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Abstract

Maximizing productivity of the rice—wheat (RW) system is a major challenge for achieving food security in the Eastern
Gangetic Plains (EGP) of South Asia. Ideally, productivity should increase along with increasing farm profits while sustaining
or enhancing the natural resource base. However, research focused on increasing the productivity and profitability of the RW
system while considering long-term system sustainability is lacking from the EGP. Here, we show that using the process-based
cropping system model Agricultural Production Systems sIMulator (APSIM) (earlier robustly validated in these environments),
maximization of target variables (e.g. production, farm profit, water productivity) can be achieved by modifying the agronomic
management currently recommended for RW farmers in the region. Our analysis demonstrates conservation agriculture-based
intensification, through the addition of mungbean with modified irrigation and increased nitrogen fertilization, increases not
only the system production (34%), farm profit (39%), and water productivity (54%), but also the soil organic carbon (31%)
and total soil nitrogen (52%) in the 0—15 cm soil layer. In contrast, conventional tillage-based intensification increases system
productivity but not sustainability. We found the ideal agronomic management varied across different environments for maxi-
mizing target variables. Our analysis illustrates the power of validated modeling tools like APSIM and has broader application
for farmers globally whose production and sustainability are constrained by inefficient agronomic practices.

Keywords APSIM - Crop modeling - Water productivity - Resource use efficiency - Smallholder farming - Sustainable
intensification
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1 Introduction

The Eastern Gangetic Plains (EGP) of South Asia contains
the world’s highest concentration of rural poor populations
(Ericksen et al. 2011). The rice~wheat (RW) system plays
a major food security role in this region (Fig. 1). While
increasing crop production is essential to meeting future
food demands for hundreds of millions of people, the chal-
lenge is to do this while utilizing natural resources sustaina-
bly. Traditional agronomic practices such as intensive tillage
(conventional tillage (CT)), sub-optimal irrigation and fer-
tilizer management, coupled with low research investment,
limit crop productivity growth (Pittelkow et al. 2015). The
sustainability of the traditional RW system in this region is
also threatened by inefficient use of resources (Bhatt et al.
2016; Ladha et al. 2009). Breakthroughs in crop produc-
tion that suit the smallholder-dominated farming system
are urgently needed for sustaining system productivity and
profitability. Conservation agriculture (CA) through its three
linked principles- minimum soil disturbance, maximum soil
cover, and crop rotation could offer a potential solution to
the production sustainability problem (Hobbs 2007; Jat et al.
2020).

Although CA interventions have major system benefits
(Gathala et al. 2020; Kumar et al. 2018; Ladha et al. 2016;
Chaki et al. 2021; Chaki et al. 2019), these may vary across
a range of geographies (Hobbs 2007; Giller et al. 2009).

Fig. 1 Rice—wheat system (RW)
in the Eastern Gangetic Plains
(EGP): a conventional till (CT)
land preparation for wheat;

b two-wheel tractor operated
zero-till (ZT) wheat seeding
machine; ¢ zero-till unpuddled
transplanted rice (ZT UPTR)

in early growth stage; and d ZT
wheat in early growth stage.

2smner INRA@

Therefore, CA technological interventions considering local
environments and resource availability could sustain produc-
tivity through more efficient use of natural resources (e.g.
soil, water, energy) while reducing environmental impacts
(Gathala et al. 2020). Productivity could be further increased
through targeted fertilizer and irrigation management.
Here, we used a locally and robustly calibrated/validated
process-based model Agricultural Production Systems sIM-
ulator (APSIM) (Holzworth et al. (2014)) to investigate the
long-term impact of several cropping systems intensifica-
tion options for maximizing system variables (such as sys-
tem production, water productivity, and farm profit) while
examining the impact on sustainability performance (soil
organic carbon (C) and soil total nitrogen (N)). We con-
ducted a Monte Carlo analysis by incrementally modifying
N fertilizer rates and irrigation strategies and comparing all
combinations across several RW cropping system intensifi-
cation options which included the addition of mungbean and
introduction of CA elements. There are three major variables
a farmer could consider while optimizing system productiv-
ity: system production, gross margin, and water productivity.
Though any of these variables could be the primary focus,
they should complement sustainable crop production indi-
cators such as soil organic C stocks, soil total N, and more
productive use of water. We analyzed the APSIM output for
each treatment combination across two significantly differ-
ent cropping environments (soil type, water table dynamics,
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and agro-climate) in the EGP and explored how a farmer
can optimize RW system performance based on access to
resources and their own aspirations.

2 Methods

We used the APSIM model (v7.5) to explore the impact
of cropping system intensification options, wheat irrigation
strategy, and fertilizer rate on the productivity of the RW
system in two diverse environments (varied in soil type,
water table dynamics, and agro-climate) of the EGP (Sup-
plementary Fig. 1). One of the study sites (Rajshahi) repre-
sents fine-textured soil with a shallow perched water table,
and the other site (Dinajpur) represents coarse-textured soil
with a deep water table (Supplementary Table 1 and Sup-
plementary Fig. 2). The model was robustly calibrated and
validated in the RW system under a diverse range of tillage
(conventional till (CT) vs zero-till (ZT)), crop establishment
options (puddled transplanted rice vs unpuddled transplanted
rice), residue allocation (about 25 cm standing rice and
wheat stubbles, and full mungbean residues were retained
in the CA, and all the crop residues were removed from the
CT system), N rates (zero, half, and full recommended doses
applied to rice and wheat only), and deficit irrigation prac-
tices (five irrigation treatments were considered for wheat
only) at two diverse sites (Chaki et al. 2022).

2.1 Cropping system scenarios examined

Three cropping system intensification scenarios (CS) were
compared under a range of N fertilizer and deficit irriga-
tion practices. We have conducted a Monte Carlo analysis
through the combination of these factors which led to a total
matrix scenario number of 162 for each site. The crop varie-
ties used for the scenario analysis were robustly calibrated
and validated at the study sites and included rice (var. BRRI
dhan52), wheat (var. BARI Gom-26 for Rajshahi and BARI
Gom-32 for Dinajpur), and mungbean (var. BARI Mung-6)
(Chaki et al. 2022). A 37-year APSIM simulation was com-
menced with the first rice crop in 1982 and finished with
a mungbean crop in 2019 using the historical climate data
collected from the Bangladesh Meteorological Department
(Rajshahi and Dinajpur station) (Supplementary Fig. 3):

(A) Cropping system scenarios:

CS1 Puddled transplanted rice (PTR) — conventional till
(CT) wheat

CS2 PTR rice — CT wheat — CT mungbean

CS3 Zero-till unpuddled transplanted rice (ZT UPTR) —
zero-till (ZT) wheat — ZT mungbean (full CA-based
option)

(B) N rate scenarios:

N fertilizer multiplier (F) — applied to current recom-
mended fertilizer N application rates in rice and wheat crops.
No N fertilizer applied to mungbean.

F1 = 0x, F2 = 0.25x, F3 = 0.5x, F4 = 0.75x, F5 = 1.0x
(current recommended N rate, for rice 90 kg N ha™!, for
wheat 120 kg N ha™!), F6 = 1.25x, F7 = 1.5x, F8 = 1.75x,
and F9 = 2.0x

(C) Wheat irrigation strategy (WI):

WI triggered when extractable soil water (ESW) within
the root zone falls below the specified value and then apply
60 mm water per irrigation event

WII = 140 mm (0-1 irrigation), WI2 = 160 mm (1-2
irrigations), WI3 = 180 mm (2-3 irrigations), W14 = 200
mm (3—4 irrigations, current recommended practice), WIS
= 220 mm (4-5 irrigations), and WI6 = 240 mm (most wet
conditions, most irrigations, 5—6 irrigations)

We did not consider rice irrigation strategies in our analy-
sis as farmers in the region predominantly grow rice (wet
season rice) as a rainfed crop which is also supported by
surface water sources through field-to-field water movement
along natural land slope gradients (Islam et al. 2019). The
groundwater irrigation application is mainly as supplemen-
tary irrigation if there is a dry period or during transplant-
ing through to early establishment period to ensure timely
transplanting and establishment of rice. We captured this
information while specifying the rice irrigation manage-
ment in APSIM manager logic. The dry season winter crop
production following monsoon rice is highly dependent on
irrigation supply either from shallow or deep underground
water pumping sources. Considering irrigation is a decisive
factor in dry season winter crop production, strategic water
management is necessary for maximizing water productivity
and farm profit.

2.2 Crop establishment and management specified
in APSIM

2.2.1 Rice
The sprouted rice seeds were sown in a nursery on 20
June each year. The land for the PTR was prepared fol-

lowing the heavy monsoon rainfall anticipated in July in
the region (Supplementary Fig. 3a and b) or if necessary,
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after applying 1-2 irrigations (100 mm per irrigation,
applied if pond depth was below 20 mm) to facilitate wet
tillage and transplantation of rice seedlings. The land for
the ZT UPTR treatment was saturated by rainfall, or by
applying 1-2 irrigations (75 mm per irrigation) if rain-
fall was not sufficient, to soften the soil sufficiently for
transplanting without tillage. Following field preparation,
transplanting established a crop pattern of two seedlings
(20 days old) per hill with hill spacing of 200 mm x 150
mm (33 hills m~2). Three equal splits of N (according
to treatment N specification) were applied at 15 days
after transplanting (15 DAT) (early establishment), 35
DAT (active tillering), and 55 DAT (panicle initiation)
as topdressing. The crops were supported through sup-
plementary irrigation (75 mm of irrigation water was
applied whenever the pond disappeared) during the first
2 weeks after transplanting for ease of crop establishment.
Thereafter, the crop was irrigated within 2 days after the
disappearance of the pond (alternate wetting and drying
(AWD)) during dry spells as necessary, and the irrigation
was terminated 2 weeks before harvest. Rice crop residues
were removed from the PTR (CS1 and CS2), and 35% of
the rice stubbles (approximately 25 cm standing stubbles)
was left in the UPTR (CS3).

2.2.2 Wheat

Wheat was routinely sown 1 week after rice harvest if
the date was after 15 November; otherwise, wheat sow-
ing was delayed for a few more days (after rice harvest)
to sow wheat within the optimum wheat sowing window
for the EGP (Jahan et al. 2018). Pre-sowing irrigation of
60 mm was applied if the soil water content of the 0-15
cm soil layer was below the drained upper limit. Wheat
seeds were sown into a friable seedbed for the CT system
(CS1 and CS2) and into a no-till field using a ZT drill
seeder, maintaining a sowing depth of 25 mm and row
spacing of 200 mm to achieve a plant population of 250
m~2. Two-thirds of the N (according to N treatment speci-
fication) was applied as basal, and the remaining N was
top-dressed at 21 days after sowing (crown root initiation
stage (CRI), Z 1.3—1.4). The first irrigation was applied
in all scenarios to ensure the effectiveness of top-dressed
N fertilizer applications, only if the cumulative rainfall
within the previous 3 days of scheduled N topdressing
was less than 25 mm. Thereafter, 60 mm irrigation was
applied to the crop when ESW within the root zone fell
below a set value as specified for the treatment. The crop
was harvested at maturity. Wheat residues were removed
from the CT (CS1 and CS2), and 30% of wheat stubbles
(approximately 25 cm standing stubbles) were left in the
CA (CS3).

2 swer INRA@

2.2.3 Mungbean

Mungbean was sown 1 week after wheat harvest follow-
ing a similar method to that used for wheat. Pre-sowing
irrigation of 60 mm was applied if the soil water content
of the 0—15 cm soil layer was below the drained upper
limit. Thereafter, the mungbean crop was grown as a
rainfed crop. The mungbean pods were harvested when
mature. All the mungbean residue (100%) was retained in
the CA system (CS3), while all residue was removed from
the CT system (CS2).

2.3 APSIM output variables compared
2.3.1 Rice equivalent yield (REY)

Annual system productivity was calculated by summing up
the simulated grain yield of component crops in each crop-
ping cycle. The system productivity of different cropping
system scenarios was compared by calculating the REY,
using Eq. 1:

£y Yield of non — rice crop (kg ha‘l) X Price of non — rice crop (USD kg_l)
- Price of rice (USD kg’l)

ey

2.3.2 Gross margin (GM)

For the calculation of GM, we used input and output val-
ues from published data for the study sites (Chaki 2021).
Production cost was calculated considering the amount and
prices of all inputs used in simulating crop production. Gross
return was computed from the amount and prices of simu-
lated grain and straw, while the gross margin was calculated
by deducting the production cost from the gross return.

2.3.3 Irrigated water productivity (WPi)

Irrigated water productivity was calculated for each cropping
system scenario on an annual basis, using Eq. 2:

Gross margin (USD ha_l)
System WPi = — 2)
System irrigation input (mm)

2.3.4 Soil organic C (SOC) and soil total N (STN)

The SOC and STN were simulated daily to compare the
changes in SOC during the 37 years of cropping and the
changes in STN after 37 years of cropping. The starting
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Table1 The maximum achievable system rice equivalent yield
(REY), gross margin (GM), irrigation water productivity (WPi), and
transpiration-to-evaporation ratio (Ep:Es) under each cropping system

at Rajshahi and Dinajpur (average 1982-2019). Average number of
irrigations for wheat is in parentheses.

Cropping system Wheat irrigation strategy  Rice N fertilizer REY (tha™') GM (USDha!) WPi(USD Ep:Es
irrigation  multiplier ha™! mm™)
(No.)

Rajshahi

Current RFP 34 irrigs (3) 3 1.00x 11.9 1730 424 1.47

CS1 Maximum REY 16 (1) 3 2.00x 12.3 1780 6.46 1.59
Maximum GM 16 (1) 3 2.00x 12.3 1780 6.46 1.59
Maximum WPi 16 (1) 3 2.00x 12.3 1780 6.46 1.59

CS2 Maximum REY 16 (1) 3 2.00x 16.0 2270 8.05 2.09
Maximum GM 16 (1) 3 2.00x 16.0 2270 8.05 2.09
Maximum WPi 16 (1) 3 1.00x 15.6 2240 8.12 2.06

CS3 Maximum REY 16 (1) 3 1.75x 16.2 2440 9.29 2.23
Maximum GM 16 (1) 3 1.25x 16.0 2450 9.29 2.23
Maximum WPi 16 (1) 3 1.00x 159 2440 9.29 2.23

Dinajpur

Current RFP 3—4irrigs (4) 8 1.00x 11.3 1500 1.93 1.43

CS1 Maximum REY 11 (5) 8 1.75x 12.0 1580 1.76 1.52
Maximum GM 11 (5) 8 1.75x 12.0 1580 1.76 1.52
Maximum WPi 11 (5) 8 1.25x 11.7 1560 1.80 1.46

CS2 Maximum REY 11 (5) 8 1.75x 14.9 1850 1.97 1.81
Maximum GM 11 (5) 8 1.50x 14.8 1860 1.98 1.80
Maximum WPi 11 (5) 8 1.25x 14.7 1850 2.01 1.76

CS3 Maximum REY 11 (6) 11 1.50x 15.3 2040 1.68 1.95
Maximum GM 11 (6) 11 1.25x 15.2 2050 1.69 1.94
Maximum WPi 16 (3) 11 1.50x 14.5 1890 1.81 1.83

values for both parameters in different soil depths are pre-
sented in Supplementary Table 1.

2.3.5 Components of water balance

Components of water balance such as runoff, drainage,
infiltration, crop transpiration (Ep), soil evaporation (Es),
and evapotranspiration (ET) were simulated by APSIM and
compared amongst the cropping system scenarios examined.

3 Results
3.1 System REY

At the Rajshabhi site (fine-textured soil with a shallow water
table), an average REY of 11.9t ha~! was achieved under
the current recommended farmers’ practice (RFP) (Table 1).
The N fertilizer rate for the RFP was 90 kg ha™! for rice and
120 kg ha™! for wheat, and on average, three irrigations were
applied to both rice (AWD 2 days) and wheat (applied at the
critical growth stages (CRI (Z 1.3-1.4), booting (Z 4.0-4.9),
and dough development (Z 8.0)). The maximum average

REY achieved under the CT-RW system (CS1) was 12.3 t
ha~!. This was possible when increasing the N fertilizer rate
by a factor of 2.00 (i.e. 180 kg ha™! for rice and 240 kg ha™"
for wheat), practicing the same irrigation for rice (AWD 2
days, average three irrigations), but, reducing irrigation for
wheat (irrigated when ESW fell below 140 mm, average
two irrigations reduction). The maximum achievable average
system yield with the CT-based intensification in the RW
system (CS2) was 16.0 t ha~!, while the maximum achieva-
ble yield with the CA-based intensification (CS3) was 16.2 t
ha™! compared to the RFP (11.9t ha™'). The irrigation strat-
egy for maximum rice yield was similar to that of RFP, while
the wheat required reduced irrigation (irrigated when ESW
fell below 140 mm, average two irrigations reduction) than
what farmers currently apply. Maximum yield was achieved
by increasing N fertilizer rate by a factor of 2.00 in CS2 and
by a factor of 1.75 in CS3. The maximum possible system
REY increased under the modified operating strategy in the
following order: CS3 > CS2 > CS1.

At the Dinajpur site (coarse-textured soil with a deep
water table), an average REY of 11.3 t ha™! was achieved
under the current RFP (Table 1). The N fertilizer and irri-
gation management strategy for rice and wheat in the RFP

INRAZ 2 spnge
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were similar to that of the Rajshahi site. The rice crop
was irrigated on average eight times per season, while the
wheat crop was irrigated on average four times per season
(including pre-sowing irrigation, if applied) in the RFP.
The maximum average REY achieved under the CT-RW
system (CS1) was 12.0 t ha~! and under the CT-RWM
system (CS2) was 14.9 t ha™!. Both of these REY’s were
achieved by applying a higher N rate (increased by a fac-
tor of 1.75 to both rice and wheat) and one extra irriga-
tion to wheat (irrigated when ESW fell below 240 mm,
average five irrigations) compared to the current RFP. The
rice irrigation application was similar to that of the RFP
in both the CS1 and CS2 (average eight irrigations). The
average system yield was maximized to 15.3 t ha™! under
increased N rate and modified irrigation management strat-
egy for both rice and wheat in the CA-RWM system (CS3).
The applied N fertilizer rate was increased by a factor of
1.50 (i.e. 135 kg ha™! for rice and 180 kg ha~! for wheat),
three extra irrigations to rice (AWD 2 days, average eleven
irrigations), and two extra irrigations to wheat (irrigated
when ESW fell below 240 mm, average six irrigations).
The maximum possible system REY increased under the
modified operating strategy in the following order: CS3 >
CS2 > CS1.

3.2 System GM

At the Rajshahi site, the N fertilizer and irrigation man-
agement strategy which maximized system REY was simi-
lar to that which maximized system GM in all the cropping
system scenarios tested, except in the CA-RWM system
(CS3). The CA-RWM system required less N fertilizer
(approximately 14% less) to maximize GM compared
to the N fertilizer required for maximizing system REY
(Table 1).

At the Dinajpur site, the CT-RW system (CS1) required
the same amount of N fertilizer, while the CT-RWM sys-
tem (CS2) and CA-RWM system (CS3) required less N
fertilizer (approximately 14% less in CS2 and 17% less
in CS3) to maximize GM compared to the N fertilizer
required for maximizing system REY (Table 1). The irri-
gation requirement for both rice and wheat which maxi-
mized GM was similar to that required to maximize sys-
tem REY.

3.3 System WPi

At the Rajshahi site, the irrigation management strategy
which maximized WPi (average one irrigation to wheat and
three irrigations to rice per season) was similar to that which
maximized the system REY and GM in all the cropping sys-
tem scenarios considered (Table 1). However, the maximum
WPi was achieved with the recommended N rate for both

2 swer INRA@

rice and wheat (i.e. 90 kg ha™! for rice and 120 kg ha~! for
wheat), except in the CT-RW system where the N rate was
similar (i.e. 180 kg ha™! for rice and 240 kg ha™! for wheat)
to that which maximized the system REY and GM.

At the Dinajpur site, the irrigation management strategy
which maximized WPi (average five irrigations to wheat
and eight irrigations to rice per season) was similar to that
which maximised the system REY and GM in CT-based
systems (CS1 and CS2) (Table 1). The maximum WPi in
the CA-RWM system (CS3) was achieved with reduced irri-
gation application to wheat (irrigated when ESW fell below
140 mm, average two irrigations reduction) compared to
that which maximized the system REY and GM. The maxi-
mum WPi was achieved with a reduced N rate for both
rice and wheat in CT-based systems (CS1 and CS2). How-
ever, in the CA-RWM system (CS3), the maximum WPi
was achieved with a slightly higher N rate (average 20%
increase) than that required to maximize the system GM.

3.4 System response across the management space

The outputs of the simulation study considering wheat
irrigation and N management across the cropping system
intensification options have been illustrated as contour
plots focusing on key system variables such as system REY
(Fig. 2), GM (Fig. 3), and WPi (Fig. 4). There were trade-
offs between the system REY, GM, and WPi. The contour
lines closer together indicate more rapid changes of system
variables, and contour lines further apart with flatter regions
indicate plateauing or a small change of system variables per
unit of change in management. From these contour plots,
a farmer can decide which agronomic modification(s) (i.e.
wheat irrigation and N rate) he/she will make to achieve
his/her target variable(s). This process will help small-
holder farmers to make their own judgement for maximis-
ing outcomes by adopting appropriate strategic management
options (tillage, irrigation, and N fertilizer, etc.) under dif-
ferent cropping systems and environments with additional
benefits of improving soil health and sustainability while
reducing environmental risk. Table 2 provides an example
of optimization when keeping system REY as the key target;
further, it can be targeted for simultaneous optimization of
multiple variables, depending on the farmer’s priorities and
incentives (REY, GM, soil health, sustainability, etc.). The
details of crop yield and components of water balance asso-
ciated with this optimization are provided in Supplementary
Table 2.

At the Rajshahi site, the contour lines changed only with
the N rates, which indicates that the system variables did not
respond to the wheat irrigation strategy (Figs. 2, 3, and 4).
The contour lines are closer at the lower N rates, which indi-
cates more rapid changes of the system output variables with
increasing N rates (from O to 0.75X recommended rates), and
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Fig.2 Effect of wheat irrigation
strategy and N rate on system

a
rice equivalent yield (REY, t est

240
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ha™!). REY compared under
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= PTR rice — CT wheat, CS2 220 -
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after that, a flatter region indicates a small change with further
increases in N rates. If a farmer wants to optimize resource
allocation (irrigation and N fertilizer) by keeping system REY
as the key target, then the modified operating strategy (wheat
irrigation, N rate, and adopting CA-RWM) provides 16.0 t ha™!
system REY, which is 4.10 t ha~! higher than what farmers
currently achieve (RFP) but 0.20 t ha™! lower than the maxi-
mum possible amongst the investigated scenario combinations
(Tables 1 and 2). The modified operating strategy includes
adopting the CA-RWM (CS3), a reduction in wheat irrigation
(irrigate when ESW falls below 140 mm, average two irriga-
tions reduction), and an increase in N rate by a factor of 1.25
compared to the current RFP. The associated GM for these set-
tings (2450 USD ha_l) is 41% higher than the RFP and similar
to the maximum possible GM amongst the investigated com-
bination scenarios. The WPi (9.29 USD ha™' mm™") is 119%
higher than that of the RFP (4.24 USD ha~! mm™') and similar
to the best possible WPi (Tables 1 and 2). The Ep:Es ratio is
52% higher (2.23) than that of current RFP (1.47) under these
settings, which indicates more productive use of water. The
average crop yields are 6180 kg ha™" for rice, 4650 kg ha™" for
wheat, and 1110 kg ha™' for mungbean, with standard devia-
tions of 380 kg ha™!, 366 kg ha™!, and 88 kg ha™! respectively
(Supplementary Table 2).

T T T T T T T T T T T ™
2.0 0.0 0.5 1.0 1.5 20 00 0.5 1.0 15 2.0
N rate multiplier

At the Dinajpur site, the contour lines changed for both
wheat irrigation strategy and N rates, which indicates
that the system variables responded to both management
factors (Figs. 2, 3, and 4). Similar to the Rajshahi site,
the optimized system REY of 15.2 t ha~! is achieved in
the CA-RWM (CS3) by increasing the N rate by a fac-
tor of 1.25; however, it requires two extra irrigations to
wheat and three extra irrigations to rice compared to RFP
(Table 2). The achievable system REY under these set-
tings is 3.90 t ha~! higher than what farmers currently
achieve (RFP) but 0.10 t ha™! lower than the maximum
possible amongst the investigated scenario combinations
(Tables 1 and 2). The GM of 2040 USD ha~! is 37%
higher than that of the RFP and similar to the maximum
possible GM (2050 USD ha~') amongst the investigated
combinations. The WPi of 1.71 USD ha™' mm™'is 11%
less than that of the RFP and 15% less than the best pos-
sible WPi. The Ep:Es ratio is higher (1.94) than that of
current RFP (1.43), which indicates more productive use
of water. The associated average crop yields are 5820 kg
ha™! for rice, 4960 kg ha™' for wheat, and 858 kg ha™' for
mungbean, with standard deviations of 326 kg ha™!, 386
kg ha™!, and 210 kg ha™!, respectively (Supplementary
Table 2).
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Fig.3 Effect of wheat irrigation
strategy and N rate on system
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3.5 Changesin SOC

At the Rajshahi site, the optimized management strategy
resulted in increased SOC (0-15 cm soil depth) over time in
the CA-RWM (CS3) compared with that of the initial value
(Fig. 5a). The SOC increased steadily from 12.2 g kg~! and
reached 15.7 g kg™ after 37 years of cropping. The SOC in
all the CT-based systems (CS1, CS2, and RFP) decreased over
time.

At the Dinajpur site, the SOC under optimised manage-
ment in the CA-RWM (CS3) also increased steadily from
7.3 g kg™! and reached 13.8 g kg™! after 37 years of crop-
ping (Fig. 5b). In contrast to the SOC of CT-based system at
the Rajshabhi site, the SOC increased slowly under CT-based
systems at the Dinajpur site.

3.6 ChangesinSTN

At the Rajshahi site, the optimized management strategy
resulted in a 46% increase of STN (0-15 cm soil depth) in the
CA-RWM (CS3) after 37 years of cropping compared with
that of the initial year (Fig. 5c). The STN in all the CT-based
systems (CS1, CS2, and RFP) remained relatively constant.

2 swer INRA@
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At the Dinajpur site, the STN under optimized manage-
ment in the CA-RWM (CS3) increased by 59% after 37
years of cropping compared with that of the initial year
(Fig. 5d). The STN in all other systems remained almost
unchanged.

3.7 Components of water balance

The optimized management strategy in all the cropping system
intensification options (CS1 to CS3) increased the average Ep
and reduced Es (Supplementary Table 2). The ET was higher
in the intensified systems (CS2 and CS3) compared to the
double-crop systems (RFP and CS1) due to the inclusion of
one extra crop (mungbean) in the system. Although the ET was
higher in CS2 and CS3, the Ep:Es was higher in these intensi-
fied systems, which indicates more efficient use of water.

4 Discussion
4.1 Optimizing system productivity

Our analysis suggests that the productivity of the RW system
can be increased by modifying the agronomic management



Achieving the win-win: targeted agronomy can increase both productivity and sustainability...

Page9of13 113

Fig.4 Effect of wheat irrigation
strategy and N rate on irrigation
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Table 2 An example of optimization keeping system rice equivalent yield (REY) as the key target in each cropping system at Rajshahi and Dina-
jpur (average 1982-2019). Average number of irrigations for wheat is in parentheses.

Cropping system Wheat irrigation strategy Rice irriga- N fertilizer REY (tha™) GM (USD ha™!) WPi (USD Ep:Es
tion (No.) multiplier ha™! mm™!

Rajshahi

Current RFP 3—4irrigs (3) 3 1.00x 11.9 1730 4.24 1.47
CS1 16 (1) 3 1.25x 12.0 1760 6.38 1.57
CS2 I6 (1) 3 1.00x 15.6 2240 8.12 2.06
CS3 16 (1) 3 1.25x 16.0 2450 9.29 2.23
Dinajpur

Current RFP 3—4 irrigs (4) 8 1.00x 11.3 1500 1.93 1.43
CS1 I1 (5) 8 1.25x 11.7 1560 1.80 1.46
CS2 I1 (5) 8 1.25x 14.7 1850 2.01 1.76
CS3 12 (5) 11 1.25x 15.2 2040 1.71 1.94

currently recommended for farmers in the region. The crop-
ping system, soil type, water table depth, and environment
are the main factors influencing crop production that need
to be considered when varying management strategies. The
modifications that can increase productivity include irriga-
tion management in wheat, increased N fertilization in rice
and wheat, and intensification of the system through the
inclusion of a summer legume (mungbean). The increased
productivity achieved through the inclusion of a summer

legume in the RW system has also been reported in other
studies (Islam et al. 2019; Laik et al. 2014). The system pro-
ductivity is increased further when the modification includes
CA-based management together with irrigation and N man-
agement. The crops responded differently to the modified
management across the sites, confirming that agronomic
management interventions should be made following con-
sideration of the local soil types, water table dynamics, and
agro-climates (Jat et al. 2020).
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Fig.5 Changes in soil organic
C and soil total N. Changes in
a, b soil organic C during 37

years (1982-2019) of cropping
and ¢, d soil total N after 37
years (1982-2019) of cropping
at 0-15 cm soil layer under
current and optimise resource
(irrigation and N) management
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recommended farmers practice,
CS, = PTR rice — CT wheat,
CS, = PTR rice — CT wheat —
CT mungbean, and CS; =ZT

RFP

eeesceee CS1

Soil organic C (g kg™)

.
es0000000000
e eeeee®
X XL KR4

UPTR rice — ZT wheat — ZT
mungbean) at a, ¢ Rajshahi and
b, d Dinajpur.

T
2000

T T T T
2020 1980 1990 2000 2010 2020

Cropping

T
2010
year

1.0 o

Soil total N (g kg™)

=
IS
1

(=
[N}
1

=
o
1

RFP cs1

There are always trade-offs between the system yield,
GM, WPi, and components of water balance. Therefore, the
optimization of agronomic management depends on which
system variable(s) is (are) to be increased and by how much,
as the target variable(s) and farmer’s aspirations may differ
between individual farmers and according to regional char-
acteristics and perspectives. If land availability is the most
limiting factor, the target should be to maximize the system
production per unit area (i.e. maximize yields) (Balwinder-
Singh et al. 2015). In a land limited environment, the target
may also be to increase the system GM by optimizing agro-
nomic management (Gaydon et al. 2021). If, however, water
is the most limiting factor and land is abundant, the target
will be to maximize the system WPi which would allow
cropping and irrigating over a wider area, consequently
increasing profit from the whole farm (Gaydon et al. 2012).
From a regional perspective in a water-limited environment,
the target may also be to reduce ET which means maximiz-
ing the system water productivity with respect to ET (Sudhir-
Yadav et al. 2011).

Smallholder RW farmers dominate food production in
the EGP region. Therefore, achieving food security from
limited land is a major concern for policymakers and peo-
ple of the region. Thus, policymakers may want farmers to
maximize system production to feed people of the region.
Maximizing system production is also important for the
farmers who largely depend on their limited land for their
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Ccs2

Cs3 RFP cs1 Ccs2 Cs3

Cropping system

own family food security. In general, the optimization
should focus on system productivity while maintaining
sustainability with higher resiliency under changing cli-
mate scenarios in the EGP region. At the Rajshahi site
(fine-textured soil with a shallow water table), the strategy
includes adopting CA practices (CA-RWM) together with
25% higher N fertilizer application in both rice and wheat
than current RFP, AWD irrigations to rice (allowing the
soil to dry for 2 days between irrigations, three irrigations
per season same as RFP), and deficit irrigation to wheat
(apply irrigation when ESW within root zone falls below
140 mm, two irrigations less than current RFP). At the
Dinajpur site (coarse-textured soil with a deep water table),
optimization suggests a very similar approach (adopting
CA plus 25% higher N fertilizer) to that of Rajshahi, how-
ever, with extra irrigations to rice (allowing the soil to dry
for 2 days between irrigations, three extra irrigations than
current RFP) and wheat (apply irrigation when ESW within
root zone falls below 140 mm, one extra irrigation than
current RFP). Our analysis also suggests that the CT-RWM
system with similar N and wheat irrigation strategy fol-
lowed in the optimized CA-RWM achieves good system
yield (3% less than optimized CA-RWM), however, saves
irrigation in rice (three irrigations less than the optimized
CA-RWM).

Rabi season (dry season) crops (e.g. wheat, maize, potato,
oilseeds, and boro rice) rely on irrigation from groundwater.
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Rabi season water shortage in the drier region of the EGP
(e.g. Barind Tract of Bangladesh, parts of Bihar, and West
Bengal states of India) limits Rabi crops planting in wider
areas. For example, groundwater depletion in the Barind
Tract of Bangladesh has been reported in the literature (Dey
et al. 2013; Shahid and Hazarika 2009). Irrigation in the
Barind Tract is mainly operated through the government-
subsidised and installed deep tube well (pump). An assigned
pump operator runs the irrigation service for the farmers
under the area coverage of the pump. Each pump has a lim-
ited capacity to irrigate a certain area in each dry season, and
thus, all the farms may not get irrigation water in a certain
dry season. In the last couple of decades, the extraction of
irrigation water through shallow pumps has been limited
because of highly seasonal fluctuations in the water table
which makes water extraction more difficult and expensive
from shallow aquifers (Krupnik et al. 2017). In this water-
limited environment, a strategy that maximizes WPi would
result in less yield per unit area but permit a much larger
area of production and thus deliver more yield and profit for
the whole region.

It should be noted that the economic cost—price structures
considered in this paper implicitly contain economic subsi-
dies which operate in the region. It would be a worthwhile
future undertaking to evaluate the impact of removing (or
changing) subsides by re-running this simulation exercise
with different cost—price structures and examining the result
on both optimal agronomic management practices and also
profitability and input use efficiency.

4.2 System sustainability

Our analysis clearly shows that the productivity improve-
ment of the RW system is possible by changing the cur-
rent agronomic management practiced by farmers. How-
ever, the improvement will become meaningful only if the
achievement comes along with the sustainable utilization
of resources. The optimized management strategy in the
CA-RWM (CS3), focusing on the system yield, results in
more productive use of water, and an increase in SOC, and
STN in the topsoil (0-15 cm depth). The rate of increase
in SOC was higher in Dinajpur than Rajshahi due to light
soils and lower base SOC at Dinajpur. The improvement of
SOC and STN under CA-RWM system could be attributed
to the combination of a greater crop biomass (three crops
rather than two) and retention of crop residues in the field,
resulting in the gradual accumulation of soil organic mat-
ter (Jat et al. 2019). The greater accumulation of SOC and
STN under CA-RWM system is likely to be associated with
factors such as a reduction in soil disturbance, retention of
crop residues on the soil surface, the additional legume crop
biomass, and higher moisture retention; all of these factors

capable of contributing to the formation and stabilisation of
soil aggregates and protection of their associated organic
carbon (Jat et al. 2019; Kumari et al. 2011).

The ET was higher under the intensified production
system (CS2 and CS3) due to increasing the productiv-
ity by accommodating one extra crop (mungbean) and
also to increased biomass and grain yield of most of the
component crops of the higher input system. Reducing the
system ET is an important parameter in saving water at a
regional scale (Humphreys et al. 2010; Loeve et al. 2004).
The Es is the unproductive loss of water from the system,
and according to our findings, the Es was reduced and Ep
increased (which increased the total system ET) under the
optimized management compared to the current RFP.

5 Conclusions

Our investigation using the process-based cropping system
model APSIM (earlier robustly validated in these environ-
ments) demonstrates that the long-term productivity of
the RW system can be improved by modifying the current
agronomic management practices. Intensification of the CT-
based system (CT-RWM) increases productivity and farm
profit but not sustainability due to decreasing SOC and
STN in long-term simulations. The intensified CA system
however provided both increased productivity and sustain-
ability. We found that there are always trade-offs between
system variables when optimizing the system performance,
and optimized management settings varied across different
environments. We believe that this process-based simula-
tion study provides a guideline for modifying the agronomic
management from both a production and sustainability per-
spective and that this approach could be followed for future
cropping system studies in any region of the world.
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