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Agriculture in rural Bihar needs to maintain its productivity while enhancing its biophysical sustainability. To
sustainably intensify the predominant rice-wheat systems, alternative cropping patterns with short duration
legumes, planted in the usually fallow summer season, were developed. The addition of the legume ensures nearpermanent soil cover, breaks the cereal-cereal cycle, and aims to improve soil quality while yielding between 0.6
and 1.2 Mg ha-1 of protein-rich dry matter. On-station experiments previously demonstrated the agronomical
feasibility of the alternative cropping patterns while this study addresses the implications of such field-level
changes at farm-level for different types of smallholders. We used the model FarmDESIGN to 1) assess current
farm performance, 2) explore options to rearrange cropping patterns and 3) assess the impact of cropping pat
terns with mung bean. We found diverse farm performances, indicating a heterogenous farming community. Rearranging current cropping patterns gave all farms possibilities to save water, increase soil organic matter
content and decrease nitrogen losses but showed trade-offs with operating profit. Higher resource endowed farms
had most potential to favourably rearrange the farm and improve multiple performance indicators. Two out of
the five farms assessed did not benefit from including the alternative cropping patterns. We conclude that the
impact of innovations greatly depends on farm type and current farm features and performance, described by a
farm typology.

1. Introduction
Smallholder farms represent a large proportion of farms around the
world and produce a substantial share of commodities and human nu
trients (Herrero et al., 2017). The livelihoods of these farmers and their
households strongly depend on farm activities for food security and
income. Drivers at different levels (macro, meso and micro) affect the
farms and their diversity, and shape their trajectories of change (Herrero
et al., 2014). Macro-level factors such as population growth and climate
change are important drivers of very localised changes in farming sys
tems. Population growth leads to an increasing demand for food and it
generates pressure on agricultural productivity due to fragmentation of

land and resource scarcity (e.g. through depletion of water for irriga
tion). Resource availability can also be affected by climate change,
moreover, changing temperatures, irradiation and rainfall patterns
could also impair crop growth and development and animal perfor
mance which all reduce farm productivity.
There is great pressure on farmers to sustainably intensify their
production however the impacts of climatic changes are experienced
strongly in South Asia. In the Indo-Gangetic Plains (IGP), which are an
important agricultural area for cereal production in India, rice-wheat
cropping systems cover a large proportion of the cultivated land (12.3
million hectares (Sharma et al., 2018)) and contribute substantially to
food consumed. However, the continuous intensive cultivation of these
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Fig. 1. Map of India with the Indio Gangetic Plains in grey and in detail the state Bihar with the study area Samastipur in the center of the state.

To assess the impact of the integration of legumes, an evaluation at
the farm level is required in addition to field-level experimentation. A
whole-farm analysis informs decisions on farm resource allocation and
aids in determining consequences for the household’s livelihood objec
tives associated with income, nutrition, labour use, and the overall
environmental impact. When performing a whole-farm analysis, the
diversity of farming systems needs to be considered. Changes at the plot
level affect both the farm systems’ biophysical environment and the
socio-economic conditions but the extent of change may depend on the
original farm configuration and assets (Michalscheck et al., 2018).
Grouping farms based on functional and structural characteristics is a
common way to deal with diversity within farming communities
(Alvarez et al., 2018; Kuivanen et al., 2016a, 2016b; Lopez-Ridaura
et al., 2017; Tittonell et al., 2010). The heterogeneity of these commu
nities can be studied by in-depth characterization of farms representing
a type in a typology.
In this study we did an in-depth assessment of five farms from
different farm types, followed by a whole-farm exploration with multiobjective optimization model FarmDESIGN (Ditzler et al., 2019; Groot
et al., 2016, 2012; Timler et al., 2020) to assess the potential impact of
reallocation of cropping patterns and inclusion of mung bean in
cereal-based cropping systems. A systems approach was adopted to
arrive at integrated assessment of economic and environmental perfor
mance, and to explore potential synergies and trade-offs among
objectives.

crops has led to soil degradation and over-exploitation of fresh water
resources, resulting in challenges to sustain crop productivity whilst also
ensuring environmental sustainability (Erenstein, 2011; Parihar et al.,
2015). The IGP are characterized by a poverty gradient from low
poverty in the north-west increasing eastwards to high poverty in
eastern IGP. Bihar, located in the eastern IGP, is India’s third most
populous state, with over 90% of inhabitants living in rural areas. The
majority of the population depends on agriculture and food insecurity is
common (Krishna and Kumari, 2014). It is vulnerable to climate change
due to heat, drought and flood risks, and also to increasingly erratic
monsoon precipitation (Chhabra and Haris, 2015; Sehgal et al., 2013).
Especially rice cultivation demands the use of large quantities of inputs
and water, with its costs both in financial and environmental terms. In
order to sustainably develop the livelihoods of smallholders in Bihar,
there is an urgent need to address the major challenges that farmers face
while simultaneously strengthening the natural resource base and
avoiding pollution of air, water and soils (R. K. Jat et al., 2018;
Lopez-Ridaura et al., 2017; Saharawat et al., 2010).
Governmental policies aim to sustainably intensify the agricultural
productivity, particularly for cereals and livestock (Laik et al., 2014;
Singh et al., 2009), by promoting Climate Smart Agriculture (CSA) and
Conservation Agriculture (CA) practices to enhance soil and water
quality and reduce water use (Jat et al., 2013, Jat el al., 2014; Parihar
et al., 2016). On-station research projects have investigated combina
tions of alternative methods for tillage, planting and residue manage
ment as well as for diversification and intensification options at field
level, for instance by incorporating legume crops like mung bean (Vigna
radiata), black gram (Vigna mungo) and dhaincha (Sesbania bispinosa)
(Hossain et al., 2016) in the summer (zaid) season which is usually kept
fallow (Choudhary et al., 2018; Hossain et al., 2016; Jat et al., 2018).
These field experiments show promising results regarding soil quality
improvement and water productivity when alternative practices are
combined (Choudhary et al., 2018; R. K. Jat et al., 2018; Parihar et al.,
2016). Choudhary et al. (2018), Hossain et al. (2016), H. S. Jat et al.
(2018) and R. D. Jat et al. (2018) also found positive biophysical effects
when the legume crop was added within conventional management (i.e.
no CA). This seems an easy addition to these cropping patterns as it does
not require new skills and machinery.

2. Materials and methods
2.1. Objectives and case study area
In this study, we explore options to maximize operating profit, water
saving and soil organic matter balance, and to minimize the nitrogen
balance. Soil organic matter balance, water saving and nitrogen balance
function as proxy for environmental health.
The farms for this study were selected from the villages Kuboli and
Digambra in Samastipur, Bihar, located in Eastern India, which is part of
the IGP (Fig. 1). The state has a sub-humid climate with temperatures
ranging from 6 to 45 ◦ C, with June as hottest month (32 ◦ C average) and
2
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Table 1
Decision variables and constraints set for the optimization routine for each of the five farms. Decision variables indicate which parameters may be adjusted with the
evolutionary algorithm. Constraints give a minimum and maximum value in which specific objective should fall in alternative farm configurations.
Decision variables
Land use arable crop rotations (ha)
Land use alternative crops (ha)
Animal feed to animals (kg)
Animal feed to market (kg)
Crop residues to soil (%)
Crop residues to animals (%)
Dairy cows (#)
Constraints
Farm area (ha)
Saturation deviation ruminants (%)
Energy deviation ruminants (%)
Protein deviation ruminants (%)
Organic matter balance (kg/ha/year)
Regular labour surplus (h/year)
Casual labour (h/year)
Self-reliance household consumed crops

Minimum

Maximum

0
0
0
0
0
0
0

Total area arable land (ha)
Total area arable land (ha)
Yield (kg/ha)*total area arable land (ha)
Yield (kg/ha)*total area arable land (ha)
100
100
5

Current area – 0.1 ha
-∞
− 5
0
− 310
0
0
1

Current area
0
5
30
∞
∞
∞
∞

January as coldest month (15 ◦ C average). The average annual rainfall is
1176 mm per year (Chhabra and Haris, 2015). The dominant cropping
pattern is rice in kharif (monsoon, June-Oct) followed by wheat in rabi
(November-April) and by a fallow period during the summer (zaid)
season (April-June/July).

been field-tested in the Borlaug Institute for South Asia (BISA) station in
Pusa, Bihar, in a long-term experiment that started in 2012 (Borlaug
Institute for South Asia, 2015). The time window for cultivation of the
mung bean was 90 days between harvest of the rabi crop and sowing of
the kharif crop, which allows two picking moments. Input-data
regarding the alternative cropping patterns were derived from these
field experiments. Supplementary Materials B shows these alternative
cropping patterns with the outcomes on the objectives calculated using
data from the field experiment in 2014/2015.

2.2. Farm selection and on-farm data collection
Lopez-Ridaura et al. (2017) characterized the diversity of farming
systems in Bihar based on a household survey on farming systems and
livelihood pursuits among 269 farms in Bihar. Farms were classified into
five farm types which for this study were named the Farm Manager,
Wealthy Farmer, Arable Farmer, Small Farmer, and Marginal Farmer.
The relation between the selected farms and the farm types described by
Lopez-Ridaura et al. (2017) is presented in Supplementary Materials A.
In 2016, we performed short household surveys to select one farm for
each type. For detailed analysis of these farms we used a customized
survey based on the IMPACTLite survey tool that facilitates the collec
tion of household information on key farm-household performance and
livelihoods indicators (Rufino et al., 2013). A total of five surveys were
completed collecting data on household composition, labour allocation,
farm structure (land size, animal numbers, cultivation of crops and trees,
use of organic resources, fertilizers and pesticides, owned assets and
equipment), productivity of crops and livestock, and imports and ex
ports of products and resources. This provided data for a detailed
analysis of farm configuration, resource allocation (land use and residue
destination), productivity, environmental impact and socio-economic
performance for each farm type.

2.4. Model-based analysis
We used the bio-economic whole-farm model FarmDESIGN (Ditzler
et al., 2019; Groot et al., 2012) for a diagnosis of the productive, envi
ronmental and socio-economic baseline performance of the five selected
farms. FarmDESIGN is a static model that quantifies farm performance
in terms of annual resource flows and balances. The model is equipped
with an evolutionary algorithm, i.e. Pareto-based Multi-Objective Dif
ferential Evolution (P-MODE) (Deb et al., 2002; Price and Storn, 1997),
to explore options to improve performance of the baseline of the five
selected farms for the four objectives and to determine the interrelations
among these farm objectives. The relations among objectives are
captured by the shape of the outcome space, and can be synergetic if
objectives change in a desirable direction simultaneously, but might also
be conflicting hence implying trade-offs in farm performance (Groot
et al., 2010). The P-MODE algorithm generates a set of alternative farm
configurations (solutions) that is iteratively improved using
Pareto-based ranking (Groot et al., 2012, 2010, 2007; Groot and Ross
ing, 2011). A multi-objective design problem can be generally stated as
follows.

2.3. Alternative cropping patterns with a legume crop
System intensification through the integration of a short duration
legume may provide an opportunity to improve environmental health
while also producing a protein rich grain. Enhanced soil quality can be
expected through the prolonged soil cover contributing to aggregate
stability; moderated soil temperature favouring root growth and
biomass production; and sequestered carbon (H. S. Jat et al., 2018).
Thereby residual NO3-N will be taken up from the surface soil layers
before it is leached to aquifers, preventing loss of nutrients and ground
water pollution. Choudhary et al. (2018) and R. D. Jat et al. (2018)
reported an increase in profitability of about 15%.
To assess the impact of short duration mung bean (Vigna radiata) in
the summer season, three alternative cropping patterns were con
structed in combination with common kharif (rice, maize) and rabi
(wheat, mustard) crops: rice-wheat-mung bean; maize-wheat-mung
bean; and maize-mustard-mung bean. These cropping patterns have

Max/Min U(x) = (U1(x), U2(x), …, Uk(x))T

(1)

x = (x1, x2, …, xn) T

(2)

Subject to i constraints:
gi (x) ≤ hi

(3)

Where, U1(x),…,Uk(x) are the objective functions that are either maxi
mized or minimized, and (x1,…,xn) are the decision variables that
represent the farm-specific adjustable parameters, to define alternative
farm configurations. The decision variables can take on an array of
values, x ∈ S, where S is the outcome or parameter space. Constraints in
equation (3) can arise from the problem formulation, for instance by
limitations on farm model results related to a specific configuration of
decision variables.
3
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Table 2
Characteristics of modeled farms.
Farm type
Farm characteristics

Farm manager

Wealthy farm

Arable farm

Small farm

Marginal
farm

Farm size (ha)
Cultivated area (ha)
Fraction allocated to
trees
Number of heifers
(no)
Number of cows
(no)
Number of family
members (no)
Household labour
(hours/year)
Contract work costs
(USD/year)
Number of crops
(no)
Arable crops

3.0
1.6
0.24

2.9
2.6
0.08

2.8
1.2
0.54

0.9
0.74
0.12

0.33
0.32
0

2

3

0

2

0

2

2

0

1

2

17

13

5

4

10

3832

1953

32

2513

1256

360

580

435

215

44

9

9

4

9

3

Wheat; yam + sorghum;
maize + potato; oat + berseem;
gourds; banana

Maize + pea;
wheat; rice

Wheat + mustard; rice;
maize + potato; cauliflower;
tobacco + maize; sorghum; gourds

Wheat;
maize;
sorghum

Mango (1.6 ha)

Mango (0.09 ha); banana; palm tree;
timber

Guava;
banana

Scattered trees

Mango (1.1 ha); guava; lemon;
litchi; palm; timber

Wheat; mung; rice + maize;
tobacco + maize; potato; mustard;
mung + sorghum; tobacco;
gourds + mung
Mango (0.2 ha); banana; jackfruit; lemon;
guava; timber

Operating profit
(USD/year)
Operating profit/ha
(USD/ha/year)
Gross margin
animals (USD/ha/
year)
Gross margin crops
(USD/ha/year)
Organic matter
balance (kg/ha/
year)
Water use (m3/ha/
year)
Pesticide use (g AI/
ha/year)
N balance (kg/ha/
year)
Farm N use
efficiency (%)
Dietary energy
(persons/ha/year)

13232

6473

4349

2088

1189

4387

2219

1553

2317

3567

683

58

0

331

3357

4091

2570

1714

2296

483

76

− 27

− 309

− 135

− 27

3873

7147

3721

5961

3858

699

1056

700

1899.2

1113

181

281

99

131

335

40

21

56

49

26

25.2

18

15

28

38

In our study, the objectives were to maximize the soil organic matter
balance, farm operating profit and the water balance, and to minimize
the farm nitrogen balance as these indicators align with the objectives
and challenges of farms in Bihar. These objectives were calculated as
follows:

indicating neither a water surplus nor a deficit. Positive scores on this
objective indicate water saving, negative scores indicate potential
deficit as the water demand is higher than with the baseline
configuration.
4 Farm nitrogen balance (kg N/ha/year) is quantified by subtracting
the nitrogen exported in managed products (animal and crop prod
ucts and manures) from the sum of inputs of nitrogen into the farm in
crop products (e.g. purchased or off-farm collected feeds), animal
products, manures and fertilizers, deposition, symbiotic fixation (by
leguminous plants) and non-symbiotic fixation (by free-living soil
biota). The farm nitrogen balance is a proxy for losses, while a
negative balance would imply reliance on soil nitrogen delivery.

1 Operating profit (i.e. income) (USD/year) is the main farm eco
nomics indicator which is quantified as the difference between the
gross margins obtained for crop and animal production, and the costs
incurred for manures and fertilizers, assets, hired labour, and general
costs for farm maintenance and administration.
2 Soil organic matter balance (kg/ha/year) is calculated as the dif
ference between inputs of organic matter into the soil (from crop
roots and residues, mulch, and farm-produced and imported ma
nures) and losses by degradation of active soil organic matter, added
manure and erosion.
3 Water balance for irrigation (m3/ha/year) measures the depletion of
available water resources and the amount of water applied to each of
the crops. A positive water balance indicates a surplus of water, a
negative value represents an irrigation water deficit. In this study the
water balance for each current farm configuration was 0 m3,

In addition to these objectives, we assessed the current farm per
formance in terms of the indicators operating profit per unit of area
(USD/ha), water use efficiency (operating profit/water use; USD/m3),
active ingredients in pesticides per unit of area (kg/ha), the number of
different crops cultivated, and the dietary energy production (expressed
in number of people that can obtain sufficient calories from on-farm
produced food based on Dietary Reference Intake (Otten et al., 2006)).
Table 1 lists the decision variables and constraints set in this
4
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Fig. 2. Relations among objectives of mini
mizing nitrogen (N) balance (kg/ha/year; a, c,
e) and maximizing organic matter (OM) balance
(kg/ha/year; b, c, f), water saving (%; d, e, f)
and operating profit (USD/year; a, b, d) result
ing from the multi-objective optimization. Each
grey dot represents a farming system configu
ration, resulting in a set of alternatives for each
of the case study farms in Bihar, India. The
symbols (triangle, circle, square, diamond)
represent the original performance on the
objectives.

modelling exercise. We configured the P-MODE optimization to yield
500 outcomes representing alternative farm management and resource
allocation options after 10,000 iterations of recombination, evaluation
and selection of alternatives in the Pareto-based evolutionary algorithm.
The parameter settings of Differential Evolution algorithm of P-MODE
were a cross-over probability CR = 0.85 and amplitude of mutations
F = 0.15 (cf. Groot et al., 2012, 2007).

cultivated: a variety of cereals (for human consumption and feed),
oilseed crops and vegetables were cultivated, often in combination with
mung bean as an intercrop. In addition, tobacco was cultivated as a cash
crop, both as a monoculture and as an intercrop with maize. Animal
products and fruits from scattered trees contributed to the total oper
ating profit for only 2% and 8%, respectively. This farm did not
outcompete other farms and performed poorly on objectives related to
water use and nitrogen losses.
The Arable Farmer had no livestock and was, with a farm size of
2.8 ha, comparable to the Farm Manager and the Wealthy Farmer. On
the majority of the land (1.6 ha) mango trees were grown, which
contribute 54% of the operating profit from fruit sales. On the remaining
1.2 hectares, cereals were mainly cultivated with minimal labor inputs:
the household contributed with 32 hours, which was supplemented with
a 50 hours of hired labor. This farm performed comparatively well with
regards to environmental objectives (water saving, nitrogen efficiency,
pesticide use) while economic performance, soil organic matter balance
and dietary energy per hectare were poor in comparison to other farms
(Table 2). With only maize and pea (intercropped), wheat and rice
cultivated the crop diversity was low.
The Small Farmer managed 0.9 hectares, of which 0.74 ha was
cultivated, and owned 2 heifers and 1 cow. This farm belongs to the
smaller households with four household members having 2513 hours
available for on- or off-farm activities. Cropping systems were based on
cereals, with and without mustard, potato or tobacco as intercrop, and
vegetables. Animal products and fruits from trees made up 12% of the
total operating profit each. Although this farm did not outcompete other
farms on any of the objectives, performance on nitrogen efficiency, di
etary energy and water saving per hectare were relatively high (Table 2).
The Marginal Farmer had the smallest farm with 0.33 hectares, and
with 10 household members (1256 hours) the greatest density peopleland. The entire farm area was cultivated with wheat and maize for
home consumption and crop residues were used as feed for 2 cows. The

3. Results
3.1. Current farm performance
The five farms differed in terms of land, crops, household size,
livestock types and numbers which led to different farm performance.
Table 2 gives an overview of the current farm characteristics and per
formance on environmental and economic indicators allowing com
parison across indicators and among farms.
The Farm Manager had the largest farm (3.0 ha) with the largest
number of family members (17) and the most time available for working
on- or off-farm (3832 hours) (Table 2). Half of the area was used as
arable land with cereals for human consumption and feed, fodder, ba
nana and vegetables altogether making up for 65% of the gross margin
crops with nine different crops. The remaining of the land was allocated
to (scattered) trees, which made up 23% of the gross margin crops. Of
the total operating profit 8% was generated through sales of animal
products. This farm had highest operating profit overall, with largest
contribution of animals and scattered trees. In addition, operating profit
per hectare (total) and per hectare of arable land were highest. This farm
outperformed the other farms in terms of operating profit, water use,
dietary energy, SOM balance and pesticide use (Table 2).
The Wealthy Farmer was characterized by large land and livestock
holding (2.9 ha, 2 cows, 2 heifers). This farm had 13 household members
with 1953 hours available for on- or off-farm work. Nine crops were
5

Fig. 2 shows the comparative positions of the five farms analysed and
their outcome spaces delimited by the four objectives to maximize
operating profit, soil organic matter balance and water saving and to
minimize N balance. By presenting alternative configurations in twodimensional spaces we assessed the relations between these objectives.
The results of the multi-objective optimization present clear differ
ences in size and positioning of the ‘outcome space’ for each farm
(Fig. 2). The exploration of the Farm Manager yielded the largest room to
manoeuvre, which was 10 times as large as the volume of the Wealthy
Farmer and more than 1000 times larger than the volumes of the Arable
Farmer, Small Farmer and Marginal Farmer (Table 3). The Arable Farmer,
Small Farmer and Marginal Farmer were close to the boundary of the
outcome space with respect to operating profit and water saving: the
reconfigurations showed limited improvement for these objectives.
However, soil organic matter balance and nitrogen balance could
improve after reallocation of current cropping patterns for all farms
(Fig. 2c). Soil organic matter balances of 1000 kg/ha/year could be
reached for all farms except the Arable Farmer. N balances could be
lowered by 88% for the Farm Manager, 45% for the Arable Farmer and
approximately 20% for the Wealthy Farmer, Small Farmer and Marginal
Farmer. Water saving (up to 30%) and increasing operating profit (up to
20%) were in particular substantial for the Farm Manager and Wealthy
Farmer.
Although the potential for change was not equal for the five farms,
trade-offs and synergies between objectives could be revealed from the
shape of the outcome space. Fig. 2d shows trade-offs between operating
profit and water saving: there is little scope to improve economic per
formance of farms and at the same time save water. The line-shape of the
Farm Manager illustrates this most clearly. Albeit with a less clear as
sociation, trade-offs were revealed between operating profit and N
balance (Fig. 2a, Farm Manager and Wealthy Farmer) and between
operating profit and SOM balance (Fig. 2b, Farm Manager, Wealthy
Farmer and Arable Farmer). Fig. 2c illustrates that relationships among
objectives could differ between farms: all showed a trade-off between
the objectives N balance and SOM balance except the Marginal Farmer,
which showed a synergy. In Fig. 2e a synergy between N balance and
water saving was revealed for the Small Farmer while the Farm Manager
and the Marginal farmer showed an opposite (trade-off) relationship.
These differences occur as result of the initial cropping patterns which
eventually define the shape of the outcome space. Amongst other ob
jectives no, or less apparent, patterns could be observed.
Fig. 3 visualizes the prominent trade-off between operating profit
and water saving and explains how land allocation defines the rela
tionship between objectives. Land allocation for maximum profit
appeared to be similar to the land allocation for minimum water saving.
Configurations with greater operating profit have larger areas of the
crop vegetables-potato + maize-fallow, while solutions with larger areas
of this crop have low water saving. The crops yam + sorghum-wheatfallow and fallow-maize + pea-fallow are associated with greater water
saving, however have low operating profit indicating the trade-off be
tween these two objectives.

-39
0
203 (-0.39)
999 (37)
335
− 27
17
0
121 (-0.07)
999 (+8)
104 (-21)
999 (+8)
131
− 135
54 (-0.45)
201 (0.65)
99
− 309
-28
0
179 (-0.36)
999 (+38)

0
0
8

281
− 27
20.5 (-0.88)
999 (+12)
181
76

0
0

3.2. Trade-offs and synergies

207 (-0.26)
999 (+38)

0
17

1168
− 130
2088
4349
− 68
6473

Current

Optimal
without
alternatives
16.454
(+0.24)
34
13.232

majority of the farm income was derived from sales of livestock products
(88%). Being the smallest farm, absolute operating profit and dietary
energy were lowest but when expressed per hectare, their performance
was comparatively good (2nd highest operating profit per hectare). Ni
trogen use efficiency, nitrogen balance and crop diversity were low.

242 (-0.27)
999 (+37)

0

Δ

Optimal
with
alternatives
1647
(+0.41)
5
Optimal
without
alternatives
1206
(+0.03)
5
Current

Optimal
without
alternatives
2379
(+0.13)
4
Current

Optimal
without
alternatives
4658
(+0.07)
8
Current

Wealthy Farmer
Farm Manager

Optimal
without
alternatives
7946
(+0.23)
27

Optimal
with
alternatives
7878
(+0.22)
35

Δ

Arable Farmer

Small Farmer

Optimal
with
alternatives
2250
(+0.08)
21

Δ

Marginal farmer

440
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Current

Water
saving
N balance
SOM balance

3.3. Exploration of impact of alternative cropping patterns

Profit

Table 3
Overview of potential performance on the objectives to maximize profit (USD/year), water saving (% from original), SOM balance (kg/ha/year) and to minimize N balance (kg/ha/year). Current refers to the current
performance; Optimal without alternatives refers to the best outcomes on the objective after exploration with only the current cropping patterns. Optimal with alternatives refers to the best outcomes on the objective after
reconfiguration with current and in addition alternative cropping patterns. Δ gives the difference between outcomes with and without alternatives. Numbers in bold indicate increased potential performance on the
objective when alternatives are included.

R. Adelhart Toorop et al.

Fig. 4 compares the alternative cropping patterns with all cropping
patterns currently cultivated on the five farms at the field level. We used
the indicators dietary energy, economic performance and soil organic
matter expressed as efficiencies in terms of water use, i.e. ‘economic
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Fig. 3. Modeled land allocation to crops in relation to relative changes in operating profit (a) and water savings (b) for the Farm Manager. The values on the X-axes
were normalized (0 for the lowest performing system reconfiguration, 1 for the best performing system reconfiguration). The Y-axes indicate total cropped area.

water use efficiency’ (USD/1000 m3), ‘food water use efficiency’ (kcal/
1000 m3) and ‘SOM water use efficiency’ (kg/ha/year/m3). The current
cropping
patterns
“fallow-maize + pea-fallow”,
“vegetablesoat + berseem-fallow” and “yam + soghum-wheat-fallow” from the
Farm Manager and “fallow-maize + pea-fallow” from the Arable Farmer
outperformed the alternative cropping patterns in terms of the three
efficiency indicators. When exploring options to enlarge the outcome
space with alternative cropping patterns with FarmDESIGN, we found
that these best performing crops, which outperformed the alternatives,
dominated the rotations of the Farm Manager and the Arable Farmer,
while the alternative cropping patterns were not allocated any area. The
Farm Manager and Arable Farmer were therefore excluded from further
analysis on the impact of alternative cropping patterns on the overall
performance of the farms.
Fig. 5 compares the room to manoeuvre with, and without alterna
tive cropping patterns. The additional cropping patterns led to increased
outcome spaces for the Wealthy Farmer, Small Farmer and Marginal
Farmer.
In absolute terms the Wealthy Farmer had the largest increase in
volume. The operating profit did not increase, but water saving and N
balance showed potential for optimization through substitution of
“fallow-potato + mung bean-fallow” by the alternative cropping pattern
“maize – mustard – mung bean”. The Marginal Farmer could achieve the
largest improvement with diversification of the cropping patterns
Maize-wheat-fallow and sorghum-fallow-fallow mainly because of bet
ter potential performance to maximize operating profit (up to 41%) and
to minimize N balance (up to 39%) after inclusion of alternative crop
ping patterns “rice–wheat–mung bean” and “maize – wheat – mung

bean”. Nevertheless, the majority of alternative configurations for this
farm used more water than the baseline (Fig. 5). This is in contrast when
compared to the potential water saving of the Wealthy Farmer (40%) and
Small Farmer (20%), but should be seen in perspective: the Marginal
Farmer initially used less water than the other farmers (Table 2), in
absolute terms as well as per hectare. The Small Farmer could improve
water saving, however options to increase operating profit remained
limited.
4. Discussion
In cereal-based systems, inclusion of short duration mung bean
during the summer season showed positive results in on-station (H. S.
Jat et al., 2018; R. D. Jat et al., 2018; Hossain et al., 2016) as well as in
on-farm trials (Choudhary et al., 2018). In this study we explore the
economic and environmental impact of cropping patterns with mung
bean for five contrasting farm types. The multi-objective optimization
model FarmDESIGN was used to generate sets of farm configurations
with, and without alternative cropping systems maize-wheat-mung
bean, maize-mustard-mung bean and rice-wheat-mung bean in addi
tion to reconfiguration of land allocation for current cropping activities.
When allowing re-configuration with their current cropping patterns
all farms showed potential to improve soil fertility (i.e. increased SOM
balance), reduce N losses and improve N use efficiency (i.e. N balance).
These environmental indicators could especially be improved with
adjusted residue management. The Farm Manager and Wealthy Farmer
showed potential to increase their profit and save water after reconfi
guration with their current activities (without alternative cropping

Fig. 4. (a) Water use efficiency (WUE) for economic performance and food supply (USD and kcal per 1000 m3 water); (b) Water use efficiency for economic per
formance and Soil organic matter balance (USD and kg organic matter per 1000 m3 water). Blue rectangles indicate better performance on the objectives compared to
the alternative cropping systems.
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patterns) while these objectives showed limited room for improvement
for the other farmers. With highest crop diversity, land size, organic
matter balance and operating profit, the Farm Manager and Wealthy
Farmer could be considered relatively highly resource endowed farm
household. Their greater set of options together with their farm size,
resulted in a larger outcome space. As Michalscheck et al. (2018) and
Brown et al. (2018) point out, higher resource endowed farmers had
larger room to manoeuvre: with more resources to reallocate, greater
improvements in their objectives were found. The Arable, Small and
Marginal Farmers were more constrained in crop diversity, labour or
farm size and showed smaller outcome spaces after reconfiguration with
FarmDESIGN when compared to the Farm Manager and Wealthy Farmer.
The model exploration, when given the opportunity to include
alternative cropping patterns, did not result in the same magnitude of
potential positive change for all farms as the field trials did. For the Farm
Manager and Arable Farmer, reconfiguration with current cropping pat
terns led to greater outcomes on the objectives than when cropping
patterns with mung bean were included. As shown in Fig. 4, the current
cropping patterns of these farms outperformed the alternatives on the
objectives assessed, indicating that the configuration of the current
cropping patterns in combination with farm assets, define the potential
for alternative cropping patterns. For the other farm types (Wealthy
Farmer, Small Farmer and Marginal Farmer) the alternative cropping
patterns enabled larger outcome spaces, but there were no farm con
figurations which improved performance for all objectives. These results
may nuance the findings from field-level experiments with mung bean:
the potential positive impact of alternative cropping patterns with mung
bean depends on farm type.
Originally, mung bean was proposed as sustainable intensification
measure for the predominant cereal-based systems. However, in addi
tion to cereals, vegetables, fodder-and cash crops were cultivated in
combination with fruit trees (Table 2). The five farms cultivated 16
unique cropping patterns. From these 16 cropping patterns, only three

combined wheat and rice (rice + maize-wheat-mung bean (Wellendowed Farmer); rice-wheat + mustard-fallow (Small Farmer) and ricewheat-fallow (Marginal Farmer)). It can be questioned to what extent
the farms assessed in this study were in need of alternative cropping
patterns to diversify their cereal-cereal system. Moreover, most cerealvegetable and cereal-legume combinations showed comparable or bet
ter performance on the objectives assessed. However, the majority of the
cropping patterns (12 out of 16) had at least one fallow season, leaving
room for sustainable intensification. Risk aversion may be one of the
reasons to leave the summer season fallow as early onset of monsoon
rains could cause yield losses.
Mung bean fits within strategies such as CSA and CA as a nitrogen
fixing crop that contributes to soil fertility and provides ground cover
and additional nutritional grain as crop product. CA-based management
practices related to tillage (zero tillage), planting (permanent raised
bed) and residue management (retention of residues on soil surface as
mulch instead of burning) were promoted simultaneously with culti
vating the fallow period, all to enhance systems-productivity, improve
economic profitability, resource use efficiency and resilience to climatic
risk (Jat et al., 2019; Jat, 2017; Jat et al., 2014). In this study, we iso
lated cultivation of mung bean in the summer season from other prac
tices and assessed the potential inclusion of the modified cropping
pattern. Synergistic effects of the mung bean in the succeeding crop and
the effect of other CA practices when implemented simultaneously, can
be expected both agronomically (Jat et al., 2019; Jat et al., 2018a,
2018b, 2018c; Keil et al., 2015; Parihar et al., 2015) and managerially
(e.g. less time required for land preparation). Aggregating CA practices
could be a next step to assess the potential improvement in objectives
and change in outcome spaces. In the design of such a modelling study
the accessibility of CA-based machinery (e.g. happy seeder, multi-crop
bed planters) should be taken into account as these are not accessible
by all farm types given their plot-sizes and socio-economic status. Op
portunities may however change with time, as internal agroecosystem
Fig. 5. Relations among objectives after multiobjective optimization with and without the
option to include alternative cropping patterns
with mung bean. Objectives were minimizing
nitrogen (N) balance (kg/ha/year; a, c, e) and
maximizing organic matter (OM) balance (kg/
ha/year; b, c, f), water saving (%; d, e, f) and
operating profit (USD/year; a, b, d) Each dot
represents a farming system configuration,
resulting in two sets of alternatives for each
farm: one with and one without the option to
include alternative cropping patterns with
mung bean. The symbols (triangle, square,
diamond) represent the original performance
on the objectives.
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processes as well as external drivers and influences regulate resource
availability. The outcome space may expand if new technologies or
knowledge becomes available as demonstrated in Fig. 5, while it could
be further modified if environmental conditions, product prices or
subsidy policies change (Groot et al., 2016).
Nevertheless, it can be questioned to what extent these sustainable
intensification measures with their associated (economic) risks are
enough to sustainably develop this vulnerable and populous state. Farm
size is likely to decrease with each generation, and with the majority of
inhabitants living in rural areas, dependent on agriculture, this would
likely result in an increase of small and marginal farms for which eco
nomic viability is a major challenge. Although development planners
promote cereal production to make Bihar part of the ‘cereal bowl of the
country’ (Government of India, 2016; Laik et al., 2014), it can be
questioned if the growing food demand can be met, whilst also
improving the livelihood of farmers and not negatively affect the farms
natural resources. The Arable Farmer, Small Farmer and Marginal Farmer
in this study represented the lower resource endowed farm types in this
region and together made up 60% of the farms from the typology of
Lopez-Ridaura et al. (2017). As our results show especially limited room
to manoeuvre for these farms, more radical rethinking of these farming
systems may be another way to meet the objectives of among others
CSA. To inform the research agendas for on-farm experiments, future
modelling studies could entail using larger sets of alternatives and using
techniques that allow more complex system re-designs (Behera and
France, 2016; Pretty, 2018). As part of this future research,
crop-livestock interactions could also be studied as a promising liveli
hood strategy (Erenstein and Thorpe, 2010). Furthermore, analysis of a
larger number of farms per type would also give more insight into the
diversity within types, enabling better translation to farm types and
better extrapolation of the results. Such improvements are still labour
intensive both in the stage of data collection as in data analysis, but once
the diversity of farms and the differentiated impact of alternatives is well
understood, model-based explorations could contribute to more
nuanced and distinct targeting of interventions at field level.

and opportunities for farmers.
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5. Conclusions
In this study we assessed the potential of integration of intensified
cropping systems with mung bean to improve multiple objectives for
five farms, each representing a farm type in Samastipur, Bihar. We found
large performance variation on objective values among farms, indicating
heterogeneity in the farming community, leading to differentiated po
tential to improve systems’ performance. Reconfiguring cropping pat
terns gave all five farms options to save water, increase soil organic
matter content and decrease nitrogen losses but showed trade-offs with
operating profit. Larger and higher resource endowed farms (Farm
Manager and Wealthy Farmer) had more options to favourably rearrange
the farm resulting in the largest outcome spaces on multiple objectives.
The Arable Farmer, Small Farmer and Marginal Farmer showed consid
erably smaller potential to improve the overall performance of the farm.
Alternative cropping patterns rice-wheat-mung bean; maize-wheatmung bean and maize-mustard-mung bean showed potential as sus
tainable intensification strategies for the Wealthy Farmer, Small Farmer
and Marginal Farmer. The Farm Manager and Arable Farmer would not
benefit from the new cropping patterns with mung bean as their initial
cropping patterns outperformed the alternatives and more favourable
farm configurations were obtained without these alternative cropping
patterns. In practical terms, our results suggest that policies and pro
grams aiming at the sustainable intensification of cereal-based cropping
systems in Bihar should target their strategies per farm type. Along with
the alternative cropping patterns with mung bean, additional efforts are
needed to be carried out to sustainably intensify at the whole-farm level.
Discussing options with farmers and other decision makers in a partic
ipatory fashion, might boost the potential of the model-based approach
presented here and enhance further our understanding on the challenges
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