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ABSTRACT

We investigated alternative cropping and feeding options for large (>10 cows),
medium (5-10 cows) and small (<4 cows) mixed crop - livestock farm types, to
enhance economic and environmental performance in Jhenaidha and Meherpur
districts — locations with increasing dairy production - in south western
Bangladesh. Following focus group discussions with farmers on constraints and
opportunities, we collected baseline data from one representative farm from each
farm size class per district (six in total) to parameterize the whole-farm model
FarmDESIGN. The six modelled farms were subjected to Pareto-based multi-
objective (differential evolution algorithm) optimization to generate alternative
dairy farm and fodder configurations. The objectives were to maximize farm
profit, soil organic matter balance, and feed self-reliance, in addition to minimiz-
ing feed costs and soil nitrogen losses as indicators of sustainability. The cropped
areas of the six baseline farms ranged from 0.6 to 4.0 ha and milk production per
cow was between 1,640 and 3,560 kg year . Feed self-reliance was low (17%-
57%) and soil N losses were high (74-342 kg ha™' year™'). Subsequent trade-off
analysis showed that increasing profit and soil organic matter balance was
associated with higher risks of N losses. However, we found opportunities to
improve economic and environmental performance simultaneously. Feed self-
reliance could be increased by intensifying cropping and substituting fallow
periods with appropriate fodder crops. For the farm type with the largest oppor-
tunity space and room to manoeuvre, we identified four strategies. Three strate-
gies could be economically and environmentally benign, showing different
opportunities for farm development with locally available resources.
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1. Introduction

Mixed crop - livestock (MCL) farming systems with a focus on dairy
production have the potential to be more productive, climate-resilient
and sustainable than intensive and specialized systems (Bullock et al.,
2017). These MCL systems also are key contributors to income and
nutrition security in smallholder livelihoods (Sekaran et al., 2021). In the
dairy production sector, 240 million people are employed worldwide;
133 million dairy farmers keep at least one milking cow (Bos taurus),
and dairy products directly and indirectly contribute to the livelihoods
of up to one billion people globally (FAO, 2016). World annual milk
production is about 718 million tons from 264 million dairy cows; how-
ever, this will be required to increase by 147 million tons by 2030 to fulfil
the increasing demand and nutritional needs of the growing global
population (FAO, 2020; OECD-FAO, 2021). To produce the amount of
milk demanded in 2018, total global compound feed production was
1.103 billion tons for all species; 237.8 million tons was used as cattle
feed (dairy, calves and beef) (Koeleman, 2019). To meet the desired
production level for 2030, a larger quantity of feed and increased feeding
efficiency will be required (FAO, 2016; Mottet et al., 2017).

Although Bangladesh is ranked fifteenth in the world in terms of number
of dairy cows, total milk yield per animal is low. This results partly from the
lower yield achieved by rural (1.2 litres cow™" day_1) and peri-urban farms (3.5
litres cow™" day™") compared to more intensive dairy farm types (9.8 litres
cow ' day™") (FAO, 2016; Huque & Sarker, 2014). Despite this, dairy farming in
general is marginally profitable, while farmers have ample opportunities to
increase output by using more aggregate feed, high yielding breeds, land and
labour inputs (Skider et al., 2001). Shortages in on-farm production of feed
are, however, an important challenge contributing to the low milk yield
(Quddus, 2018). Producing feed on-farm - for example, by integrating
green fodder into cropping systems - could potentially relieve this constraint
and would be expected to positively influence milk yield (Ehsanul, 2016), but
studies are rare which identify what farm reconfiguration (including differing
allocation of land to different fodder species) is most advantageous to
increasing yield while at the same time achieving profitability increases and
limiting environmental externalities.

Cognizant of the need to enhance national milk yield, in 2007 the
Government of Bangladesh revised its first national breeding policy (1982)
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to produce the National Livestock Breeding Policy 2007 (Bhuiyan et al., 2017;
NLDP, 2007). These guidelines focus mainly on crossing indigenous with
high-yielding cows, mostly Holstein-Friesian and Sahiwal. As a result, milk
yield has increased marginally by up to 1.2 percent annually (Huque & Sarker,
2014). Breeding efforts have also been complemented with the growth of
commercial artificial insemination entrepreneurs and increased prominence
of the Department of Livestock Services (DLS), which provides technical
backstopping and extension advice to farmers. The DLS (2021) suggested
that as a result of its support, milk production increased by 7.6 percent in
2019-20 compared to the previous year. However, to achieve the potential of
the improved genotypes of graded and crossbred cows which are now
available to farmers, animal demand for nutrient-rich feed needs to be
fulfilled. Since increasing genetic potential through crossbreeding increases
milk production, the cow should be provided with sufficient nutrients
through feed, depending on the type of production and productivity level.
However, this can be challenging when feed is scarce (Khan et al., 2009).

To address feed shortages, efforts have been made to encourage
farmers’ adoption of cultivated fodder, for instance Napier grass
(Pennisetum purpureum Schumach.), and to increase the use and quality
of crop residues. The latter is important, as most farmers in Bangladesh
provide rice (Oryza sativa L.) straw — which tends to be nutrient poor and
difficult for animals to digest — as the primary source of feed, sometimes
following urea treatment (Khan et al., 2009). In addition, the use of silage
(processed and prepared from maize, Napier and others types of forage)
may be useful in situations of feed shortage (Khan et al, 2013). On
occasion, various fodder trees and weeds may also be fed to livestock
(Ehsanul, 2016; Khan et al., 2009). Although fodder crop production is
increasing in Bangladesh (Sarker et al., 2021), a shortage of fodder of
about 45% remains (Huque & Sarker, 2014). This is due partly to the
scarcity of land available for feed production compared to the cultivation
of other economic and food crops. As a result, farmers are increasingly
using concentrate to meet the required demand for nutrients needed by
animals to ensure appropriate levels of milk production. While this
approach has provided a partial stop-gap solution, up to 80 percent of
the concentrates used as feed is imported from abroad, making them
costly for smaller and resource-poor farmers to access (Huque & Sarker,
2014; Quddus, 2009). An assessment of the use of imported concentrate
is needed to decide whether alternative and more self-reliant options
might lower costs and increase profitability for farmers. If alternative
options can meet the nutritional requirements of cattle in terms of
maintenance and production, this has the potential to improve self-
dependency in feed production, which will in turn affect sustainability.
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Sustainability is a multi-dimensional concept (Calker et al., 2005;
Cornelissen et al., 2001); in the case of dairy production in
Bangladesh, key indicators for sustainability include economic (feed
costs, price of products, profits and productivity to ensure food secur-
ity), environmental (lowered nutrients losses, maintenance and
improvement of soil OM balances, reduced greenhouse gas emissions)
and animal welfare (health, feed and management of cows)
(Cornelissen et al., 2001). These issues are directly or indirectly affected
by farmer decision-making (Calker et al., 2005). Although farmers tend
to be more concerned about economic than environmental or animal
welfare matters (Ahsan et al., 2016; Cabrera et al., 2008), convincing
farm configuration and management options could be made available
which simultaneously improve farm economic performance and address
sustainability objectives. When the synergies and potential trade-offs
among indicators for different sustainability dimensions are clear,
informed choices can be made to direct dairy farm management
towards a more sustainable future (Cortez-Arriola et al., 2016; Mandryk
et al., 2014).

Farm sustainability assessments can be based on farm monitoring
studies and on in silico modelling, both of which can be used to
quantify a suite of sustainability indicators. Modelling tools can be
used for farm diagnosis, assessment, re-design, and the analysis of
trade-offs and synergies among diverse objectives such as those
described above (Groot et al., 2010). Exploratory models for MCL farm
analysis could also support the re-design of farm management strate-
gies (Cortez-Arriola et al., 2014). Simulations permit model users to
explore the relationships between various farm performance indicators
and to assess options to improve sustainability in an integrated manner
(Groot et al., 2012; Uddin et al., 2012). In this study, we used the whole
farm model FarmDESIGN (Groot et al., 2012) and the Feed Assessment
Tool (FEAST) framework as a discussion support tool to collect field and
farm data in focus group discussions related to livestock production
and feeding (Duncan & Lukuyu, 2017).

This study explored options for improved feeding strategies for
small, medium and large dairy farms in two major milk-producing
districts in Bangladesh, to enhance sustainability while considering
multiple objectives and indicators. The following specific questions
were addressed: (1) How do farms of different size categories (i.e.
farm types) perform in terms of profitability, resource use efficiency
and environmental impact? (2) Which synergies and trade-offs exist
between economic and environmental indicators of sustainability for
each farm type? and (3) In which ways can the sustainability of small-
holder dairy farms be improved?
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2. Materials and methods
2.1. Study areas

The study was conducted in the western part of Bangladesh namely
Meherpur (71,600 ha) and Jhenaidha (196,500 ha) districts (Figure 1). These
districts are located at an elevation of 13-19 m above sea level, with ambient
temperatures ranging between 25-35°C across the year and yearly rainfall
ranging between 1374-1857 mm in 2018 (BWDB, 2019). The districts were
purposefully selected according to four criteria: (1) they feature high density
livestock and dairy farms (DLS, 2016), (2) the farms commonly raise both
indigenous and crossbred cows, (3) farmers choose to cultivate fodder in
addition to non-fodder crops, and (4) farmers in these districts were willing to
participate in the study. Most farms in the two selected districts can be
characterised as MCL systems and according to DLS (2016), arable land for
crop cultivation in Meherpur and Jhenaidha - paddy, maize (Zea mays L.),
wheat (Triticum aestivum L.) and lentil (Lens culinaris Medik.) — encompasses
65,680 and 173,626 ha, respectively. In terms of livestock found in the two
districts, there are 0.14 (Meherpur) and 0.53 (Jhenaidha) million large rumi-
nants (cattle and buffalo), and 0.27 (Meherpur) and 0.49 (Jhenaidha) million
small animals (goats and sheep).

88.60E 88.80E 89.00E 89.20E 89.40E
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Figure 1. (Left) farm locations of Bijoypur and Dakkhin Shalika, and (right) sub-locations
in Meherpur and Jhenaidha districts, respectively, in south western Bangladesh.
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2.2. Data collection

Data collection for this study was achieved through focus group discussions
(FGDs) with dairy farmers, as well as in-depth surveys with subject matter
experts in Bangladesh to hone-in on data required for subsequent simulation
modelling.

2.2.1. Focus group discussions

The permission for carrying out FGDs was granted by the district livestock
officer, and recruited a local facilitator to manage the process and to purpo-
sively identify the focus group areas. We then selected farmers for the FGDs
using a snowballing sampling method. A total of 15 farmers verbally agreed
to participate in each FGD where we found 2:1 male-to-female ratio. The
FGDs lasted about 90 minutes and were held in March 2018 and April 2018 in
Dakkhin Shalika (Meherpur) and Bijoypur (Jhenaidha) areas, respectively.
Along with the moderator and facilitator, the district livestock officer and
local livestock representative joined in the discussion. A village-level
approach is typically used for FGDs; instead, we selected questions from the
Feed Assessment Tool (FEAST) as a discussion guide. FEAST is an assessment
tool developed to collect and analyse data in case study sites on livestock
feed resources from animal and crop farming communities (Duncan &
Lukuyu, 2017). FEAST includes modules that we employed to assess the
diversity of farming systems and management strategies in each study dis-
trict, including those used for livestock management. We used questions
from FEAST in order to obtain an overview on farm size, area, animals
numbers, crop yields and animal products at the village level. Our questions
were therefore focused on general farming system descriptions, manage-
ment of mixed-crop livestock species, problems and opportunities within
the livestock system, and distribution of wealth, land, and other assets
among farmers.

2.2.2. Detailed farmer surveys

Following each FGD, depending on the currently available supplied feed,
animal numbers, arable land, year round crop-livestock production and
farm records, upon their verbal consent, we selected nine farmers from
each district to conduct detailed data collection. This was based on
Hemme et al. (2004), who suggested and modified a farm typology
(small <4 cows, medium =5-10 cows and large>11 cows) to categorize
resource and farm diversity on a generalized basis. In this study, we
randomly chose three farms which met these classifications and then
one representative farm within the group was selected on the comparative
basis of crop cultivation areas, grassland areas, cropping pattern and
number of milk producing cows between the farms. To simplify the
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modelling in FarmDESIGN, one dairy farm was selected from each group.
This resulted in six farms (JDL: Jhenaidha large; JDM: Jhenaidha medium;
JDS: Jhenaidha small; MPL: Meherpur large; MPM: Meherpur medium; MPS:
Meherpur small) being chosen for whole-farm modelling and multi-
objective exploration using the FarmDESIGN model. For each interview,
a survey tool was prepared to collect detailed data for FarmDESIGN; we
collected data from March 2018 to May 2018. In addition to the formal
survey, researchers also visited each farm for direct observation of the
farming system, and measurement of supplied amount (kg) of daily feed,
and of body weight using Schaeffer's formula (Wangchuk et al., 2018).
When available, we also assessed records kept by farmers on the use of
feed, yield of milk, management of cows, and economic information
associated with dairy and farm production. This generated a dataset with
a range of information described in Table 1, which was used for subse-
quent modelling efforts.

2.3. Farm modeling

2.3.1. Model input data

FarmDESIGN is a farm-household bio-economic model which quantifies
annual farm socio-economic and environmental indicators and allows the
performing of multi-objective optimization to explore potential improve-
ments in farm configuration and performance (Ditzler et al., 2019; Groot
et al, 2012). The model requires a range of information such as soil and
climate data (BMD, 2018; SRDI, 2018), information on farm socio-economic
conditions including interest rate (BB, 2022; BKB, 2022), and costs, labour
availability and prices, which we obtained from surveys and farm records as
well as from market in the surveyed period. Farm surveys also provided data
on cropped area, production, external and farm-grown feed sources, and
labour demand and costs. Data on crop and fodder nutrient composition
were obtained from the National Research Council (NRC, 1988). Observations
on animal herd and composition were generated from farm visits, while
surveys were used to quantify farm physical assets, dairy herd management
and productivity levels, and to identify nutrient requirements, as well as the
destination (that is, for consumption or market) for the dairy and other
livestock products produced. Finally, surveys were used to generate estimates
of manure production and management. The nutrient content of manures
produced were sourced from NRC (2001, 1989).

2.3.2. Indicator calculations

FarmDESIGN can be used to compute and optimize indicators of feed self-
reliance (increasing on-farm feed production and reducing reliance on
external feed imports), feed balances, flows and balances of OM, carbon
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Table 1. Characteristics, productivity and feeding intensity of selected farms represent-
ing large, medium and small-sized dairy farms in Meherpur and Jhenaidha districts in
Bangladesh.

Jhenaidha Jhenaidha Jhenaidha Meherpur Meherpur  Meherpur

Farm characteristic large medium small large medium small

Crop area (ha) 1.5 14 1.1 40 33 0.6

Number of dairy cows 14.0 8.0 4.0 13.0 5.0 2.0

Number of bulls 0.0 0.0 0.0 14.0 10.0 0.0

Number of heifers 3.0 0.0 2.0 4.0 1.0 2.0

Number of calves 5.0 4,0 1.0 4.0 2.0 1.0

Number of goats 3.0 0.0 1.0 5.0 6.0 3.0

Livestock units 16.7 8.9 4.5 41.8 20.1 46

Livestock units/ha 1.5 6.4 4.0 10.4 6.0 8.2

Productivity

Milk yield (kg cow™ 10 9 8 45 5 4
day’U

Milk yie|1d (kg animal™ 3,650 3,285 2,920 1,642 1,825 1,460
year ')

Milk yield (kg farm™ 51,100 26,280 11,680 21,352 9,125 2,920
year’1)

Meat yield (kg cow™ 0.18 0.18 0.15 0.1 0.15 0.15
day™)

Feeding

External feed (kg 36,871 18,410 8,120 51,200 13,510 3,565
DM year™)

External feed (kg DM 2,210 2,059 1,804 1,225 672 778
*LU™" year™)

On-farm feed (kg 14,875 12,907 9,611 30,298 30,837 6,848
DM year™")

On-farm feed (kg DM 892 2,010 2,388 2,900 5,124 837
LU year™)

Total feed (kg DM e 3,102 4,069 4,192 4,125 5,796 1,616
year )

Objectives

Feed self-reliance (%) 17 26 47 27 57 52

Operat1ing profit (USD 5,148 5,012 8,757 1,310 -216 4,071
ha™")

Feed costs (USD 0.30 0.26 0.22 0.19 0.17 0.18
feed kg™")

Soil OI}A balance (kg 21 163 295 387 243 952
ha™")

Soil N losses (kg ha™) 298 342 189 193 74 111

*LU: livestock unit. We calculated 370 kg live weight of animal as being equivalent to 1 LU. OM: organic
matter. DM: dry matter.

(O), N, phosphorous (P) and potassium (K), operating profit, and feed costs
per year (Groot et al., 2012). In this study, we selected five important
attributes and relevant sustainability indicators for a dairy farming system:
operating profit, OM balance and feed self-reliance, feed cost and soil
N losses.

The farm operating profit (FP) was calculated as the difference
between gross margins of crop and animal production (Mc and My,
respectively) and fixed costs for assets (Cg), labour costs (CL) and general
costs (CQG):
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FP=Mc+Msy—C—C —Cq (1)

The feed self-reliance was the percentage of dry matter in the animal ration
that was derived from on-farm produced feeds. The feed costs were the
summed costs for all feeds supplied to the livestock.

The organic matter balance (OMg) was calculated at soil level from the
difference between OM inputs in crop residues (OMc), green manure and
mulch (OMg), feed losses and bedding material (OMg), on-farm produced
manure (OMy) and imported manure and fertilizers (OM)), and degrada-
tion of manure (OMp), soil organic matter (OMs) and erosion losses
(OMg):

OMg = OMc + OMg + OMg + OMy, + OM; — OMp — OMs — OMEg (2)

Soil N loss, is the amount of nitrogen that can be potentially lost by leaching
or denitrification, is calculated from the difference between inputs to and
known outputs of the soil component, and thus forms the balancing item.

A more detailed description of the calculations is provided in Groot et al.
(2012).

2.3.3. Multi-objective optimization

To perform multi-objective optimization, the model uses an evolutionary
algorithm (Differential Evolution, or DE; Storn & Price, 1997) to generate
alternative farm configurations which are evaluated for their performance
for selected indicators and iteratively improved. The user can parameterize
the algorithm by specifying ranges for decision variables which are related to
the production and use of crops, animals, manures on the farm (currently
used or newly introduced), and the import and export of resources such as
fertilizers, feeds and pesticides. The user can also set ranges for constraints on
particular indicators such as feed balance items (for example, intake capacity,
dietary energy and protein) and soil nutrient balances (to avoid excessive
surpluses or nutrient mining), and determines which indicators are minimized
or maximized by the algorithm, that is, sets the objectives.

In the multi-objective optimization, we maximized operating profit, OM
balance and feed self-reliance, and minimized feed cost and soil N losses
(Calker et al., 2001, 2005). The multi-objective optimization algorithm gen-
erates different reconfigurations of farms by allocating different crop and
fodder species to different land areas within the farm, but without expanding
farm size or changing the number of fields that farmers reported in surveys.
Different types of feed were also included, based on all available options
identified by farmers during the FGDs and surveys. We also permitted the
model to manipulate the number of animals and source of feed for cows, to
improve nutrient composition of on-farm and purchased feed items, and to
optimize the existing and future possibility of produced and imported feed
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options. For the multi-objective optimization algorithm we applied 1,000
iterations to ensure stable outcomes during the optimization process, with
DE parameters of 0.85 crossover probability, 0.15 amplitude, and a result set
of 1500 alternative solutions.

The result set from multi-objective optimization for the Meherpur large
farm was analysed in more detail, because this is where we found the largest
room to manoeuvre, and we further explored the opportunity and solution
spaces with principal component analysis (PCA) and hierarchical cluster
analysis (HCA). Finally, we analysed the Euclidian distance of decision vari-
ables (Dy) and decision objectives (D) relative to the original farm config-
uration for each of the clusters. Dy is a measure of the improvement which is
achieved, while Dy signifies the magnitude of change required in resource
allocation, crop area and number of animals; thus, Dy reflects the complexity
of adjustment needed to reach improvement in the objectives.

3. Results
3.1. Overview of current farm configurations

Three farms representing the large, medium and small farm types were
selected from each district for detailed analysis using the FarmDESIGN
model. Selected farm characteristics are presented in Table 1, and
a complete overview of farm characteristics in Table S1. The average crop
cultivation area for all farm types was lower in Jhenaidha district (1.3 ha) than
Meherpur district (2.6 ha). The use of on-farm feed per livestock unit per year
was lower (1,763 kg dry matter (DM)) in Jhenaidha than Meherpur (2,964 kg
DM), whereas external feed use per livestock unit was higher in Jhenaidha
(2,024 kg DM) than Meherpur (892 kg DM). Milk yield tended to be lower in
Meherpur (4.5kg cow™' day™") than Jhenaidha (9.5kg cow™ day™'). The
number of milk-producing animals per farm ranged from 13 to 14 in large
farms, between 5 and 8 in medium-sized, and 2 to 4 in small farms, in both
districts. The proportions of external feed use were 71%, 59% and 46% in
large, medium and small farms in Jhenaidha, respectively. In Meherpur, all
farm types used lower proportions of external feed compared to Jhenaidha
(63%, 30% and 34% for large, medium and small farms, respectively). In terms
of fodder produced on-farm, rice straw and rice bran were common feeds in
both districts. The majority (71%) of farmers in Jhenaidha district also pro-
duced “vura” (local grasses available are vura, durba and baksha) and lentil
hay; the farmers of Meherpur district produced Napier, wheat grass, maize
leaf and maize flour (processed from harvested kernels) for animal feed. In
addition, a few farmers bought or processed silage or hay as external feed.
Self-reliance on feed was conversely generally low, regardless of farm size,
at 17-57% of feed DM derived from the own farm. Farms in Jhenaidha



NJAS: IMPACT IN AGRICULTURAL AND LIFE SCIENCES . 1

appeared to have a higher risk of soil N losses and a lower OM balance than
the farms in Meherpur. The JDS farm had a high operating profit, while the
MPS farm had a high OM balance. The MPM farm demonstrated the highest
self-reliance, with low feed costs and soil N losses, although the management
practices on this farm, which included a high amount of on-farm fodder
production and less dependency on external feed items, were also associated
with low profits. Conversely, the JDL farm had a low OM balance (the result of
a lower amount of crop residue, and animal and green manure use) but high
feed costs, leading to it having the lowest self-reliance.

3.2. Overview of the optimized farming configurations in FarmDESIGN

Optimization modelling of the five sustainability indicators showed how the
reconfiguration of components of each farm type could lead to substantial
improvements in feed self-reliance, operating profit and OM balance, as well
as lower feed costs and soil N losses. Pareto-based multi-objective optimiza-
tion using the five objectives resulted in contrasting opportunity spaces for
each of the three farm types in both districts (Figure 2). A trade-off was
observed between OM balance and N losses (Figure 2j), in which higher OM
balances caused by higher feed imports (and thus lower self-reliance;
Figure 2g) were also associated with increased N losses.

Our model explorations indicated that larger farms in both districts appear
to be able to maintain larger livestock numbers than small and medium-sized
farms (Figure 3). Larger farms in Jhenaidha had more dairy cows, while the
number of heifers and bulls was greater on large farms in Meherpur
(Figures 3f-g). Rather than showing a trend towards increased self-reliance
in terms of feed, larger livestock numbers on these farms were associated
with more imported feed (Figure 3e), with the large farms in Jhenaidha more
dependent on imported feed than in Meherpur (Figure 3e). Land area
devoted to paddy production (Figure 3a) and improved or modified cropping
systems (Figure 3d), and imported feed imports and animal numbers
(Figures 3e-g) was considerably greater on Meherpur’s large farms than for
the other farm types. This was clearly reflected in the larger opportunity space
to improve the economic and environmental indicators (Figure 2).

3.3. Cluster analysis

Because the Meherpur large farm had the largest opportunity space (Figure 2)
and room to manoeuvre (Figure 3), we further analysed the opportunity and
solution spaces of this farm type using principle component and cluster
analysis to discern patterns which could indicate coherent strategies for
farm development (Figures S1-S4). Hierarchal clustering analysis identified
four distinct clusters (Figure S3). Sustainability indicators (Figure 4) and



12 (&) S.ALAMETAL.

Profit (§ ha-1)

16000 D

e} 14000
= 12000]
3
€ 10000|
@
% 8000
g 6000
B 4000]
°
= 2000

6s0f d

550) Jhenaidha Small
2 a0 Jhenaidha Medium
2 Jhenaidha Large
g ¥ mm Meherpur Small
3 250 mm Meherpur Medium
2 150 m Meherpur Large
z

50

1400} g.

~ 1200
=
< 1000]
20
=
P
& 600]
E
S 400
© 200

20F

=]
?

60
80
100
4000
6000
8000

3
3
2
g

16000

8000
10000
12000

2000
10000

2

Self-reliance (%) Profit ($ ha-1) Feed costs ($ feed kg'') N losses (kg ha'')
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Each dot denotes a different configuration of the farm representing the farm type.

decision variables (Figures 5-7) suggested that contrasting approaches
would be required to reach one or more objectives in unison. Here, cluster
4 (shown in orange in Figure 4) could potentially allow farmers to reach high
levels of profitability and self-reliance, although this was associated with
intermediate levels of feed costs and OM balances, and N losses from the
farming system. Cluster 2 (shown in red in Figure 4) attained high self-
reliance, low feed costs and N losses, but low profitability and OM balance.
Clusters 1 and 3 showed a tendency towards higher feed costs and lower self-
reliance in feed production and use (cluster 1, shown in green in Figure 4),
and/or with high N losses (cluster 3, shown in blue in Figure 4), which were
considered a medium performance for profit.

Model optimization suggested that clusters 1 and 3 could cultivate
larger areas of paddy rice, while clusters 2 and 4 could engage in farm
diversification with the production of lentil, wheat and maize, all of
which could be used as a green fodder (Figure 5d-e). Areas of single
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Figure 3. Ranges of fractions of cropping areas, animal numbers, imported feeds and
modified alternative cropping areas obtained in the multi-objective FarmDESIGN opti-
mization, with five sustainability indicators for six dairy farm types comprising large,
medium and small dairy farm types in Meherpur and Jhenaidha districts, Bangladesh.

cropping or less intensified cropping systems - wheat, lentil and paddy
rice (non-irrigated) - were limited in the optimized solutions
(Figure 5a-c).

The observed clusters suggested the need for different feeding strategies
in order to achieve farm improvement. Cluster 2 contained farm configura-
tions using a small amount of external feed (maize bran, wheat bran, rice
straw, maize silage and treated rice straw), while cluster 1 consisted of
redesigned farms which would have the highest amount of external feed
(Figure 6), resulting in the lowest self-reliance. In clusters 2, 3 and 4 the use of
maize and wheat bran as feed tended to be limited (Figure 6a,b); cluster 3
used the largest amount of maize silage (Figure 6d); farms in clusters 1, 3 and
4 used large quantities of rice straw with or without ammonia treatment
(Figure 6¢c-e).
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Figure 4. Indicator values for the objectives of options generated by multi-objective
optimization for large farms in Meherpur, clustered into four types.

Cluster 2 options had low numbers of animals (Figure 7); cluster 4 had the
largest number of dairy cows and a low number of bulls. For all clusters, the
number of heifers was relatively stable (determined by a decision variable of
between 4 and 6).

Cluster 2 comprised solutions that would reduce the intensity of farming
activities to increase feed self-sufficiency, which would lead to low profit-
ability and OM balance. At the same time, losses of N to the environment
were lowest for this cluster. Cluster 4 was livestock-oriented, with the most
intensified and profitable farm configurations and a diversified cropping
pattern allowing relatively high self-reliance, resulting in an intermediate
OM balance and high N losses. Similarly, Cluster 1 was also livestock-
oriented but focused on externally obtained feeds. As a result, farms in this
cluster would have higher feed imports and associated costs; self-reliance was
thus low and profits intermediate. Finally, Cluster 3 appears to have the
highest OM balance but also high N losses and feed costs. This is representa-
tive of the input-intensive nature of this farm cluster that tended to achieve
relatively high profits during simulation.

Figure 8 shows the Euclidian distance of decision variables (D,) and
decision objectives (Do), respectively relative to the original farm configura-
tion for each of the clusters. Although the required adjustments increased for
consecutive clusters 1-4 (Figure 8a), the relative improvement was the same
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for clusters 2, 3 and 4 (Figure 8b), although the clusters performed differently
for the various objectives.

4, Discussion
4.1. Enhancement of economic performance

Our simulation modelling of dairy operations in MCL farms in Bangladesh
showed that increased profitability could be reached by adjustments in
cropping patterns (that is, crop sequencing in the field), crop cultivation
areas (allocation of different cropping patterns within the farm to different
fields and field sizes), sources of external feed acquisition and on-farm feed
production, and number of animals and their productivity. We found profit-
able and intensified livestock-oriented farm configurations with diversified
cropping patterns, whereas the trade-offs with environmental indicators
resulted in intermediate OM balances and higher N losses. The use of external
feed sources, particularly maize silage, could possibly influence higher farm
profits.

Although challenging in Bangladesh'’s land- and labour-scarce agricultural
systems, adjustments to cropping patterns are achievable, as demonstrated
during the survey by farmers neighbouring our sample, who we found had



16 (&) S.ALAMETAL.

8000 [

a. b. c.
i 32000 [ P 12000 -
' — . | N
S 6000 - an i = s | |
2 | S 24000 || . 3 w00 + |
o
g 2 L T 2 T
S 4000 & ! 3 : .
© o " .
g £ 16000 . | 8 000 - | §
= >
& 3 + T 3 | :
] . < ) . i
S 2000 | : ; = 8000 | © 300 | ° :
T T T ! | ' ‘
o L . ES . L L o L 1
n i ! . " " N L ) L N
1 1 2 3 4 1 2 3 4
Cluster Cluster Cluster
18000 [ d. —l— e.
10000 [
T | s HEE T = Cluster 1
s . - | * Cluster2
g | o 8000 - | = Cluster3
12000 | =3 Cluster 4
2 ‘ F ‘ | +
o s 6000 | 3
8 £ . i
= 3
8 a0 | E 4000 |
‘T ! 7 |
= [
‘ 1= | & 200 [ |
€L
Jl o . 5 L .
L i N ! N . .
1 2 3 1 a 3 4

Cluster

Cluster

Figure 6. Imported feeds used in options generated by multi-objective optimization for
Meherpur large farms, clustered into four types.

8

Dairy cows

6 F

4

| a.
T i
B =
10
| Q
P
o
i

2 ki

o}

Bulls

b.

=m
te

Tl
o
- T
[ 'E
I L
L

Heifers

= Cluster 1
= Cluster 2
= Cluster 3

Cluster 4

Cluster Cluster Cluster

Figure 7. Animal numbers in options generated by multi-objective optimization for
Meherpur large farms, clustered into four types.

started to practice the cropping patterns we had proposed. Modelling found
that replacing paddy or increasing cropping intensity, with Napier grass,
maize, lentil hay, wheat grass and legumes (maskalai) cultivated as fodder
to reduce feed costs, would result in major changes. On-farm feed production
can be increased by cultivating leguminous or short-term feed-producing
crops in the fallow periods (between or after 2 paddy or other crops). We
found that farmers can grow a wide variety of crops, and that replacing
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Figure 8. Euclidian distance of decision variables (a) and objectives (b) relative to the
original farm configuration (Meherpur, large) for each of the clusters.

species or changing crop rotations or adding additional crops may be possi-
ble using existing land areas and resources, at least for the farms studied in
this paper. In MCL systems, crop intensification is mainly achieved by chan-
ging the crop rotational pattern or adding crops. For example, where soil
moisture or irrigation are not limiting, farmers could make use of the fallow
period between economic crops to cultivate fodder crops. Utilisation of fallow
land and alternative feeds from irregular sources has been effectively used by
MCL farmers in India (Alam et al., 2022, 2023; Srinivasa Rao et al., 2016), and
seasonal fallow played a role for fodder production in Nepal (Alomia-Hinojosa
et al.,, 2018). The utilisation of fallow land, e.g. at the roadside, farm bound-
aries has played an additional role in meeting the demand for animal feed in
sub-Saharan Africa (Paul et al., 2020). In addition, the utilisation of alternative
feed resources could improve production and reduce the environmental
impact (Jaleta et al., 2013). Other studies have demonstrated that intensifica-
tion through integrated mixed-crop-tree-livestock systems can increase sus-
tainable production based on improved fodder production systems
(Notenbaert et al., 2021; Paul et al., 2020).

We simulated the consequences of maximizing operating profits and
self-reliance (by increasing on-farm feed production), and minimized feed
costs, by decreasing the use of external feed (mostly wheat bran and rice
straw) and increasing the production of on-farm feed. Our model results
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suggested that these changes could be associated with a large reduction
in wheat bran and rice straw as external feed in most feeding strategies
(clusters 2, 3 and 4; Figures 6a,b). To compensate for this, we identified
solutions incorporating increased use of urea-treated rice straw and maize
silage as a new external feed, and vura, Napier, maize and lentil as green
grass as on-farm feed. As the top 10 rice-producing countries, including
China, India, Indonesia, Bangladesh, Vietnam, Thailand, Myanmar,
Philippines, Brazil, and Japan, collectively generate over 227 million tons
of rice straw as a low-cost natural by-products annually (Sarnklong et al.,
2010). Consequently, the proper utilization of rice straw has become
a significant concern. Treated rice straw, employing methods such as
physical, chemical, and biological treatments, has been frequently
employed for animal feeding in countries like India (Malik et al., 2015),
Bangladesh (Uddin et al., 2012), Egypt (El-Dewany et al., 2018) and several
other rice-producing nations (Sarnklong et al., 2010). In the interest of
environmental preservation, biological treatment has been widely recom-
mended (Srinivasa Rao et al., 2016).

A study focused on Asian small scale mixed crop livestock systems and
found that the use of maize silage in feed rations increased milk yield by 11%
over a milk production year, compared to the use of dried leguminous hay
(Paris, 2002). In addition, silage can be preserved on-farm and used to feed
animals economically during times of feed scarcity (Densley et al.,, 2011).
Although this has various positive impacts, the processing and adaptation
of maize silage is new in Bangladesh, but farmers have 12% more milk yield
with a higher profit by using silage from low-cost silage processing technol-
ogy (Khan et al., 2009). They also reported on interest among farmers in using
silage as animal feed in future farming. A few silage entrepreneurs currently
supply silage throughout Bangladesh on a basis which, although commercial,
is still cost-effective as animal feed. Other South Asian countries, including
India, Nepal, Bhutan, Sri Lanka, Maldives, Afghanistan, and Pakistan, have
highlighted the significance of employing silage for animal feeding, espe-
cially to address feed shortages (Samanta et al., 2019). Comparable sugges-
tions have also been put forth for nations in sub-Saharan Africa, including
South Africa, Kenya, and Nigeria (Balehegn et al,, 2021).

On-farm fodder production has the potential to decrease external feed
dependency and reduce feed costs as a result. Val-Arreola et al. (2004)
optimized small-scale farm practices in Mexico by linear programing land
use, fodder yield and nutrient availability for cows, concluding that on-farm
feed production increased nutrient availability and milk yield (by 40%).
Another study conducted by Khan et al. (2009) looked at the effects of
feeding strategies on indigenous and crossbred cows in Bangladesh. They
found that crossbred cows fed higher grass produced more milk than indi-
genous cows fed lower grass. Profit was also higher in higher grass fed cows
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than in lower grass fed cows. An increasing relationship between fodder
cultivation and higher profitability was also found by Roy et al. (2012) in
Meherpur. The reliance on on-farm feed production for economic sustain-
ability was observed in India (Mahanta et al., 2020). This approach has also
been recommended in the broader Asian context (Devendra & Leng, 2011).

During modelling, we used locally available feed items (such as wheat bran
and rice bran) as external feed, and similarly suggested locally cultivated
crops or grass species (such as wheat grass and maize grass) as feed, which,
if used scientifically, fulfilled dairy cow nutrient requirements in terms of both
maintenance and production ration. However, in Bangladesh, farmers gen-
erally lack awareness of scientific feeding strategies and how to practice
them: most provide rice straw as basal mixed with grass and concentrate as
a matter of course, resulting in a highly varied fulfilment of nutrients (Khan
et al,, 2009). Participatory training and awareness raising efforts regarding the
relationships between fodder quality, animal health, and milk yield therefore
need to be intensified in Bangladesh. The use of locally available feed items
was highly frequently was very common as animal feed in India (Alam & Silpa,
2020; Alam et al., 2022; Samanta et al., 2019). In recent years, urban farmers
have been trying to collect food waste from the food industry, restaurants
and supermarkets as an alternative feed for their animals (Alam et al.,, 2023;
Reichenbach, 2020).

4.2. Enhancement of environmental sustainability

As discussed above, the maximization of OM balance and minimization of soil
N losses could, according to simulation results, enhance the environmental
sustainability of farming systems and could potentially be achieved by chan-
ging cropping pattern and/or intensity. The opportunities for changing crop-
ping patterns were however found by this study to be greater for large farms
than for medium and small farms, owing to the larger crop cultivation area.
This presents a social-equity dilemma that will need to be addressed in
agricultural development efforts that include dairy feed and milk value
chain components, as solutions beneficial to more marginal farmers remain
a key area of concern.

Environmental improvement opportunities were also found for clus-
ters 1 and 4. However, due to the trade-off between OM balance (which
is higher largely when feed imports are higher) and N losses, compro-
mises would be needed. We identified solutions which had the poten-
tial to benefit economic and environmental objectives simultaneously,
in particular for cluster 4, that provided compromise solutions with
high operating profit and feed self-reliance. Improvement of OM bal-
ance by introducing on-farm improvements (rather than by increasing
the use of imported feed) could be achieved with the introduction of
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maskalai, vura, lentil and maize grasses (instead of irrigated paddy rice
cultivation) on ca. 13 percent of the farm area. This would reduce
the year-round rice yield by a minute amount, while at the same time
the altered crops would add crop residues as green manure to the soil
and, if fed to animals, result in more manure production. The improve-
ment of soil health can be improved through crop residues (Jaleta
et al,, 2013). In addition, crop rotations with temporary fodder species,
where possible, improve soil quality compared to annual crops (Viaud
et al,, 2018).

Our simulations suggest that farmers’ dependence on inorganic fertili-
zers could be reduced as a result of the inclusion of lentil, maskalai, Napier,
wheat, vura and cabbage. This is because leguminous crops symbiotically
fix atmospheric nitrogen and non-legume crops require less inorganic
fertilizer than paddy cultivation. The decision to introduce new crops or
replace others is dependent on soil type, weather and farmer interest.
A study of different annual crop rotations in the tropics (specifically,
India) (Chander et al., 1997) found that green manuring improved the
OM level and soil microbial activity (the latter being vital for long-term
soil productivity and nutrient turnover). Incorporating leguminous crops
can accumulate 2.6 kg N ha™' day™' (Fageria, 2007). The practice of green
manuring with intercropping, specifically focusing on leguminous crops to
improve soil fertility, was also practised in sub-Saharan Africa (Bationo
et al., 2007; Lupwayi et al., 2007).

5. Conclusions

Model-based explorations for six MCL farms focusing on dairy production
demonstrated that options exist for simultaneously increasing operating
profit, self-reliance and OM balance, and reducing feed costs and soil
N losses by using existing farm resources, and adjusting and intensifying
cropping patterns. Our trade-off analysis showed that increasing profit and
OM balance was however often associated with higher N losses, due to larger
input levels. For the farm with the largest opportunity space and room to
manoeuvre, we identified four strategies for farm development, of which
three are likely to be economically viable. Our study also demonstrates how
an integrated analysis of alternative feeding systems for sub-tropical dairy
farms can enhance understanding of the potential for combined economic
and environmental benefits in MCL production systems, thereby overcoming
apparent trade-offs and offering farmers a suite of management options to
explore. Improvements appear to be achievable with the careful inclusion of
fodder and crop species, and through the objective-oriented reconfiguration
of existing farm practices. Simultaneously, the four identified strategies for
farm development can significantly contribute to the success of integrated
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crop-livestock farming systems in South Asia and other countries where
integrated crop-livestock farming is prevalent.
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