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Abstract: Many scientists have expressed concern that declining agricultural diversity threatens
agricultural sustainability. We draw on the available literature to outline and examine mechanisms
that reduce agricultural diversity and identify the at-risk attributes of agricultural sustainability. Using
a three-pillar concept embodying ecological, social and economic dimensions, this article provides a
comprehensive general assessment of the sustainability of agricultural systems. It pays particular
attention to consequences for agricultural diversity and sustainability of the increasing dependence
of agriculture on the market system and new agricultural technologies. As an illustrative example,
it examines changes in the diversity and sustainability of Bangladeshi agriculture by applying a
novel index of the diversity of cropping land use, an output decomposition method, and statistical
techniques. Crop diversity in Bangladesh is very low and dominated by the cultivation of rice, which
now depends very heavily on a limited number of high yielding varieties (HYVs). Higher rice yields
in Bangladesh and seasonal changes in rice cultivation have resulted in land sparing, which make
room for greater crop diversity. Nevertheless, Bangladesh’s food dependence on its rice output is
very high and is critically dependent on groundwater irrigation. We recommend that Bangladesh
consider increasing the diversity of its crops as a food security measure and as a hedge against a
decline in its agricultural sustainability.
Keywords: agricultural diversity; agricultural sustainability; Bangladesh; crop diversification
index; decomposition of sources of agricultural growth; food security; rice biodiversity; three-pillar
sustainability concept

1. Introduction
Ever since the beginning of the Agricultural Revolution, about 10,000 years ago, most societies
that have adopted agriculture to support their existence and economic growth and have had to struggle
to sustain and increase their agricultural production. Several ancient agricultural societies collapsed
because they were unable to sustain their agricultural production. Sometimes this was because
their agricultural practices resulted in the ecological unsustainability of their agriculture (see for
example [1,2]). Tisdell has hypothesized that following the Agricultural Revolution, agricultural
diversity tended to increase at all geographical levels during a very long time period but that more
recently, it has declined [3,4]. However, at the same time, new agricultural genetic resources and
new agroecosystems continue to be developed [5], (Section 10.2). New genetic resources and new
agroecosystems play a major role in the loss of pre-existing genetic resources and agricultural systems
and create new challenges for the sustainability of agriculture. These challenges have been reviewed
recently in Lemaire et al. [6]. The purpose of this article is to explore these trends and related challenges.
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After outlining materials and methods used in this research this article briefly discusses the scope
and measurement of the concept of agricultural diversity and then considers the consequences for
agricultural diversity and sustainability of the increasing reliance of agriculture on off-farm inputs
for its production. The three-pillar concept of sustainability is introduced to integrate the discussion
and is related to agricultural diversity and sustainability issues. Particular attention is paid to the
consequences for agricultural diversity and sustainability of the increasing dependence of agriculture on
the market system and on new agricultural technologies. This general overview and analysis provides
a useful backdrop for examining changes, which are occurring in the diversity and sustainability of
Bangladeshi agriculture. This is the focus of the latter part of this article.
2. Materials and Methods
The first part of this article (Sections 2–6) draws on the available literature to specify the
multidimensional nature of agricultural diversity and agricultural sustainability. Again, drawing on
the available literature (see for example, References [7,8] for detailed overviews of this literature),
it outlines and suggests mechanisms that have resulted in reduced agricultural diversity in modern
times and considers the consequences of this loss of diversity for agricultural sustainability. The second
part (Sections 7–10) utilizes secondary statistics to identify the extent of national crop diversity in
Bangladesh to specify its trends by applying a novel index of crop diversity.
Rice dominates crop production in Bangladesh. Official data are used to determine trends in
rice yields in Bangladesh and to account for seasonal changes in the cultivation of rice in Bangladesh.
It explores the implications of these factors for land sparing and crop diversification. In addition,
taking into account trends in Bangladesh’s rice yields, and ecological and environmental constraints
on its rice production (including data on its high-level of dependence on two HYVs and the presence
of its narrow genetic resource base), we consider whether Bangladesh’s high dependence on rice is
sustainable. Indications are that it should try to increase its crop diversity as a hedge against the
possibility of its high dependence on rice production becoming unsustainable.
3. The Scope and Measurement of the Concept of Agricultural Diversity
It has been claimed that no single measure of biodiversity is able to capture all of the many
dimensions of biodiversity [9,10]. This is because biodiversity encompasses a diversity of diversities.
The same is true of agricultural diversity. It involves a multitude of different diversities in different
dimensions. These dimensions include.
•
•
•
•

The extent of agricultural diversity at different geographical scales, e.g., on-farms, locally, regionally
and nationally, as well as globally;
The diversity of different types (species) of crops and categories of livestock;
The extent of genetic diversity within each species of crop and within each species of livestock,
that is the extent of variety of each type of crop and livestock breed; and
The degree of variation in the types of agroecosystems used.

Of interest is not only the extent of agricultural diversity at any single point of time, but also
how much agricultural diversity is exhibited during longer periods, for example, the extent to which
crop rotation is practised and whether or not catch cropping—a fast-growing crop grown between
successive plantings of a main crop—is adopted.
Another aspect of interest at the farm level is the prevalence of monocultures or polycultures.
The latter, for example, may involve inter-cropping. The variety of crops grown on individual farms
and the variety of domesticated animals kept is also relevant. Another important dimension of diversity
at the farm level is the extent to which integrated on-farm agroecosystems are adopted. Such systems
integrate cropping, the keeping of livestock and aquaculture. ‘Wastes’ from each of these activities are
recycled for utilization in on-farm biological production, e.g., crop residues and animal wastes may be
composted and used for fertilizing crops. Integrated agricultural systems are usually associated with
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greater on-farm agricultural diversity and are believed to enhance the sustainability of the level of
on-farm agricultural production.
4. Increasing Reliance of Agriculture on Off-Farm Inputs and Its Consequences
Modern agroecosystems are more reliant on off-farm inputs for their output than are traditional
farming systems. Consequently, the sustainability of agricultural production using modern agricultural
systems depends more heavily on the continuing availability of off-farm inputs (such as artificial
fertilizers, pesticides, improved varieties of seeds, water for irrigation, energy supplies, e.g., electricity
and fuel, and so on) than do traditional systems. The availability of these inputs reduces the motivation
of farmers to conserve and recycle on-farm resources in order to maintain agricultural production.
Consequently, the incidence of integrated farming and crop rotation tends to decline.
4.1. Increasing Dependence of Agriculture for Its Sustainability on Off-Farm Resources
As a result of the adoption of contemporary agricultural practices, examination of the sustainability
of agricultural production requires that increasing attention be paid to the sustainability of the supplies
of external material resources used in agriculture, the implications of their continuing on-farm use for
the maintenance of this production, e.g., the implications of this for soil fertility, for pest resistance
to pesticides, and for changes in pest populations. It is also pertinent to note that agriculture’s
sustainability is increasingly subject to the effects of other external forces as economic growth occurs,
for example, the consequences of climate change.
4.2. Increased Availability of Off-Farm Resources Tends to Reduce Agricultural Diversity
The increased availability and use of material inputs external to farms tends to reduce agricultural
diversity. This is because they can be utilized to reduce the heterogeneity of the natural resource base
of farms in different locations. Greater decoupling from the local environment occurs [4]. As a result,
crops (and breeds of livestock) do not have to be as varied as otherwise to prosper in areas having
different natural environmental conditions [4]. Consequently, agricultural genetic diversity declines,
and this reduction becomes profitable. Furthermore, greater conformity in the adoption of agricultural
practices (agroecosystems) can be expected.
5. The Three-Pillar Concept of Sustainability and Its Application to Diversity and Sustainability
in Agriculture
5.1. Different Aspects of Agricultural Sustainability
Agricultural sustainability can be examined from several points of view. The three-pillar
concept [11,12] focuses on the following sustainability aspects:
•
•
•

Ecological sustainability;
Social sustainability; and
Economic sustainability.

These aspects can be considered from a normative or from a positivist point of view. The following
normative questions are important:
•
•
•
•

Should agricultural development be such that each of these goals are satisfied?
What if it is impossible to achieve these goals simultaneously?
If this is the case, what trade-offs should be made?
To what extent is it ever acceptable to forgo any of these goals?

Apart from these normative questions, several positivist aspects of agricultural sustainability can
be explored. These aspects are the focus of this article rather than normative questions. These positivist
aspects include the extent to which the three pillars of sustainability listed above are interdependent.
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In addition, one can examine the extent to which each of the above pillars of agricultural sustainability
are capable of being met or whether trade-offs are required. For example, in order to achieve social
and economic sustainability, it may be necessary to forgo some existing ecological diversity.
This raises the question of whether the changed regime of ecological diversity is sustainable and
to what extent this is so. This should be investigated taking into account the possibility of systems
having multiple stable equilibria, each of which exhibits different degrees of resilience. However, it
should also be borne in mind that agricultural sustainability does not depend only on the nature of
ecological diversity, but also on prevailing economic and social conditions in agriculture. This is made
clear in Section 6. It is contended that assessments of agricultural diversity simultaneously govern all
of the three pillars of sustainability to be examined.
5.2. The Treadmill of Agricultural Scientific and Technological Advances
Furthermore, it is important to consider how the economic sustainability of modern agriculture is
being maintained. It is clear that it depends heavily on continuing scientific and technological advances,
which help to increase and sustain agricultural yields, but most of the advances do so for only a limited
period of time. For example, new plant varieties that are initially very successful in boosting agricultural
yields often become victims of disease and pests, which multiply rapidly when the new varieties are
widely adopted. Consequently, they become wasting assets and scientific breakthroughs are needed to
find suitable replacements for them. Therefore, the sustainability of agricultural production becomes
a ‘treadmill’ operation [13,14]. No one knows how successful scientists will be in maintaining the
continuing cycle of genetic agricultural renewal. If they are unable to successfully sustain this cycle,
the chances of agricultural collapse are high.
5.3. Reduced Agricultural Diversity in Production and Sustainability Problems
It might also be observed that the more widely a new crop variety is adopted, the greater are the
chances of some diseases or pests increasing in incidence or evolving to attack it. This type of problem
is discussed by Tisdell [4], Ch. 9. Therefore, the more widely a particular variety of a crop is adopted,
the shorter is likely to be the length of its economic life. It may also be true of individual species of
crops and domesticated animals that are more prone to epidemics and plagues, when their density and
their aggregate populations increase.
Moreover, the way in which plants are cultivated and livestock are managed influences their
susceptibility to diseases and pest infestations. For example, if new varieties of cereals are able to
be planted at greater density to increase their yields (as a result of the increased use of chemical
fertilizers, irrigated water and the genetic qualities present in these new varieties) these cereals are
likely to be more susceptible to fungal attacks, especially when monoculture is practised. Transmission
of animal diseases (by contagion) is likely to be easier, other things being equal, when the density
and homogeneity of domesticated animals increases. These factors all influence the sustainability of
agricultural production.
6. The Development of Markets as Well as Technologies and Their Impacts on Agricultural
Diversity and Sustainability
The development of the market system has influenced the diversity of agriculture [4] and has
presented farmers with new challenges for sustaining their incomes.
Market development:
•
•
•

Fosters greater specialization in agricultural production and less diversity in this production [7];
Results in the increased adoption and development of agricultural technologies, the application
of which is specific to particular crops and the specific purposes for which livestock are used; and
Changes the economic environment in ways that ‘force’ farmers to reduce the diversity of their
farming operations in order to meet market competition or prosper economically.
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As a result, the attainment of the three pillars (goals) of agricultural sustainability are less likely to
be achieved or can only be achieved by increasing the level of human intervention in the development
of agroecosystems. We consider each of these matters in turn.
6.1. Market Development and Reduced Agricultural Diversity
The extension of markets and a reduction in barriers to the involvement of farmers in making
market transactions contribute to a reduction in agricultural diversity at all geographical scales.
Two main mechanisms operate simultaneously to bring this about. These are (1) the occurrence of the
environmental decoupling phenomenon (discussed above) as far as individual farms are concerned,
and (2) the fact that increased marketability fosters greater economic specialization. While these
developments add to economic efficiency and agricultural productivity for an indefinite period of
time, they create new challenges for sustaining farm incomes and agricultural production, for example,
because they result in a reduction in the size of the heritage genetic stock of potential value for
sustaining agricultural production.
The size of the heritage agricultural genetic stock is reduced by market mechanisms, which include
the following ones. These and additional ones are discussed in Tisdell ([3,15] Chs. [5–8]).
1.

2.

3.

4.

5.

6.

7.

Crops and crop varieties (as well as breeds of livestock) that supply more marketable commodities
than others crowd out those that are less suitable for this purpose. This favours the conservation
of those agricultural organisms which enable the production of commodities which have the
following qualities: possess greater buyer acceptability than others, are more easily transported
without damage, have a longer shelf-life and are superior in appearance.
The growing importance of supermarkets in many countries reinforces this trend. They have a
strong demand for agricultural produce that is standardized and which can be supplied regularly
in large volumes. Consequently, crop varieties and crops that are more varied in their attributes
and for which the volume of their supplies is small and quite variable in volume tend to disappear.
Changes in the tastes of consumers (which affect market demand) can reduce agricultural
genetic diversity. For example, the increased demand for low fat pork has adversely affected the
commercial conservation of some pig breeds, for example, in Vietnam.
The increased availability of substitute agricultural products reduces the demand for some
agricultural commodities. Hence, their production can become unprofitable and they may
disappear, thereby reducing the genetic stock. For example, some varieties of millet have
disappeared in northern China due to the increased availability of substitutes (such as rice, wheat
and maize).
International specialization in economic production can also add to agricultural biodiversity
loss. The development of cocoa plantations in Ghana has, for instance, has resulted in the
disappearance of a breed of small-sized cattle because of changed agricultural land use.
The regional introduction of higher yielding varieties of crops and breeds of livestock from other
parts of the world can also be instrumental in the disappearance of heritage varieties of crops and
breeds of livestock.
The abandonment of some farming areas for economic (or ecological) reasons can contribute to
the loss of heritage agricultural biodiversity. For example, varieties of crops, which are specific to
marginal agricultural areas, are likely to be lost.

6.2. New Agricultural Technologies Favour Monoculture
As a consequence of the nature of market-driven economic growth, new agricultural technologies
are developed in order to increase the profitability of agricultural specialization. They tend to increase
the relative profitability of monoculture. In particular, a considerable amount of machinery is developed
that is specifically designed for the cultivation of particular crops or varieties of these, e.g., the planting
and harvesting of specific crops, for instance, cereals, cotton, sugar cane and so on. Crops and varieties
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of crops that are more suitable than others for cultivation using new machinery consequently tend to
be favoured for conservation. This reduces the agricultural genetic stock. Furthermore, there is an
economic incentive to develop, by means of R&D, varieties of crops that are increasingly amenable
to the demands of mechanization or new technologies. This also tends to diminish the agricultural
genetic base. The same is even true in relation to the genetic livestock pool.
6.3. Increased Capital-Intensity Contributes to Less Agricultural Diversity
A further consequence of the nature of economic growth (which is stimulated by the market
system) is that farms become more capital-intensive and farms of increased size become more profitable
due to increased economies of scale. Simultaneously, it also becomes more profitable to specialize at the
farm level in the growing of specific crops on a greater scale. This means that overhead costs associated
with specific technologies and methods of production can, therefore, be spread over a larger volume of
agricultural production. The net effect of this development is to reduce agricultural diversity.
6.4. Increased Farm Incomes Due to Technological Advances Do Not Last
Although technological developments tend to initially raise the incomes of early adopters of these,
in the long run, due to market competition, it is difficult or impossible for farmers to sustain these
higher incomes. Continual technological advances and innovations are needed if more innovative
farmers are to maintain their incomes. Laggards in adopting new technologies fall by the wayside once
they are embedded in the market system. Competitive market embeddedness sets in motion forces
that continually result in the reduction of agricultural diversity and make it more difficult to sustain
farm incomes. It is well established in the economic literature that in highly competitive markets,
above normal or high levels of income and profit disappear with the passage of time (see, for example,
References [16,17]). Due to high capitalization (overhead costs), the economic vulnerability and risks
facing farming enterprises become a serious problem (see also Reference [18], Ch. 10).
6.5. Once Embedded in the Market System, Individual Farmers Have Limited Ability to Escape from It and
Reduce Their Economic Vulnerability
Once embedded in the market system, individual farmers have little ability to escape from the
above-mentioned economic sustainability problem. Those farmers who do not adopt new initially
more profitable (lower cost of production) economic technologies find that their incomes fall because
the price received from their produce declines. They may no longer be able to earn an income sufficient
for their needs and may find that they can only obtain a higher income by obtaining employment
outside the agricultural sector, if such employment is available. In less developed countries, obtaining
alternative avenues of employment can be difficult or impossible; and consequently, small-scale farmers
on marginal farms are liable to suffer considerable economic hardship. Their economic sustainability
is jeopardized.
This raises the question of why do farmers adopt new technologies that increase their overhead
(fixed) costs and which at the same time, increase their income vulnerability? In the early stages of the
availability of such technologies, the profitability of adopting these usually more than compensates for
the extra economic risks and vulnerability involved. However, as more and more farmers adopt such
technologies, profit margins from their use fall (as a result of falling prices for agricultural produce)
but the risks and economic vulnerability associated with their use increase due to rising overhead
costs. Nevertheless, farmers are now locked into the new agricultural system involved due to market
competition. Sustaining farm incomes becomes more difficult. Demand for further technological
advance increases and the cycle repeats itself once again. Therefore, a treadmill effect characterizes the
development of modern economies.
6.6. The Consequences of the Above-Mentioned Forces for Agricultural Diversity and Sustainability
The consequences of all these forces (which reduce agricultural diversity) is that
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7. Linking the Two Parts
The first part of this article has provided information about the multidimensional nature of
agricultural diversity, has outlined relevant concepts of sustainability, and has provided a general
coverage of agricultural developments which have resulted in a reduction in agricultural diversity,
especially at the farm level. The reduction in agricultural diversity has created concerns about the
ecological and economic sustainability of agricultural activities, as well as the sustainability of rural
communities. A follow-up case study of agricultural diversity has been completed by us, the results of
which are reported in the second part of this article. In this case study, it is impossible to explore all
aspects of agricultural diversity and sustainability raised in the first portion of this article.
Our case study explores the extent of crop diversity in Bangladesh and its change at the aggregate
level (not at the farm level) and its potential implications for agricultural sustainability. It pays
particular attention to the heavy dependence of Bangladesh on the production of rice and the changes in
its rice sector following the Green Revolution. Changes in Bangladesh’s on-farm agricultural diversity
have yet to be studied by us empirically. Nevertheless, the aggregate relationships observed by us
do have on-farm implications. For example, the increased dependence nationally of Bangladeshi
agriculture on off-farm input (such as fertilizers and pesticides) has resulted in Bangladeshi farmers
becoming more market dependent.
The slowdown in the pace of growth in rice yields in recent years (which we observe) is also
no doubt replicated in the increased difficulties experienced by most Bangladeshi rice-growers in
attempting to increase their rice yields using Green Revolution technologies. We also find that the
genetic resource base of rice has declined considerably in Bangladesh and that its rice production now
depends heavily on only two HYVs of rice. This has the potential of threatening the sustainability
of Bangladesh’s rice production, thereby lowering the incomes of most of its farmers and adversely
affecting its food security.
The second part of this article also presents us with an opportunity to outline a novel index of crop
diversity and apply it at the national level to the use of land for crops in Bangladesh, and to consider
its application to changing crop diversity in Bangladesh.
Given this clarification of the connection between our case study and the first part of this article,
let us now turn to the case study itself.
8. Background Information about Bangladeshi Agriculture
8.1. General Features
The interplay of complex socio-economic, natural and environmental factors characterizes
Bangladeshi agriculture. Millions of small farm-households (12.8 m) with ≤1 ha of arable land
constitute 84% of Bangladesh’s total farm households (15.2 m) [21] (p. 457). Fifty nine percent of all
Bangladesh’s farm households cultivate land ≤0.4 ha while 25% have a farm size in the 0.4–1 ha range.
Population density is close to 1200 people km−2 making Bangladesh one of the most densely populated
countries in the world. This implies a very small amount of arable land per capita—one of the lowest
in the world. Bangladesh is the most agriculture intensive (agricultural land as a percentage of total
land area) and rice-intensive (rice area as a percentage of net-cropped area) country in South Asia [22].
It is characterized by seven distinct zones of climatic patterns ranging from extreme drought-prone
areas in the west, northwest and northern parts to very high rainfall areas in the east [23].
Crop production dominates Bangladesh agriculture although of late livestock and aquaculture
are making an increased contribution to labour absorption output and household incomes [24,25].
The latter trend is due to the demands of the increasing numbers of those belonging to the middle class or
higher for animal protein. Nevertheless, Bangladesh agriculture is still dominated by grain production.
1.

Bangladesh more than tripled its grain (rice plus wheat) production to 37.4 million tonnes in
the year ending June 2018 from a meagre 11 m tonnes in the early 1970s. This represents an
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increase of food grain production by about 240%. In this period, its population increased by
about 136% (from 70 m to 165 m). In feeding its increasing population, Bangladesh has relied
almost exclusively on increasing intensification of agriculture mainly by relying on dry season
irrigation to produce rice. At the beginning of the Green Revolution, Bangladesh had a cropping
intensity ([Gross cropped area (including multiple cropping)/Net-cropped area)] × 100.) of less
than 150% [26]. This increased to about 195% in recent years [25], mainly due to an increase
in annual multiple cropping, which has significantly contributed to the process of agricultural
intensification in Bangladesh. Information from BBS [25,27] suggests that between the early 1970s
and 2018:
•
•
•

Fallow land in Bangladesh declined from 0.7 m ha to about 0.2 m ha—less than a third of what its
level was 47 years ago.
The area single cropped declined from about 5 m ha to <2.4 m ha.
Area under multiple cropping registered a spectacular increase. The area double cropped increased
from 3 m ha to 3.8 m ha. Of greater significance is the quadrupling of the area under triple
cropping (from ≤0.450 m ha to ≈ 1.8 m ha).

8.2. Increasing Dependence on Groundwater
Increasing reliance on groundwater irrigation is characteristic of this process of agricultural
intensification. In the early 1970s with less than 10% (just over a m ha) of the total cropped area
irrigated, more than 80% originated from surface water sources. Today, 79.3% of irrigated cropland
(6 m ha) utilizes groundwater [25], which is now becoming scarcer relative to the demand for its use.
As a result of this increased dependency, water tables are sinking because the withdrawal of water
exceeds recharges. The current situation is unsustainable. Furthermore, water pollution is rising due
to the increasing use of chemical fertilizers and agrochemical pesticides.
This average groundwater dependency for Bangladesh as a whole masks the significant regional
variations. In some areas, especially those in the drought-prone areas, this dependency is considerably
higher than elsewhere (around 95%, [28]). Note that South Asia, as a whole, is far more dependent
on groundwater for supporting its population than any other region in the world [22,29]. Because
of the high dependency on groundwater for irrigation, Bangladesh has one of the highest levels of
groundwater dependency for sustaining its population of any nation.
8.3. Rising Use of Agrochemicals
Application of chemical fertilizers rose dramatically from less than 10 to 238 nutrient kg ha−1 of
net-cropped area between early 1970s and 2016–17 [26,30]. The application of pesticides (including
different types of insecticides, fungicides and herbicides) per net cropped ha over a 20-year period
increased from 234 g in 1997–98 to 375 g in 2016–17. (Consistent data on pesticide use for earlier periods
are not readily available.) The increased use of agro-chemicals is in response to the development
of high yielding crop varieties, particularly rice. It has contributed to the increasing dependence of
Bangladeshi farmers on external inputs and the market system. This process was discussed earlier in
this article.
Increased use of chemical fertilizers for crop production has adverse consequences for water
quality due to the leaching of nitrates into groundwater from chemical fertilizer use in crop production.
There is substantial reduction in the stock of aquatic resources because of greater chemical use in
agriculture associated with the adoption and diffusion of the Green Revolution technologies [31].
The use of agrochemicals also poses a significant risk to human health [32].
8.4. Changing Seasonal Patterns of Rice Production in Bangladesh
Rice is Bangladesh’s major crop by far. In 2018, almost three-quarters of its cropland was allocated
to rice (see Table 1). One key feature of the process of crop production in Bangladesh is that both
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the area and the output of dry season rice (Boro, exclusively irrigated, winter-early summer) now
exceeds those of two other rice crops, Aus (summer-early monsoon) and Aman (monsoon-late autumn)
(http://knowledgebank-brri.org/). The latter two crops are primarily rain fed.
Table 1. Area allocated in Bangladesh to major crops (yearly average in the triennium ending June
2018).
Type of Crops

Area (m ha)

Proportion of Gross Cropped Area Allocated to Crops

Rice
Jute
Potato
Wheat
Oilseeds (9 crops)
Vegetables (40 crops)
Spices (6 crops)
Maize
Fruits (28 crops)
Pulses (10 crops)
Sugarcane
Total cropped area

11.33
0.725
0.483
0.403
0.464
0.410
0.404
0.375
0.302
0.368
0.093
15.357

0.7378
0.0472
0.0315
0.0262
0.0302
0.0267
0.0263
0.0244
0.0197
0.0240
0.0061
1.000

Source: Based on data from BBS ([25], pp. 39–42). Diversification index, D = 0.4479.

The following changes are apparent from Table 2. Whereas in 1974–75, Boro rice made the smallest
relative seasonal contribution to the total output of rice in Bangladesh from 2004–05 onwards, it became
the major contributor to rice output. Aus output of rice slipped from 23.3% of annual rice output in
1974–75 to only 7.5% in 2017–18. The relative decline in the percentage contribution of Aman rice to
total rice output was lower than for Aus rice (it fell from 58.4% of the total to 38.6%).
Table 2. Trends in percentage contribution to rice area and output of Aus, Aman and Boro crops of rice
for selected years, Bangladesh 1974–75 to 2017–18.
Year (July–June)

1974–75
1984–85
1994–95
2004–05
2014–15
2017–18

Percentage Share of Total Crop
Aus Crop

Aman Crop

Boro Crop

Area

Output

Area

Output

Area

Output

27.8
25.6
15.3
9.4
9.1
9.3

23.3
17.5
10.1
5.6
6.7
7.5

62.0
60.6
60.2
53.2
48.4
48.9

58.4
57.8
53.0
42.6
37.8
38.6

10.2
13.7
24.5
37.4
42.4
41.8

18.3
24.6
36.9
51.8
55.5
54.0

Source: Based on data from Bangladesh Rice Knowledge Bank (http://knowledgebank-brri.org/) and BBS [25].

Nevertheless, the decline in this percentage (by 19.6%) for the Aman crop was higher than for
the Aus crop (15.8%). Consequently, a major reversal occurred in the seasonal distribution of rice
production in Bangladesh as the Green Revolution became more established.
This pattern is also reflected in the changed seasonal distribution of the amount of land used for
rice cultivation. The percentage of total rice land used in the Boro season rose fourfold between 1974–75
and 201–18 whereas the relevant areal percentages shown in Table 2 declined in both the Aus and Aman
seasons. Because the amount of land used for growing rice remained relatively steady between 11.2
and 11.6 m ha (see Table 3, presented in Section 10.1), extra land became available in the Aus and Aman
seasons for growing crops other than rice.
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9. Lack of Crop Diversification and the Measurement of Crop Diversity in Bangladesh
The changed seasonal pattern of rice production has made additional land available for the
growing of crops other than rice. Between the financial year 1971–72 and 2017–18, about 2 m ha of
land previously planted with rice in the Aus season and about 1.7 m ha of land previously allocated
to rice in the Aman season were no longer used to grow rice. Thus, a total of about 3.7 m ha of land
formerly devoted to growing rice in these seasons became available for growing crops other than
rice. This provided an opportunity for diversifying the composition of the type of crops grown in
Bangladesh. It was a significant factor enabling Bangladesh to diversify the composition of its aggregate
agricultural production but was not the only influence on this process. An increase in incomes and
the numbers belonging to the middle class also increased demand for a more diversified diet, i.e., a
diet less dependent on rice [33]. This is so, despite rice still accounting for the major part of diets in
Bangladesh, as can be inferred from Table 1.
Why has the Boro season now become the major rice-growing season? The basic reason appears to
be that there is more control over water supplies in the Boro season than in the Aus and Aman seasons
as a result of relying only (or almost entirely) on irrigated water in the Boro season (the dry season).
Farmers have greater control of environmental conditions for growing rice in this season than in the
other two seasons. HYVs of rice developed in Bangladesh give their highest yields when these are
grown under ideal or almost ideal environmental conditions, but are intolerant to deviations from these
conditions. This type of relationship is discussed by Tisdell [15] (pp. 82–83). It involves the application
of the law of biological tolerance [34] according to which the success of an organism depends on a
complex set of conditions with each organism having a certain minimum, maximum and optimum
environmental factor(s) that determine its success [35]. As a rule, HYVs are less tolerant of adverse
and variable environmental conditions than are traditional crop varieties but give much higher yields
when grown under the environmental conditions which suit them.
9.1. Current Diversity of Crops Grown in Bangladesh
Table 1 presents the average area under various crops (and crop groups) for the triennium ending
June 2018. The information contained in Table 1 indicates that Bangladeshi agriculture lacks crop
diversification, with close to three-fourths of the gross cropped area allocated to rice. Thus, rice dwarfs
all other crop growth by a wide margin even though a large number of different crops are grown.
For example, jute (Despite jute being widely regarded as the best natural substitute for synthetics,
e.g., nylon and polypropylene, its production and use of its products are declining globally due to
competition from substitutes [36–38].), the second most important crop (in terms of area), occupied
0.725 m ha of land under cultivation compared to over 11.33 m ha under rice. However, jute is not a
food crop, unlike potatoes and wheat. These two food crops account for the highest share of cultivated
land in Bangladesh after jute. However, the amount of land allocated to these two crops is very small
compared to that used for growing rice.
9.2. An Index of Aggregate Crop Diversity and Trends in It in Bangladesh
While the relative lack of aggregate crop diversity is obvious from Table 1, a measure of it would
be useful for tracking its change with the passage of time. We propose a novel index of the diversity in
land use based on the different types of crops grown. In the case considered here, it is applied at the
national level, but it can also be applied at different geographical scales. This index is an adaptation
of the Herfindahl–Hirschman index widely used in economics to measure the extent of business
concentration in an industry.
The proposed index of the diversity of land use is sensitive, in this case, to the relative amounts of
land used for different crops and the number of crops grown. We first define the index so it indicates
lack of diversity in the allocation of land to different crops and then derive from this a land-use diversity
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index. Note that this index is only a partial indicator of crop diversity because as was pointed out
earlier in this article, agricultural diversity (including crop diversity) is a multidimensional concept.
Let L represent the index of the lack of diversity of crops based on the allocation for land to the
growing of different crops, and let pi represent the proportion of land (expressed as a decimal) used for
producing crop i or the ith category of crops. (This land-use lack of agricultural diversity index is an
adaptation of the Herfindahl–Hirschman index, [39,40] used in economics as a measure of business
P
and industry concentration [41]. The index is generally expressed as HHI = ni=1 s2i where si is the
market share as a percentage of the ith firm in the industry. This market share is expressed either as
a proportion (decimal) or as a percentage. In the latter case, the value of this index is in the range
0 ≤ HHI < 10,000. The upper value corresponds to a situation in which a monopoly exists—a single
firm accounts for all the sales in the industry.) Then
L=

n
X

p2i → 0 < L ≤ 1

(1)

i=1

The corresponding land-use diversity index is
D=1−L→0≤D<1

(2)

The larger is D the greater is the diversity of crops grown on cultivated land. When D = 0, only a
single type of crop is grown. As the number of crops increases or the amount of land allocated to each
becomes more equal, D approaches one.
The indices can also be expressed in percentage terms by multiplying their values by 100 or by
calculating them using percentages. In the latter case, if for example, ri represents the percentage of
land allocated to growing crop i or the ith category of crops,
 r

X 
D̂ = 100 − 
r2i  × 100 → 0 ≤ D̂ < 100

(3)

i=1

Zero corresponds to a situation in which only one type of crop is grown. As land-use crop diversity
increases, D̂ approaches 100.
Our crop diversity index does not capture all aspects of crop diversity nor agricultural diversity.
Its application is likely to be most valuable in countries or regions where monoculture of crops
predominate, as in Bangladesh. In the case of mixed crops, it would theoretically be possible to estimate
the percentage of land occupied by each crop in the mix and use this in the calculation but the data for
this may not be readily available.
Regarding livestock and fish farming, it would be possible to adapt the index to consider diversity
in each of these sectors but it would not be based on area. The relative populations of different breeds
of livestock, e.g., pigs, could be substituted for area.
Our article, however, only focuses on the diversity of crop production.
Applying the diversity indices to the diversity of Bangladesh’s cropland based on the yearly
average of its land allocation in the triennium ending June 2018 (as shown in Table 1), D = 0.4479 and
D̂ = 44.79%. This implies low diversity of the type of crops grown in Bangladesh.
One cannot establish a priori a cut-off point for low crop diversity. Changes in the index, D, signal
the direction of change in crop diversity. Therefore, it is most useful for indicating trends in this
diversity, as is shown in our Figure 2. Nevertheless, it is true that as D approaches zero, crop diversity
declines and that crop diversity increases as D approaches its upper limit of unity. In this regard, it is
similar in nature to the IUCN Red List Index (RLI) which provides an indication of the nature of the
change in wild biodiversity.
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10. Land Sparing and the Intensification of the Cultivation of Bangladesh’s Rice Crop. Is this
Process Sustainable?
Rising yields of rice in Bangladesh have made it possible to save land for the growing of other
crops. Furthermore, using decomposition analysis, it is found that the massive increase in Bangladesh’s
output of rice is overwhelmingly due to rising rice yields particularly since the Green Revolution.
In this section, we apply decomposition analysis to determine the percentage change in
Bangladesh’s rice output which is due to increased yield and the percentage difference arising
from the changed amount of land allocated to rice cultivation. (A variant of this formula was used by
Tisdell [42] to decompose the growth in Vietnam’s pork production by that attributable to the increased
average carcass weight of pigs and the number of slaughtered pigs. This formula can also be easily
adapted to decompose changes in the level of output obtained from other livestock attributable to
changed yield (of a specific animal product) and the level of population of the type of livestock being
considered, or the numbers slaughtered.) We also examine the trend in the yield of rice in Bangladesh
and analyse this, to consider the likelihood of yields continuing to increase in the same way as in
the past.
10.1. The Relative Contribution of Land Use and Yield to the Total Output of Rice in Bangladesh
We use the formula presented in Equation (4) to decompose the changed aggregate production
of rice in Bangladesh into the component due to altered yield and the component arising from the
variation in land use.
zt − zt−n = (xt − xt−n ) yt−n + (yt − yt−n ) xt−n
(4)
where
1.
2.
3.

zt − zt−n = change in the level of production of crop between year t and year t − n.
xt − xt−n = change in the area of the crop between year t and t − n.
yt − yt−n = change in the (aggregate average) yield of crop between year t and t − n.

The first term on the right hand side of Equation (4) is the absolute change in output due to a
change in the area planted of the crop, assuming yield is constant at level yt−n .
The second term in Equation (3) is the absolute change in the output of the crop due to the change
in its yield.
Let ∆z, ∆x and ∆y represent the variables defined respectively in (i), (ii) and (iii) above. Then,
∆xzt−n /∆z is the percentage change in the total output of the crop attributable to the alteration in
the total area planted of the crop.
∆yxt /∆z is the percentage change in the total output of the crop attributable to the change in
its yield.
In view of the decomposition formula presented in Equation (4), Table 3 presents the changes in
area, production and yield of rice between the five-year average ending June 1975 (beginning of the
Green Revolution) and five-year average to June 2018 with decomposition of sources of output growth.
The total rice output and yield respectively increased by about 22 m tonnes and about 2000 kg ha−1
while the gross area under rice cultivation declined marginally by 0.384 m ha. The increase rice output
between the two end-points is due entirely to the increase in yield (by 101.9%) which counterbalances
the negative area effect (−1.9%). Thus, the overall growth in output is exclusively dependent on the
growth in yield.
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Table 3. Change in area, production and yield of rice between the five-year average ending June 1975
(beginning of the Green Revolution) and five-year average to June 2018 with decomposition of sources
of output growth.
Time Period (July–June)

Gross Cropped Area (000 ha)

Output (000 tonnes)

Yield (kg ha−1 )

1971–75
2014–18

11,608
11,224

12,419
34,335

1070
3059

Changes between 1971–75 and 2014–18
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observed rice yields for the two periods (July 1971–June 1998, first 27 years; and July 1998–June 2018,
last 20 years). The lines are illustrated in Figure 3.
Ŷ(1971–1997) = 951.541 ∗∗∗ + 31.829 Time ∗∗∗ (∗∗∗ p < 0.001) R2 = 0.96, F (1, 25) = 568.8 (∗∗∗ p < 0.001) (5)
∗∗∗
) = 318.689
Ŷ(1998–2017Sustainability
+ 61.379 Time ∗∗∗ (∗∗∗ p < 0.001) R2 = 0.98, F (1, 18) = 723.816(∗∗∗
p < 0.001) (6)
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11. Declining Biodiversity of Rice
11.1. Background Information
Historically, Bangladesh has been well known for extensive rice biodiversity. For centuries,
farmers have been growing a large number of rice varieties characterized by different quality,
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resistance to many diseases and insects and with adaptability to varying growing conditions.
The International Rice Research Institute Gene Bank apparently contains over 8000 rice varieties
collected from Bangladesh [37] (p. 1).
With the introduction of the seed-fertilizer-irrigation technology popularly known as the Green
Revolution, significant transformation in crop production has taken place. (At the beginning of the
Green Revolution IR-5, IR-8 and IR-20 varieties of rice were introduced through direct imports of
seeds (material transfer) with subsequent adaptation (design transfer) and indigenous development of
different strains of rice by the Bangladesh Rice Research Institute (capacity transfer) [43,44].) Data from
the Bangladesh Rice Knowledge Bank (http://knowledgebank-brri.org/), indicate that:
•

•

•

HYVs of rice are grown over 87% of all rice lands in 2017–18 compared to less than 25% in 1994–95.
By 2004–05, the spread of HYVs grew to more than 66% and to more than 84% by 2014–15. Spread
of Aus and Aman HYVs of rice broadly reflects the pattern for overall rice—slower pace of adoption
in the first two and half decades of the Green Revolution (up to mid-1990s) followed by a rapid
pace since.
Adoption of Boro HYVs proceeded at a very rapid pace. By the mid-1970s, it reached 50% even
though the total area under this rice crop was just over a m ha. Subsequently, however, both area
and HYV adoption rate expanded. By the mid-1990s, Boro rice was grown in about 2.7 m ha of
land of which more than 90% was under HYVs. By 2017–18, Boro rice cultivation expanded to
about 4.9 mha almost all of which were planted with HYVs.
Growth in rice output and yield of three rice crops followed a path similar to that of their area
under cultivation. Penetration of HYVs propelled rice yields, which further propelled overall rice
production. The combined effect of these changes resulted in tripling of overall output and more
than tripling the yield of rice.

Over the last five decades, rice has experienced significant loss of diversity, especially after
the start of the Green Revolution. HYVs of rice have replaced the local varieties particularly in the
Aus and Boro seasons. Because of the introduction of HYVs, many traditional rice varieties have
completely disappeared or are on the way to extinction. Prominent Aman varieties that face extinction
include among others, Nazir Shail, Lati Shail, Raja Shail, Balam, Binni, Digha and Kartik Shail while the
important Aus/Boro varieties include Haitta, Kotoktara, Goria, Porangi, Kala Manik, Hasi Kalmi, Balam,
Vaduri, and Aguli [37].
This has resulted in the genetic erosion of rice. The replacement of local varieties, which narrowed
the genetic base, could increase genetic vulnerability [45,46]. Over one hundred rice varieties have
been developed by the Bangladesh Rice Research Institute (BRRI) and the Bangladesh Institute of
Nuclear Agriculture (BINA). However, their genetic base became narrowed because few local varieties
were used in the breeding program [47]. Genetic uniformity causes resistance or susceptibility to
disease and insects [48], which results in poor performance of some HYV rice varieties.
The introduction of HYVs not only changed cropping patterns but also the rice ecosystem.
For example, (local variety) Broadcast Aus (B. Aus) and (local variety) Broadcast Aman (B. Aman) were
grown as mixed crops. With time, this practice has all but disappeared. In Bangladesh, HYVs which
were cultivated extensively were found after 10–15 years to be susceptible to diseases and insects, and
became obsolete. For example, in the mid-1970s BR3 was the most popular variety in the Boro season
but has now been replaced by BRRIDhan28. The same happened with Aus and Transplanted Aman
(T. Aman). Replacement of new varieties also depends on farmers’ needs, i.e., in the mid-1970s, farmers
preferred coarse grains but at present they prefer medium to fine grains due to changing preferences
of customers.
The Bangladesh Rice Research Institute (BRRI) released its BR3 commercial rice variety in 1973
and it was the major variety cultivated during the Boro season until 1990. It was developed from a
local variety Latishai. It has a coarse grain with a high amylose content. After 1990, in order to satisfy
consumers’ preferences, BRRI released BR28 and BR29 in 1994. These two varieties remain popular
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due to their medium fine grains, better adaptability and shorter growth duration relative to BR3. BR28
was developed from one popular local variety Purbachi. Subsequently, BRRI developed a range of
varieties improving on BR3, BR11, BR28 and BR29 for wider adaptability and both biotic and abiotic
stress tolerance [49].
With the introduction of HYVs of rice, many local varieties have completely disappeared or are
on the way to extinction. This situation is alarming and is reminiscent of the Irish potato famine and
the leaf blast of maize due to widespread cultivation based on a few varieties. While BRRI developed
91 modern varieties of rice, only a few of them have a local genetic base. Although several local
varieties were used in the breeding program only a few of them were successful in giving higher yields.
Latisal, Nazirshail, Badshahbhog, and Khaskani demonstrated the potential for higher yields. Local rice
varieties are adapted to adverse eco-environmental conditions including drought, salinity and tidal
submergence. Due to their poor yield, they were replaced by modern varieties with higher yields.
Some of the modern varieties are also suitable for adverse conditions. For instance, BR22 and BR23 are
suitable for late planting while BR28 and BR81 are early maturing and suitable for haor areas (a haor is
a wetland ecosystem, which is physically a bowl, or saucer shaped shallow depression in the greater
districts of Mymensingh and Sylhet in the north-eastern part of Bangladesh). BR34 is an aromatic and
fine grain variety which became popular to the farmers. BR51 and BR52 are submergence tolerant
while BR47 is salinity tolerant. All these varieties have become popular with the farmers.
11.2. Narrow Genetic Base of Modern Rice Varieties
Table 4 presents the parentage of some popular rice varieties developed by BRRI. Note the narrow
genetic base of the new varieties and the lack of reliance on a wide range of local genetic resources.
Table 4. Parentage of some popular rice varieties developed by Bangladesh Rice Research Institute
(BRRI).
Variety

Parentage

Season

Released

Genetic Base

BR3
BR11
BR22
BR23
BR26
BR28
BR29
BRRIDhan34
BRRIDhan48
BRRIDhan49
BRRIDhan51
BRRDhan62
BRRIDhan87

IR506-1-133/Latisail *
IR5/IR20
Nizersal */BR51-46-5
DA-29 */BR4
IR183618/IR25863
B6/Purbachi *
BG90-2/ BR51-46-5
Selection from Khaskani *
IR515-11-2B-343/TCCP266
BR1543-9-2-1 */IR13249
IR81213/Swarna */IR67684B
Jirakatari */BRRIDhan39
Amol */BRRIDhan28

Boro
T. Aman
T. Aman
T. Aman
T. Aus
Boro and Aus
Boro
T. Aman
T. Aus
T. Aman
T. Aman
T. Aman
Boro

1973
1980
1988
1988
1993
1995
1995
1997
2008
2008
2008
2013
2017

Primarily local
Exotic
Primarily Local
Local
Exotic
Local
Local
Local
Exotic
Primarily Local
Primarily Exotic
Primarily Local
Primarily Local

* Local genetic base. Source: Compiled from BRRI ([49], Table 2, pp. 7–9).

The main reason for growing HYVs of rice is due to substantially higher yields and profitability
relative to (low local yielding) local varieties. Furthermore, some of the local varieties take longer
to mature. This notwithstanding, farmers still grow some special varieties including Kalijira and
Kataribhog for their aroma and grain quality, and Motadhan in the environmentally stressed coastal areas.
11.3. HYV Adoption and Lack of Diversification of Rice Varieties
Information presented in Table 5 typifies the high dependence of Bangladesh on a narrow range
of rice varieties. This is especially the case for Boro rice crop with BR28 and BR covering more than
60% of the area (about 3 m ha). Furthermore, BR28 covers more than 15% of the area of the Aus crop
(0.161 m ha). Thus, in the Boro and Aus seasons combined BR28 grows on 1.852 m ha of land. The Aman
crop is more diversified—no single rice variety is overwhelmingly dominant.
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Table 5. Coverage of rice land by selected HYVs by crop season: Bangladesh 2017–2018.
Variety

% Coverage
(area m ha)

Boro Crop

Variety

% Coverage
(area m ha)

Aus Crop

BRRIDhan28
BRRIDhan29
BRRIDhan58
BRRIDhan50
BR16

34.80 (1.691)
26.25 (1.275)
2.14 (0.104)
1.78 (0.086)
1.25 (0.061)

Other BRRI
Total BRRI Boro

Variety

% Coverage
(area m ha)

T. (Transplanted) Aman Crop

3.76 (0.183)

BRRIDhan48
BRRIDhan28
BR26
BR21
BR27
BRRIDhan43
BR2
BR2RIDhan55
Other BRRI

17.28 (0.186)
14.98 (0.161)
6.86 (0.074)
4.74 (0.051)
3.81 (0.041)
2.69 (0.029)
2.00 (0.022)
1.69 (0.018)
11.93 (0.128)

BRRIDhan49
BR11
BR22
BRRIDhan34
BRRIDhan52
BR23
BRRIDhan51
BRRIDhan41
Other BRRI

11.41 (0.648)
7.11 (0.404)
4.21 (0.239)
4.04 (0.229)
3.11 (0.177)
2.75 (0.156)
2.08 (0.118)
1.66 (0.094)
11.39 (0.647)

69.98 (3.400)

Total BRRI Aus

65.98 (0.709)

Total BRRI T. Aman

47.76

Source: Based on data from BRRI (2018b, pp. 166–168) [50].

12. Discussion and Conclusions
This article has demonstrated the complex nature of analysis of the relationship between
agricultural diversity and agricultural sustainability. This is partly because the concepts of agricultural
diversity and agricultural sustainability are multidimensional in nature. The general analysis
(Sections 3–5) identified important factors which have reduced agricultural diversity in recent times,
particularly at the farm level, and these can have potentially adverse impacts on each of the three
pillars of agricultural sustainability encapsulated in Figure 1.
The case study on Bangladesh investigated agricultural diversity at the national level and its
implications for agricultural sustainability. We had sufficient national data for that purpose but not for
farm-level studies. The latter ought to be the subject of future research.
Our case study (Sections 8–11) revealed that:
•

•

•

•

The extent of crop diversification in Bangladesh is very low, mainly because of its extremely high
dependence on rice as a food source. Nevertheless, by applying a novel index of crop diversity
and additional analysis, we discovered that crop diversification has increased in Bangladesh since
the Green Revolution. This has occurred partly because higher rice yields and changes in the
seasonal cultivation of rice have resulted in land sparing. Land sparing has provided extra land
for growing crops other than rice. Furthermore, as incomes have risen in Bangladesh, this has
increased the demand for foods other than rice.
Despite this development, Bangladesh remains heavily dependent on rice for its food supply.
Indications are that new technologies are less able to sustain the growth in Bangladesh’s rice
yield than in the past given that cultivation of HYVs of rice creates significant environmental
damage [51]. The rate of growth in its rice yield has tapered off and these yields appear to be
approaching a stationary or a near stationary state. One cannot rule out the possibility that they
will decline in the near future because of ecological and environmental factors.
The most important rice crop (Boro) is critically dependent on two varieties, BRRIDhan28 and
BRRIDhan29 with >60% land area (3 m ha) under cultivation that typify its shrinking genetic
rice-resource base. Any outbreak of any plant diseases and/or pest epidemics can result in a
significant loss or collapse of the rice crop output similar to the collapse of Bangladesh’s wheat
output between the late 1990s and early 2000s, and then again in 2016 [52,53].
Bangladesh’s high dependence on its Boro rice output has resulted in the over-use of its underground
water supplies. Its use of underground water exceeds its recharge in many areas of Bangladesh.
Its current water use is, therefore, unsustainable. Consequently, given the high dependence of
Bangladesh on rice for its food supplies, its future food security is under threat. While we recognise
that the issue of water use requires further investigation, it is beyond the scope of this paper.
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This issue has been investigated in some detail by Alauddin and Sharma [28], Hasan et al. [52]
and Shah [29].
In addition, a very high proportion of Bangladesh’s farm families depend heavily on rice for most
or all of their incomes. Consequently, their income levels are threatened given that the ecological
and environmental sustainability of rice yields are in doubt.

The nature of agricultural crop production in Bangladesh does not signify a great deal of
sustainability nor does it represent a significant extent of diversification. As a hedge against the
possibility of falling rice yields and output, Bangladesh should investigate the desirability of increasing
the diversification of its crops both at the national level and at the farm level. Switching to non-rice
crops, e.g., vegetables, fruits, pulses, non-rice grains (e.g., wheat) compatible with land suitability will
reduce groundwater usage significantly and therefore be environmentally ameliorating and ecologically
sustainable. Cropping diversification can also be a key element in reducing income variability and,
therefore, risk at the farm level [54] for millions of small farmers. This is likely to promote social and
economic sustainability. (Lock in (and associated path dependence) in the use and development of
dominant agricultural species (and in some cases breeds of livestock and varieties of crops) can occur
for several reasons, some of which are considered in Tisdell [55]. These include R&D being skewed in
their favour, the development of technologies that are relatively specific to them and the persistence
of consumer food preferences for them. Producers of major agricultural commodities may also form
strong political lobby groups and be relatively numerous. Therefore, they are likely to be successful
in obtaining more support from governments than producers of less established minor agricultural
products.) We recognise that the impact and opportunity cost of the switch from rice to non-rice crops
on farm incomes, the environment, storage and risks including biotic, abiotic and market risks warrant
a thorough investigation. However, this is beyond the scope of the present study.
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