to more than 60% of total food production.
Likewise, In India also, nearly 48% of the cropland areas are
rain-dependent (FAO, 2024). However, the rainfed drylands are
characterized by alarmingly low and unstable yields, primarily
owing to extreme rainfall variability and suboptimal soil nutrient
status. Diversifying crops in rainfed-drylands can mitigate the risk
of complete crop failures, particularly during frequent droughts.
However, soil-moisture stress remains a notable yield-limiting
factor, leading to yield losses up to 50% across diverse agro-
ecologies (Choudhary et al.,, 2019). Numerous factors contributing
to water deficits in rainfed agro-ecologies, including inadequate
and erratic rainfall patterns, low moisture-holding capacity of soils,
and high evapo-transpiration losses (Louhar et al., 2020). Despite
the inherent challenges, the importance of rainfed agriculture
remains paramount as nearly two-thirds of global food production
originates from crops cultivated in water-stressed environments,
specifically in the emerging economies (Srinivasarao et al., 2015).
Furthermore, climate change is anticipated to exacerbate drought’s
adverse effects on crop production, specifically in the rainfed
drylands (Dass and Bhattacharyya, 2017). Nutrient deficiency is
widespread in Indian drylands, as nearly 89%, 80%, and 50% of the
rainfed-drylands are deficient in N, P, and K respectively. Likewise,
41%, 48%, and 12% of the soils are low in S, Zn, and Fe content
(Srinivasarao et al., 2015). Thus, developing and implementing
effective strategies to enhance water and moisture management and
enrich the soil fertility in rainfed systems is crucial for ensuring
future food security.

Pearl millet [Pennisetum glaucum (L.) R. Br.] is a highly
nutritious drought-tolerant cereal, largely a crop of Asian and
African arid and semi-arid tropics. Its resilience to moisture stress,
especially during mid- and terminal-stages of ontogeny, makes
it a reliable crop when other cereals fail to produce adequate
yields under climatic adversities (Dass and Bhattacharyya, 2017;
Kumar et al., 2021). With increasing instances of seasonal rainfall
variability, terminal heat-stress, and extreme weather events,
pear] millet is gaining renewed attention due to its ability to
sustain productivity under harsh environments. Considering the
importance of millets in nutritional security, the United Nations
declared 2023 as the International Year of Millets. Additionally,
owing to their other characteristics like low environmental
footprints in their production, resilience to changing climate and
nutrient rich grains at affordable prices, millets are known for
accomplishing sustainable development goals (SDGs), primarily
SDG 2 of zero hunger, SDG 3 for good-health and wellbeing, SDG
12 associated with sustainable consumption and production and
SDG 13 related to climate action (Sahoo and Mahapatra, 2023).

In the agro-ecosystems with well-distributed rainfall, double
cropping systems, including the cultivation of pulses, oilseeds, and
vegetables during the post-monsoon (rabi) season, are commonly
adopted. For instance, growing high-value crops like pulses or
oilseeds after harvesting of rainfed pearl millet can enhance
farm incomes (Biswas, 2019). Certain crops like Indian mustard
[Brassica juncea (L.) Czernj and Coss.] can withstand moisture
stress to a significant extent, and is frequently grown after pearl
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millet harvesting due to its adaptability to residual soil moisture
from the rainy season (Bana et al., 2023a).

The pear]l millet-mustard cropping system is particularly
common in north-western India (Bamboriya et al., 2017). Mustard
is an essential winter oilseed crop, contributing significantly to
Indias rural economy. For the 2023-24, mustard production in
India reached to the new record of 13.3 million tons, from an
acreage of 10 million hectares (Anonymous, 2024). To meet the
burgeoning demand for edible oils and reduce massive import
expenditures of the country, strategies that improve mustard
productivity are critical (Patel et al., 2024). Fluctuations in mustard
yield levels under specific agro-climatic scenarios have been
observed and are influenced by various moisture and nutrient
regimes of the soil (Bamboriya et al, 2017). Mustard requires
relatively large quantity of nutrients to achieve its yield potential,
and inadequate nutrient supply often results in sub-optimal and
inconsistent productivity (Singh and Singh, 2015). Furthermore,
quantum of soil moisture directly influences the availability and
uptake of nutrients (Chaudhari et al., 2018). Hence, ensuring
optimal supply of moisture coupled with matching nutrient supply
is crucial for rainfed mustard to achieve its yield potentials
(Kumar et al., 2021; Pratap et al., 2022). Earlier research indicated
that integrated approaches of nutrient management enhanced the
productivity, nutritional profile and profits in the cereals and
oilseed-based systems (Jat et al., 2023). Likewise, in-situ moisture
conservation aided productivity, profitability, nutritional quality
and resource use-efficiency improvements have been noted from
various studies (Ghosh et al, 2019; Jinger et al., 2024, 2025).
It is well established that enhanced aridity reduces nutrient
availability, resulting in sub-optimal yields (Wang and Wen,
2023). However, no much information is available on adoption of
long-term conjunctive and complementary moisture and nutrient
management strategies under drylands.

In nutshell, to achieve twin objective of maintaining stable
system productivity and improving soil-health of the rainfed
pearl millet-Indian mustard production system, it is obligatory
to adopt moisture conservation strategies which not only retain
soil moisture but also contribute to soil fertility (Bana et al,
2023b). Likewise, nutrient management must also be tailored to
ensure balanced nutrient supply while retaining adequate soil
moisture, specifically in the rhizospheric zone (Mozafari et al,
2020). Although chemical fertilizers have immensely contributed
in enhancing yields, however, their rising costs, deleterious
soil-health effects mainly due to their imbalance use, and
relatively greater environmental footprints have lately increased
the interest in inclusion of organics in nutrient management
schedules. The application of organic materials promotes the
build-up of soil humus, improving physical and biological
soil properties (Garg et al, 2022). The appropriate blend of
organic and inorganic fertilizers can enhance soil fertility and
sustain productivity, while reducing carbon footprints in intensive
cropping systems (Singh et al, 2022; Jaga and Tripathi, 2011).
Integrated nutrient management—utilizing organic materials with
synthetic fertilizers—has been shown to improve soil health and
enhance crop yields in the long-term experimentations (Allohverdi
et al, 2021). However, the long-term impact of integration
of moisture and nutrient management strategies on the pearl
millet-mustard cropping system productivity and soil microbial
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activity in rainfed conditions has not been extensively studied.
In the like manner, information on the temporal variations
in the productivity and water use-efficiency vis-a-vis seasonal
rainfall pattern with respect to year x treatment X moisture-
conservation X crop nutrition interactions are not available. This
6-year study aims to assess the effects of moisture conservation
and nutrient management protocols on crop productivity, system
sustainability, yield stability and soil health in the pearl millet—
mustard rotation under rainfed ecologies of NWR of India.
Furthermore, using GGE biplot technique, the investigations aimed
at, specifically identifying appropriate moisture-conservation and
nutrition nexus to achieve greater yield stability in the rainfed
production systems. To see the year x treatment x moisture-
conservation X nutrition interactions was the other objective of
the study. We hypothesized that long-term moisture conservation
practices coupled with organic nutrient management strategies may
enhance the soil fertility and stabilize the productivity levels in
fragile rainfed environments.

2 Materials and methods

2.1 Experimental location

A fixed-plot long-term field experiment was conducted over
six consecutive years (12 cropping seasons), from the kharif of
2014-15 to the rabi of 2019-20, at research farm of the ICAR-
Indian Agricultural Research Institute, New Delhi, India (28° 38’
N latitude, 77° 09" E longitude, and 228 meters above sea level).
The geographical region is meteorologically identified as sub-
tropical, semi-arid climate, featuring hot, dry summers and cool
winters, typical of the north-western Indo-Gangetic Plains. The
hottest months, May and June, experienced mean daily maximum
temperatures ranging from 38°C to 48°C, while January, the coldest
month, recorded mean daily minimum temperatures between
4°C and 6°C. The region receives an average annual rainfall of
approximately 774.4 mm, the majority of which occurs during the
south-west monsoon season (July to September). Detailed data on
the seasonal and annual weather scenarios during the study period
are provided in Figure 1, highlighting the inter-annual variability
that can influence crop performance. The soil at the experimental
site is classified as Typic Haplustept, according to the Libohova
et al. (2018). It is sandy loam in texture, comprising 61.48% sand,
12.66% silt, and 25.86% clay. The soil exhibits slightly alkaline
characteristics, with a pH of 7.6. In terms of fertility, the soil
is low in organic carbon content (0.40%) and available nitrogen
(175.4 kg N/ha), while it has medium levels of available phosphorus
(12.8 kg P,O5/ha) and potassium (178.8 kg K,O/ha) in 0-15 cm soil
layer. These baseline soil characteristics were determined through
standard soil analysis procedures as described by Rana et al. (2014),
prior to the initiation of the experimentation.

2.2 Treatment details and crop
management

The triplicate on-station trials were executed in a split-
plot design to evaluate moisture conservation and nutrient

management systems (Table 1). The main plots were assigned to
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four moisture conservation treatments: no mulch (control; M1),
crop-residue mulch (CRM) applied at 5 t/ha (M2), farmyard
manure (FYM) applied at 5 t/ha (M3), and a combination of
CRM and FYM, each at 2.5 t/ha (M4). Sub-plots were designated
for three nutrient management practices: no fertilization (control;
N1), the recommended dose of nitrogen (RDN; N2), and 50%
RDN combined with biofertilizer Azospirillum + Pseudomonas
striata (N3). The treatment plots measured 6 x 6 meters, with
pearl millet (var. Pusa Composite-443) was sown at 0.45 x
0.15m spacing with 4 kg/ha seeding rate, and Indian mustard
(var. Pusa Tarak) was sown using 5kg seed/ha with 0.45 X
0.30 m spacing, following standard agronomic practices. Mustard
crop residues were used as the mulching material. The FYM
with NPK compositions of 0.52%—0.54%, 0.26%—0.29%, and
0.5%—0.53%, respectively, was used in the study. Soil test-based
nutrient application was made, providing 60kg N/ha to both
crops, with phosphorus (40kg P,O5/ha) and potassium (40 kg
K,O/ha) applied before sowing, and the remaining 20kg N/ha
was top-dressed at the tillering stage for pearl millet and the
branching stage for mustard. To manage the weeds, atrazine
0.6kg a.i./ha as pre-emergence was applied in pear] millet and
a hand weeding was carried out after 3 weeks of sowing.
In mustard, pendimethalin (1kg a.i./ha) was applied as pre-
emergence to minimize early weed competition. No irrigation
was provided to any of the crop during the entire period
of experimentation.

2.3 Yield measurement and sustainability
assessment

Both the crops were harvested at maturity stage, leaving the
border rows, a net area of 4.65 x 6m was taken to measure the
grain yield of pearl millet and seed yield of mustard at a moisture
content of 12% w/w. Pearl millet was reaped manually during
the first fortnight of October each crop year, while mustard was
harvested in the second fortnight of March. Both crops were cut
at a height of 4-5 cm above the soil surface. To facilitate a direct
comparison between the yields of both crops, the mustard seed
yields were converted to pearl millet equivalent yield (PEY) using
the Equation 1.

My x Pm
Ppm

PEY of mustard = (1)

Where, My represents the mustard seed yield (tons/ha), Pm
is the price of mustard (Z/ton), and Ppm is the price of pearl
millet (Z/ton), based on the Minimum Support Prices (MSP)
declared by the Government of India for the 2020-21 crop year.
System productivity was then calculated as the sum of the actual

pearl millet yield and the PEY of mustard, as applicable to
the treatments.

2.4 Sustainable yield index

The sustainability of pearl millet, mustard, and the overall
pearl millet-mustard production system over the 6-year study
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TABLE 1 Details of various moisture conservation and nutrient management combinations.

S.No. Treatment Description Treatment abbreviations ‘
1 No moisture conservation and No fertilizer MIN1
2 No moisture conservation and recommended dose of nitrogen (RDN) MIN2
3 No moisture conservation and 50% RDN + biofertilizers (Azospirillum + Pseudomonas striata) MIN3
4 Crop residue mulch (CRM) at 5 t/ha and No fertilizer M2N1
5 Crop residue mulch at 5 t/ha and recommended dose of nitrogen M2N2
6 Crop residue mulch at 5 t/ha and 50% RDN + biofertilizers (Azospirillum + Pseudomonas striata) M2N3
7 Farmyard manure (FYM) at 5 t/ha and No fertilizer M3N1
8 Farmyard manure at 5 t/ha and recommended dose of nitrogen M3N2
9 Farmyard manure at 5 t/ha and, 50% RDN + biofertilizers (Azospirillum + Pseudomonas striata) M3N3
10 CRM at 2.5 t/ha + FYM at 2.5 t/ha and No fertilizer M4N1
11 CRM at 2.5 t/ha + FYM at 2.5 t/ha and recommended dose of nitrogen M4N2
12 CRM at 2.5 t/ha + FYM at 2.5 t/ha and 50% RDN + biofertilizers (Azospirillum + Pseudomonas striata) M4N3

period was obtained using the sustainable yield index (SYI), as
proposed by Vittal et al. (2002). The SYI was calculated using the
following equation:

Yt —
Sustainable yield index = “

@)

Ymax

Where, Y? is the mean yield for a particular treatment or system,
o is the standard deviation of the yield for that treatment, and Ymax
is the maximum yield observed across all treatments and years. This
index provides a measure of yield stability and sustainability, taking
into account both the average performance and variability of yields
over time.

Frontiers in Sustainable Food Systems

2.5 Estimation of rainwater use efficiency

Rainwater use efficiency (RUE) was calculated to assess the
efficiency with which the crops utilized the available rainfall during
their growth period. The RUE (expressed in kg/ha-mm) was
determined using Equation 3.

Y,
RUE = -$ 3)
r

Where, Yg represents the grain yield (kg/ha) and r denotes the
total rainfall (mm) received during the crop’s growing period. This
metric provides an important indicator of how effectively the crops
converted rainfall into yield, which is critical for understanding
water-use pattern in rainfed agricultural production systems.
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2.6 Soil sampling and laboratory analysis

At the initiation and after the completion of the sixth cropping
system cycle in the last week of April 2020, soil samples were
collected from the 0-0.15m soil profile using a core sampler with
0.075m diameter. To minimize the border effects, sampling was
conducted from the central rows of each plot. The soil from
each core was thoroughly mixed to create a composite sample
for each plot, from which a 0.25kg subsample was taken for
laboratory analysis. The samples were air-dried for 72h and then
passed through 2.0 mm sieve prior to analysis. The soil organic
carbon (SOC) was determined using the Walkley and Black’s
(1934) method, which involves the wet oxidation of organic matter
and titration to estimate the carbon content. The chloroform-
fumigation extraction method was used to determine soil microbial
biomass carbon (SMBC) and nitrogen (SMBN), with the results
expressed as pg/g of dry soil (Vance et al., 1987).

Available nitrogen (N) in the soil samples was measured
using the Kjeldahl method (Subbaiah and Asija, 1956). Plant-
available soil phosphorus was extracted employing the Olsen (1954)
method, using 0.5M NaHCO3, with measurements taken via
spectrophotometer. Available potassium (K) was determined using
the ammonium acetate extraction method (Jackson, 1958).

The soil profile enzymatic activities of acid and alkaline
phosphatases were quantified through 16 mM para-nitrophenyl
phosphate as substrate, following the Tabatabai and Bremner
(1969) methodology. Dehydrogenase activity of plow layer of soil
was evaluated based on the reduction of triphenyltetrazolium
chloride to triphenylformazan, as outlined by Rana et al. (2014). To
estimate protease activity in the soil, the method described by Ladd
and Butler (1972) was used, where casein was used as a substrate.
The protease activity was expressed as g of tyrosine released per
gram of soil per hour.

2.7 Economic evaluation

An economic evaluation was carried out to determine the
profitability of the treatments. The costs associated with all inputs
and operations, including seed, crop residue, farmyard manure
(FYM), tillage, fertilization, plant protection measures, harvesting,
and threshing, were compiled for each treatment. The prevailing
market prices of these inputs and operations were used to estimate
the total cost of cultivation. Additionally, the costs of hiring tractor-
driven machinery and wages for human labor (based on an 8-h
workday) were included in the cost analysis. The minimum support
prices (MSP) for pearl millet and mustard, as declared by the
Government of India during 2020-21, were used to calculate the
gross returns for each treatment. Further, the prevailing market
prices of crop residues of pearl millet and mustard (83 and 35
USD/t, respectively) were used. Gross returns were determined
following the methodology described by Das and Das (2018). Net
returns were then calculated using the Equation 4:

Net returns = Gross returns — Cost of cultivation (4)

All the net return values were converted into equivalent
US dollars.
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2.8 Data analysis

The data collected were analyzed using the analysis of variance
(ANOVA) technique appropriate for split plot design, following
the methodology outlined by Snedecor and Cochran (1989). The
statistical analysis was performed using the PROC GLM procedure
in the SAS 9.3 software package (SAS Institute, Cary, NC).
Additionally, a pooled analysis of variance (two-factor analysis) was
conducted on the 6-year data to evaluate the effects of treatments
and the interaction between years and treatments on pearl millet
grain yield, mustard seed yield, and the system productivity
(Table 2). After completion of study, soil health parameters analysis
was carried out and analysis of variance is presented as Table 3. The
significance of the results was determined at the 5% level (P < 0.05).

GGE-biplot analysis was conducted using the “GGE-biplot
GUI” package in “RStudio,” version 2022.12.0 (Dia et al., 20165
RStudio Team, 2020). This analysis was employed to examine
the relationships among various treatments, environments, and
their interactions, to rank treatments based on stability and mean
performance within each treatment, and to identify the best-
performing combinations (Yan et al., 2000; Yan and Kang, 2002).

3 Results
3.1 Pearl millet productivity

The productivity of pear]l millet across the treatments exhibited
noteworthy variations, ranging from 0.93 to 3.39 t/ha (Table 4;
Supplementary Figure 1). The mean pearl millet yield over the 6
years was highest in M4 (2.71 t/ha), followed by M3 (2.55 t/ha),
while the lowest average yield (1.59 t/ha) was observed in Ml
(Table 4). Notably, N2 produced higher yields than N1 in most
years. In the latter 3 years of the study, N3 treatments showed
significant improvements in yield, with an increase of 21.5% over
the control. The combined application of CRM and FYM was
particularly effective in maintaining high yields, surpassing yields
from either CRM or FYM alone by 9.15% and 12.82%, respectively.
During the initial 3 years of the experiment, treatments focusing on
CRM performed better, with M2 consistently yielding more than
M3. However, in the latter half of the study period, M3 surpassed
M2 (Supplementary Figure 1).

The M4N3 and M4N2 treatment amalgamations demonstrated
the greater pearl millet yields, averaging 2.97 t/ha and 2.96
t/ha, respectively (Figure 2). The highest pear] millet yield was
observed in M4N3, reaching 3.39 t/ha, followed by M4N2 (3.32
t/ha) during 2019-20. On the lower end of the spectrum,
treatment combinations like MIN1 (0.93 t/ha) during 2017-
18, MIN3 (1.34 t/ha) during 2018-19 and M2N1 (1.44 t/ha)
during 2016-17 performed poorly. These treatments not only
produced lower average yields but also showed greater year-to-
year yield variability. Yield variability was also influenced by annual
rainfall. In 2016-17, the year with the highest rainfall (1271 mm),
yields peaked across most treatments, particularly in M4N2 and
M3N2, where yields reached 3.04 t/ha and 2.76 t/ha, respectively
(Supplementary Figure 1). Conversely, in 2015-16, a relatively dry
year with relatively low and unequal distribution (908.1) mm of
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TABLE 2 Analysis of variance of yields, system productivity and rainwater use efficiency.

Mean sum of squares

Pearl millet yield Mustard yield System productivity Rainwater use
efficiency
Year 5 0.56"* 445 25.47% 53.50*
M 3 13.23% 7.06* 92.61% 105.44**
N 2 13.74% 7.11% 94.50** 103.0%*
Rep 2 021 0.070 0.955 117
M*N 6 0.37% 0.089 116 1.19*
Error 197 0.088 0.07 0.466 0.58

*p < 0.05, " p < 0.01, **p < 0.001; significance levels.

rainfall, yields dropped significantly, particularly in treatments
lacking moisture conservation measures.

The highest SYI values were recorded in M4N1 (0.92)
followed by M2N1, M2N2 and M3N2 (0.88), illustrating that these
treatments provided the most stable and sustainable pearl millet
yields over the six-year study period. Conversely, treatments such
as MIN3 (0.61), MIN2 (0.63), and M1N1 (0.73) had much lower
SYI values, indicating that they were more prone to yield declines
under adverse scenarios, highlighting the importance of moisture
conservation in rainfed systems.

3.2 Mustard productivity

Mustard productivity exhibited notable variability across years
and treatments, ranging from 0.45 to 2.69 t/ha (Figure 3). The
treatments which integrated higher nutrient inputs (N2 and
N3) along with moisture conservation practices (M3 and M4)
consistently outperformed the lower input treatments (Table 4).
The M4N2 and M4N3 treatment nexus achieved the highest
average yields, with 2.09 t/ha and 2.07 t/ha, respectively (Figure 4;
Supplementary Figure 3). These treatments involved CRM coupled
with either high nutrient rates or biofertilizer co-application,
which significantly contributed to their superior performance. The
peak mustard yield was observed in M4N2 during the 2019-20
season, reaching 2.68 t/ha, emphasizing the combined benefits
of effective moisture conservation and nutrient management. In
contrast, treatments with minimal moisture conservation practices
and lower nutrient levels, such as MIN1 (0.76 t/ha) and M1N3 (1.06
t/ha), yielded significantly less (Supplementary Figure 2).

Temporal fluctuations in productivity were closely linked to
seasonal rainfall variations (Supplementary Figure 2). For example,
2016-17, which received the highest rainfall (1,271 mm), witnessed
generally higher yields across treatments, with M2N2 and M3N2
recording yields of 1.97 t/ha and 1.83 t/ha, respectively. In contrast,
the 2015-16 season, characterized by lower rainfall (908.1 mm),
resulted in extremely reduced mustard yields, particularly in
treatments without mulching, such as MINI (0.53 t/ha) and
M2NT1 (0.95 t/ha).

The SYT further emphasized the long-term stability of these
treatments. Treatments such as M3N1 (0.74) and M4N1 (0.67),
demonstrated the highest sustainability, maintaining reliable
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productivity over the six-year study period despite environmental
variability (Figure 3). Conversely, treatments like MIN1 (0.46)
and MIN2 (0.52) exhibited lower SYI values, highlighting their
sensitivity to yearly fluctuations and environmental stress, leading
to less stable productivity over time.

In general, the treatments with higher nutrient doses and
improved moisture conservation (M3 and M4) consistently
outperformed the lower input treatments (M1 and M2). Among
nutrient treatments, N2 outperformed N1 and N3 in most years,
indicating that an optimal balance of nutrient inputs and moisture
conservation significantly boosts mustard productivity. The overall
mean productivity for the 6-year period was highest in M4 (1.87
t/ha), followed by M3 (1.72 t/ha), with the lowest mean yield
observed in M1 (1.04 t/ha).

The combined application of CRM and FYM consistently
resulted in highest seed yield, outperforming CRM or FYM alone
by 8.4% and 14.3%, respectively. In the initial 3 years of the study,
M2 (which relied on CRM) led to higher mustard yields compared
to M3 (which involved FYM). However, in the later 3 years, M3
surpassed M2, mirroring a trend also observed in pearl millet
productivity (Figure 4). Such trend suggests that while CRM offers
immediate moisture conservation benefits, FYM contributes to
sustained productivity improvements in the long-run. In terms of
nutrient management, N2 consistently produced the greater yields
during the first 3 years of the experiment.

3.3 Pearl millet-mustard system
productivity

The blend of M4N2 treatment steadily yielded the highest
system productivity, with a 6-year mean of 7.67 t/ha, followed
closely by M4N3 with a mean of 7.64 t/ha (Figure 5). These two
treatment combinations achieved the greatest system productivity
in the last year of the study, 2019-20, where yields reached 9.38 t/ha
in M4N2 and 9.47 t/ha in M4N3 (Supplementary Figure 4). The
M4 moisture conservation practice, involving CRM, consistently
enhanced system productivity. It outperformed other moisture
conservation practices, producing 13.3% higher yields than
M2, 12.3% higher than M3, and 41.4% higher than MI.
Interestingly, while M2 initially outperformed M3 in system
productivity during the first 3 years, a trend reversal occurred
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TABLE 3 Analysis of variance of soil biological and chemical health parameters.
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*p < 0.05,*p < 0.01, **p < 0.001; significance levels.
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TABLE 4 Effect of moisture conservation and nutrient management
strategies on productivity and rainwater use efficiency of pearl
millet-mustard cropping system.

PM-
M SP

Treatment PMyield

(t/ha)

M yield
(t/ha)

System
RUE
(kg/ha-
mm)

(t/ha)

Moisture conservation

Control 1.59 1.04 3.94 4.16
CRM (5 t/ha) 2.26 1.62 591 6.25
FYM (5 t/ha) 255 1.72 6.43 6.81
CRM (2.5 271 1.87 6.93 7.35
t/ha) + FYM

(2.5 t/ha)

LSD (P = 0.05) 0.23 0.17 0.57 0.60

Nutrient management

Control 1.78 1.21 4.50 4.78
RDN 2.57 1.80 6.64 7.02
50% RND + 2.49 1.68 6.27 6.63
BF

LSD (P = 0.05) 0.12 0.12 0.39 0.42

The table shows the values analyzed from 6-year pooled data. PM, pearl millet; M, mustard;
PM-M, pearl millet-mustard; RUE, rainwater use efficiency.

from the 4™ year onward, with M3 surpassing M2. This
suggests that while M2 provided early yield benefits, M3
showed cumulative temporal benefits, particularly as soil moisture
retention and organic matter improved in subsequent years
(Supplementary Figure 4).

In terms of nutrient management, treatments involving higher
nutrient inputs outperformed the control (N1). Both N2 and N3
treatments resulted in significantly higher system productivity, with
yields increasing by 35% over the control (Table 3). Although N2
produced higher productivity than N3 during the first 3 years,
the trend reversed in the subsequent years of the study, with
N3 (which included biofertilizer application) showing superior
performance, highlighting the long-term benefits of biofertilizers in
maintaining system productivity. The SYI further demonstrated the
sustainability of treatment combinations like M4N1, M3N1, MIN3,
and M2N2 showing the highest SYI values (0.76, 0.76, 0.75, and
0.74, respectively).

3.4 GGE-biplot analysis for pearl millet,
mustard and system productivity

3.4.1 Which-won-where

The “Which-Won-Where” view of the GGE-biplot analysis
revealed that the M4N3 treatment consistently outperformed
other treatments in pearl millet (Figure 6A) and mustard yield
(Figure 6C) and system productivity (Figure 6E), with M4N2
closely following. The first principal component (PC1) explained
95.03% of the variation, while the second principal component
(PC2) accounted for an additional 3.78%, together capturing
98.81% of the total variation in yield across treatments for both
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crops. The GGE-biplot categorized the experimental treatments
into six distinct sectors based on their variability.

For the overall pear]l millet-mustard system productivity, PC1
and PC2 explained 98.34% and 0.80% of the variation, respectively,
accounting for a total of 99.14% (Figure 6F). Based on system
productivity, the GGE-biplot further divided the treatments into
seven distinct sectors. Interestingly, environmental factors were
grouped into only two sectors, indicating limited environmental
variability throughout the study period (2014-15 to 2019-20).

The treatments at the vertices of the polygon in the biplot
were identified as the most responsive, with the vertex treatment
being optimal for the environments within their respective sectors.
Among these, MAN3 and M4N2 were the top performers across
multiple environments. M4N3 performed optimal in years 2015-16

Frontiers in Sustainable Food Systems

and 2016-17, while M4N2 in 2014-15, 2018-19, and 2019-20.
Both treatments performed similarly during the 2017-18 season.
Conversely, MIN1 and MIN3 were identified as the poorest
performers across the study period.

3.4.2 Ranking treatments

The GGE-biplot for ranking treatments showed that M4N3 was
closest to the center of the innermost circle, making it the highest-
ranked treatment overall. This suggests that M4N3 is the most
effective treatment for achieving the highest system productivity.
The ranking of treatments was in similar order for pear]l millet yield
(Figure 6B), mustard yield (Figure 6D), and pear]l millet-mustard
system yield (Figure 6). The ranking of the treatments, according
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to the GGE-biplot, was as follows: M4N3 > M4N2 > M3N3 >
M3N2 > M2N2 > M2N3 > M4N1 > M3N1 > MIN2 > M2N1
> MIN3 > MINI. Presence of later three years toward the inner
orbit highlights that the organic integration provides benefits after
2-3 years of constant organic use.

3.5 Pearl millet-mustard system
economics

The net returns from pearl millet ranged from USD 359.8 in
MINT1 to USD 980.6 in M3N2, highlighting the significant impact
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of improved moisture conservation and nutrient inputs on the
crop’s profitability (Figure 7). Treatments with higher inputs (M2,
M3, and M4) consistently resulted in greater net returns compared
to the control (M1). Among all treatments, M3N2 achieved the
highest net returns from pearl millet, outperforming the control
treatment MIN1 by 172.6%, indicating the substantial benefits of
strategically combining efficient moisture conservation (M3) with
optimal nutrient management (N2).

The net returns from mustard also exhibited a similar
pattern, with values ranging from USD 519.9 in MINI to
USD 1,172.7 in M4N2. The highest net returns from mustard
were observed in M4N2, which incorporated CRM with higher
nutrient inputs, demonstrating the economic advantage of
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integrated moisture and nutrient management. The M3N2 also
performed well, with net returns of USD 1,110.6. Lower-
input treatments, such as MIN1 and M2NI1, yielded relatively
lower returns.

The system net returns ranged from USD 879.7 in MINI
to USD 2,099.6 in M4N2, highlighting the economic superiority
of the M4N2 treatment. This treatment, which incorporated
CRM with higher nutrient levels (N2), delivered the highest
overall profitability, yielding 138.6% higher returns compared to
the control (M1N1). In addition, M3N2 and M4N3 treatments
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also produced substantial system net returns, reaching USD
2,091.2 and USD 2,015.0, respectively. Overall, treatments
with higher moisture conservation (M3 and M4) and optimal
nutrient inputs (N2 and N3) consistently outperformed than
those with lower inputs (M1 and M2). The M4 treatments
(particularly M4N2) steadily delivered the highest net returns
across both individual crops and the entire system. This
highlights the economic viability of integrated moisture
conservation and nutrient management practices, especially

in semi-arid environments.
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3.6 Rainwater use efficiency of pearl
millet-mustard system

The RUE values of the pearl millet-mustard system ranged
widely between treatments, from 1.69 kg/ha-mm in MIN1 during
2016-17, to a high of 9.75 kg/ha-mm in M4N3 during 2019-
20 (Figure 8). Across all treatments, M4N2 consistently exhibited
the highest average RUE, with values peaking at 9.66 kg/ha-
mm in the final year (2019-20), reflecting the effectiveness
of integrating advanced moisture conservation with balanced
nutrient management. Similarly, treatments involving M4 and M3
moisture conservation practices generally demonstrated higher
RUE compared to the M1 and M2 treatments (Table 4).

M4 treatments (M4N1, M4N2, and M4N3) consistently
achieved the highest RUE values, with M4N3 recording the highest
RUE (9.75 kg/ha-mm) in 2019-20. This can be attributed to
effective moisture conservation practices coupled with sufficient
nutrient application. M3 treatments also showed high RUE, with
M3N2 and M3N3 attaining maximum values of 8.77 and 8.94
kg/ha-mm, respectively, in 2019-20. The M1 treatments, which
received the lowest levels of moisture conservation inputs, had
the lowest RUE values across the study period, particularly MIN1,
with an average of 2.79 kg/ha-mm in 2017-18. These treatments
had the least rainwater use efficiency, likely due to the absence of
mulching and minimal nutrient application. Nutrient management
significantly influenced RUE, particularly in the higher-input
treatments (N2 and N3). The data reveals that N2 treatments
generally resulted in higher RUE than N3 treatments (biofertilizer)
in the early years of the experiment, but the trend reversed during
the final 2 years (2018-19 and 2019-20), where N3 recorded higher
RUE in both M3N3 and M4N3 treatments.

RUE varied significantly across the years, largely due to
fluctuating rainfall. The lowest average RUE (3.74 kg/ha-mm)
observed in 2016-17, which saw the highest rainfall (1,271 mm),
suggesting reduced efficiency with excess water. In contrast, 2019-
20, with moderate rainfall of around 970 mm, recorded the
highest RUE (7.13 kg/ha-mm), highlighting the benefits of optimal
moisture during moderate rainfall conditions.
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3.6.1 GGE-biplot analysis for rainwater use
efficiency
3.6.1.1 Which-won-where

The “Which-Won-Where” view of the GGE-biplot analysis
highlighted the M4N3 treatment as the top performer in terms of
RUE, with M4N2 closely following (Figure 9A). The PC1 explained
98.46% of the variation, while the PC2 accounted for 0.63%,
collectively capturing 99.09% of the variability in RUE across
treatments. The GGE-biplot divided the treatments into seven
distinct sectors based on variability in their rainfall use efficiency.
M4N2 and M4N3 were constantly the best-performing treatments,
while MIN1 and MIN3 exhibited the poorest performance
throughout the investigation. M4N2 and M4N3 were positioned
together in the same sector, reflecting their similar efficiency. M4N3
and M4N2 steadily demonstrated superior RUE during the 2014-15
to 2017-18. However, in the last 2 years of the study (2018-19 and
2019-20), M2N3 emerged as the top treatment for RUE.

3.6.1.2 Ranking treatments

The GGE-biplot ranking analysis identified M4N2 as the top
treatment for RUE, being closest to the center of the innermost
circle (Figure 9B). M4N3 followed closely as the second-best
treatment, with nearly identical performance to M4N2. The
ranking of treatments based on the GGE-biplot analysis was as
follows: M4N2 > M4N3 > M3N3 > M3N2 > M2N2 > M2N3 >
M4N1 > M3N1 > MIN2 > M2N1 > MIN3 > MINI.

3.7 Soil organic carbon and nutrient
content

Significant improvements in soil health parameters—available
N, B K (Figure 10), and SOC% (Figure 11)—under various
moisture conservation and nutrient management treatments.
SOC% increased across all treatments, reaching its highest level
of 0.48% in the M4N2 treatment, while the moisture conservation
practices also maintained elevated SOC levels, with M4 showing
0.43%. The available N content, initially at 175.3 kg/ha, varied
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widely, with M4N2 recording the highest value at 220.1 kg/ha.
Treatments M4 and M2 also exhibited substantial N retention,
reaching 198.8 kg/ha and 193.6 kg/ha, respectively. Available
P levels increased from the initial 12.8 kg/ha, peaking at 16.3
kg/ha in M4N2, with M4 demonstrating the highest P retention
among moisture conservation treatments. Available K levels
rose significantly from the initial value of 178 kg/ha, with
M2N2 achieving the highest K content at 284.3 kg/ha. Overall,
both moisture conservation and nutrient management practices
enhanced soil chemical health, with treatments M4 and N2 showing
the most notable improvements across all parameters.

3.8 Soil microbial enzymatic activity

The M4N3 treatment recorded the highest enzymatic
activities across all parameters, including alkaline phosphatase
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(181 pmol p-nitrophenol/g/h), acid phosphatase (86.30 pmol
p-nitrophenol/g/h), dehydrogenase (59.30 g TPF/g/24h), and
protease (45 pmol p-nitrophenol/g/h) (Figure 12). The M4
treatment (CRM + FYM) showed the highest average enzymatic
activities, while the M1 had the lowest. Among nutrient treatments,
N2 had the highest alkaline and acid phosphatase activities, while
N3 showed higher protease activity. Overall, the integration of
moisture management with biofertilizers-embedded nutrition
(M4N3) significantly enhanced soil enzymatic activities, indicating
improved soil microbial health and nutrient cycling.

The SMBC values ranged from 141 pg/g in MIN1 to 245 ug/g
in M4N3 (Figure 13). Treatments with higher levels of moisture
conservation and nutrient inputs (M4N2 and M4N3) exhibited
substantially higher SMBC values. M4N2 showed an SMBC of
236 1g/g, whereas the lower-input treatments such as MINI
(141 pg/g) and MIN3 (153 ug/g) exhibited the lowest microbial
biomass carbon, indicating that improved resource management
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significantly boosted microbial biomass. SMBN followed a similar
trend, with the lowest value observed in MIN1 (12.4ug/g)
and the highest values recorded in M4N2 (29 |.g/g) and M4N3
(28 ug/g). Treatments with medium to high inputs like M2N2
(29 ng/g) and M3N2 (27.7ng/g) also showed elevated SMBN
compared to the low-input treatments. The higher SMBC: SOC
ratio observed in treatments like M4N3 (56.5) and M4N2 (49.6).
In contrast, M3N2 exhibited the lowest ratio (38.6), suggesting
lower microbial carbon efficiency in this treatment. The ratio of
SMBC to SMBN, varied from 6.5 in M3N2 to 11.6 in MINI.
Treatments with higher nutrient inputs and moisture conservation,
such as M2N2 (6.66), M3N2 (6.53), and M4N2 (8.14), lower
SMBC ratios.

4 Discussion

4.1 Moisture conservation practices

The integration of crop-residue mulch (CRM) with farmyard
manure (FYM) emerged as the most effective technique, delivering
superior grain yield of pearl millet (2.71 t/ha) and mustard
(1.87 t/ha), as well as enhanced system productivity (6.93 t/ha)
compared to other treatments. Such results suggest that the
gradual decomposition of CRM, coupled with the nutrient-
rich FYM contributed to improvement in soil properties,
nutrient availability, better root proliferation, and crop growth,
in addition to their moisture conservation advantages (Hazra
et al, 2018; Rajanna et al, 2022). Further, combined use of
CRM and FYM resulted in more stable yields while reducing
year-to-year yield variability, mainly owing to temporal soil
fertility build-up (Figures 10-12) relative to other treatments,
in addition to thermal moderation effects of residue retention
under CRM treatments (Bamboriya et al, 2017; Bana et al,
2020).
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Moreover, the conjunctive CRM and FYM usage cuts down the
overall cost of cultivation. The consequent cost-efficiency obtained
from co-application translated into higher net monetary returns,
particularly for mustard, which gained twin benefits of higher
yields and lucrative market prices. These findings underscore the
economic viability of adopting integrated moisture conservation
and nutrient management strategies to enhance farm profitability,
which is crucial in rainfed and resource-constrained agricultural
systems (Bamboriya et al., 2017).

Sustainability, reflected in the sustainable yield indices (SYI),
was also significantly greater under the joint application of CRM
(2.5 t/ha) + FYM (2.5 t/ha), indicating the pivotal roles played
by organic inputs in ensuring yield stability, moisture retention
and soil health over time (Susha et al., 2018; Behera et al., 2019).
The improved sustainability is likely due to the balanced and
gradual nutrient release provided by the organics, which enhanced
nutrient status and reduced moisture depletion in plow layer of
the soil.

Rainwater use efficiency (RUE) was another critical parameter
affected by moisture conservation options. The CRM (2.5 t/ha) +
FYM (2.5 t/ha) conjunctive use showed a 12% improvement in
RUE compared to CRM (5 t/ha) or FYM (5 t/ha) alone, and a
substantial 41% increase over the control. This enhancement in
RUE is likely due to the mulch layer, which reduced evaporation
losses and retained soil moisture, providing a more conducive
rhizospheric environment, as evidenced by similar findings in other
studies (Chauhan and Opeia, 2012; Bana et al., 2018, 2023b).

The highest available N, P and K in the soil was recorded under
the co-use of CRM + FYM. This enhanced nutrient availability in
soils is associated with the improved soil organic carbon (SOC)
content, which was 14% higher compared to CRM (5 t/ha) or FYM
(5 t/ha) alone, and 70% higher than the control. This escalation in
SOC is likely the result of the stimulated microbial activity, which
plays a critical role in organic matter decomposition and nutrient
mineralization, thereby enhancing nutrient availability for plant
uptake (Gupta et al., 2007; Bhattacharyya et al., 2015; Jones et al.,
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2018). Furthermore, moisture conservation practices significantly
improved SMBC and SMBN. For instance, M4N3 recorded the
highest SMBC and SMBN, while MIN1 had the lowest values.
The higher SMBC: SMBN ratio in M4 treatments indicates better
microbial utilization of SOC under improved moisture scenarios.
These findings confirm that moisture availability is crucial for
enhancing microbial activity and soil fertility, particularly in
dry environments (Tiemann and Billings, 2011; Bian et al,

2022).

4.2 Nutrient management

Nutrient management practices were equally critical in
influencing the productivity, economics, and sustainability of the
pearl millet—mustard cropping system. The treatment combining
50% of the recommended dose of nitrogen (RDN) with biofertilizer
(BF) emerged as a highly cost-effective strategy. This approach
reduced input costs while maintaining high yields and system
sustainability, making it an attractive option for farmers operating
in resource-constrained environments. The yields achieved under
the 50% RDN + BF treatment was comparable to those produced
with the full RDN, demonstrating that integrating biofertilizers can
partially substitute for synthetic fertilizers without compromising
productivity (Bana and Gautam, 2009; Kumar et al., 2019).

From an economic perspective, the 50% RDN + BF treatment
generated higher net returns than the full RDN or control
treatments. This result can be attributed to the lower input
costs associated with biofertilizers, as well as the high yields
sustained under reduced nitrogen input levels. Similar findings
have been reported in other studies, where biofertilizers were
shown to effectively enhance nutrient use efficiency and reduce the
dependency on chemical inputs (Kumar et al., 2019; Choudhary
etal., 2021).

In the similar manner, the available NPK under 50% RDN + BF
treatment was comparable to that of the full RDN treatment, and
both significantly outperformed the control. This finding reinforces
the potential of biofertilizers to maintain nutrient availability while
reducing synthetic nitrogen inputs. The increase in SOC content,
which was 49% higher than the control, further supports the idea
that these nutrient management practices not only improve short-
term productivity but also contribute to long-term soil health and
sustainability (Bhattacharyya et al., 2015).

4.3 Interaction between moisture
conservation and nutrient management

The synergistic interactions were evident in both the yield
outcomes and resource-use efficiencies, where the combination
of CRM and FYM with 50% of the RDN supplemented with
BF consistently outperformed other treatment combinations. The
improved productivity under this integrated approach can be
attributed to multiple factors. Firstly, the application of CRM
helped conserve soil moisture by reducing surface evaporation and
improving water infiltration, while FYM contributed to organic
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matter accumulation, improving soil structure and water-holding
capacity (Choudhary et al., 2014). These benefits were amplified
when combined with reduced synthetic nitrogen inputs and
biofertilizers, which stimulated microbial activity and enhanced
nutrient cycling, resulting in greater nitrogen availability and
uptake by crops (Bhattacharyya et al,, 2015). This synergy between
moisture conservation and nutrient management not only ensured
optimal crop growth environment throughout the life-cycle but
also contributed to the long-term system sustainability by reducing
input dependency while maintaining high productivity (Sepat et al.,
2019).

The positive interaction between CRM + FYM and 50%
RDN + BF was particularly evident in the SYI, where this
combination maintained higher SYI values compared to other
treatments, indicating greater yield stability across years despite
variability in rainfall and other environmental factors. This suggests
that moisture conservation practices buffer the system against
climatic variability, while nutrient management ensures sufficient
nutrient supply to support crop growth under such conditions
(Susha et al.,, 2018; Kaur et al, 2020). Moreover, the enhanced
available soil nutrients (NPK) observed in the combined treatment
further reinforces the importance of an integrated approach, as
the microbial activity stimulated by biofertilizers and organic
inputs likely contributed to improved nitrogen mineralization
and uptake efficiency (Jones et al., 2018). Treatments M4N2 and
M4N3 exhibited the highest SMBC and SMBN values. These
treatments also showed moderate SMBC: SMBN ratios and higher
SMBC: SOC ratios, indicating improved microbial activity and
soil health (Bougnom and Insam, 2009). This synergy improves
nutrient cycling and promotes sustainability in cropping systems,
particularly in semi-arid environments. The results highlight the
need for combined moisture and nutrient management to optimize
soil fertility and crop productivity (Bana et al., 2024).

In terms of economic viability, the combined approach offered
higher net monetary returns compared to individual treatments.
The cost savings associated with reduced nitrogen input, coupled
with enhanced yields and the attractive market price of mustard,
resulted in greater profitability. This economic benefit emphasizes
the potential of integrating organic amendments and biofertilizers
with moisture conservation techniques in resource-constrained
rainfed systems (Hazra et al., 2018). Additionally, the improved
RUE under the CRM + FYM and 50% RDN + BF treatment
indicates a more efficient use of available water, which is a critical
factor for the sustainability of rainfed agriculture, particularly in
semi-arid regions (Meena et al., 2009; Chauhan and Opena, 2012).

The interaction effects also highlighted the long-term benefits
of soil health improvements. The combined treatment enhanced
SOC levels and microbial biomass, suggesting that the organic
inputs promoted soil biological activity, which is key for
maintaining soil fertility over time. Higher SOC content supports
better soil structure, which in turn enhances water retention,
nutrient availability, and root development (Bana and Gautam,
2009; Bana et al, 2024). This improvement in soil health
further strengthens the sustainability of the pearl millet—
mustard cropping system, as healthier soils are more resilient
to environmental stressors and can sustain higher productivity
with fewer external inputs (Behera et al, 2019). The RDN
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treatment combinations remained superior during initial years
in terms of yield and RUE but during latter half of study
period the trend reversed, where BF combinations recorded
higher yield and RUE in both M3N3 and M4N3 treatments. This
suggests that while the impact of chemical fertilizers is immediate,
biofertilizers-embedded nutrient management may provide long-
term benefits by improving soil health and water retention capacity
of the soil over a period of time, ultimately enhancing productivity,
yield stability and RUE in long-run.

5 Conclusion

This long-term study highlights that integrating moisture
with
significantly improves the productivity, sustainability, and resource

conservation systems strategic nutrient management
use efficiency of the pearl millet-mustard cropping system in
the rainfed environments. The combination of crop-residue
mulch (2.5 t/ha) with farmyard manure (2.5 t/ha) and half the
recommended nitrogen dose supplemented with biofertilizers
(Azospirillum + Pseudomonas striata) consistently outperformed
other treatments in yield, sustainable yield index, and rainwater
use efficiency, specifically, M4 and M3 moisture conservation
treatments with N3 nutrition increased system productivity and
rainwater-use efficiency (RUE) by >35%, compared to control.
This integrated approach enhanced soil organic carbon, microbial
activity, and available soil nutrients, while also reducing input
costs, making it both effective and economically viable. The study
has several limitations as well, viz., the findings are site-specific,
limited to a single cropping system, and impacts are on single soil
type. Variability in biofertilizer performance, economic viability,
climatic fluctuations, and adoption challenges by farmers were
not fully addressed, requiring further multi-soil, multi-location,
multiple cropping systems research. The future work on similar
lines may focus on studying adaptability of strategic co-application
of moisture and nutrient management options under diverse
climate change scenarios. Further, simulation modeling scenario
analysis on investigating resilience of diverse options under various
representative concentration pathways, including temporal rainfall
and thermal extremities.
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