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Abstract: From the perspective of nutritional security, we investigated the influence of climate change
on potato production in Bangladesh using a supply and demand model by considering the potato
as an important non-cereal food crop. To provide an outlook on the variation in potato supplies
and market prices under changing climatic factors (temperature, rainfall, and solar-radiation), the
yield, area, import, and demand functions were assessed using district-level time-series data of
Bangladesh (1988–2013), disaggregated into seven climatic zones. Results suggest that temperatures
above or below the optimal range (18–22 ◦C) lowered yields. Little rainfall and low solar radiation
hinder potato cultivation areas during the potato maturity stage. During the simulated period,
the annual production was projected to rise from 88 to 111 million metric tons (MT), with an
equilibrium farm price of 155 to 215 US dollars MT−1. Between 2014 and 2030, the nation’s per-capita
potato intake is expected to increase from 49 to 55 kg year−1 because of changing dietary patterns.
According to the estimated equilibrator, scenario simulations that incorporated various dimensions
of Intergovernmental Panel on Climate Change (IPCC) scenarios indicate that potato production and
consumption can increase in the future.

Keywords: climate change; econometric model; outlook; potato market

1. Introduction

Climate change will make hunger eradication more challenging, with reduced agricul-
tural production, increased food prices, and reduced food availability, with consequent
adverse health effects [1–3]. To ensure a supply sufficient to satisfy global food demand in
2050, agricultural production must be boosted by 60% [4]. However, the yields of major
staple crops are projected to decline considerably because of changing climate. Research
results indicate that climate change is expected to reduce yields of maize (20–45%), wheat
(5–50%), rice (20–30%), and soybeans (30–60%) [4] by 2100. Agriculture must transition
to more productive, resilient, and sustainable processes to cope with changing climate [4].
Most economically developing and low-income countries rely on cereal crops for their
nutritional security. Research findings have demonstrated that 1.9–2.3 billion people obtain
60–70% of their iron and zinc from the major staple crops: rice, wheat, and maize [5].

Few researchers have reported attempts to assess the effects of dietary diversity on
nutritional deficiency, but their findings have shown that protein, iron, and zinc deficiencies
are more concentrated in the Global South than in other regions [6–9]. Therefore, reliance
on these cereal crops alone will not be sufficient to close the gap separating food supply and
demand. Primary crops such as rice, wheat, and maize are sufficiently calorific to prevent
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hunger, but they fail to provide all necessary nutrients for a balanced diet. Under these
circumstances, research assessing major non-cereal supply and demand scenarios under
climate change variations must be conducted immediately. Currently, the United Nations
(UN) Food and Agriculture Organization (FAO) is promoting tubers as economical and
nutritious food crops that can improve food and nutritional security in many economically
developing countries [10]. Therefore, through substituting staples such as wheat, rice, and
maize partly with potatoes, the production and consumption of this crop are expected
to increase.

Due to its position between the Himalayas and the Bay of Bengal, Bangladesh, an
economically developing nation, is regarded as among the world’s most climate-sensitive
countries. Natural hazards such as high salinity, hurricanes, irregular rains, drought, high
temperatures, and flash flooding have increased in severity and frequency because of
atmospheric warming [11]. These increasing occurrences resulting from global warming
adversely affect crop production both directly and indirectly. Bangladesh is endowed
with highly fertile soil and moderate rainfall and temperature conditions that can pro-
duce various crops year-round. Compared with other economically developing countries,
Bangladesh has certain advantages including rich genetic and ecosystem diversity and
enormous dedicated human resources that are willing to participate in diverse agricultural
activities [12,13]. In this respect, crop intensification and diversification are excellent strate-
gies for combining the production and consumption of main cereal crops with non-cereal
crops. Therefore, Bangladesh, with its scarce agricultural land, is perhaps the best-suited
environment to meet growing needs for food by increasing potato production on small
patches of agricultural land.

Potatoes constitute the world’s main non-cereal food crop, ranking fourth behind
rice, wheat, and maize. [14]. Furthermore, because of their climate-resilient characteristics,
they are useful to replace cereal crops [14]. This high-yielding crop has rich nutrient
contents [15,16]. Suitable potato cultivation is possible under different and changing
climatic environments. Moreover, because of the temperate climates in Bangladesh, they
are a particularly suitable crop [17–19]. To investigate future scenarios of potato supply
and demand, Bangladesh was chosen as a temperate region and the seventh-largest potato
producing country in the world as well as the third-largest potato producing country
in Asia after China and India [20]. The annual production of potatoes in Bangladesh is
estimated at 11 million metric tons (MT) [21]. Bangladesh has already attained food security
status, although nutritional security remains questionable [22]. According to estimates,
more than 20 million people in Bangladesh are adversely affected by chronic vitamin A,
iron, and zinc deficiencies, which more strongly affect pregnant women and infants [23].
However, the changing climate has had an adverse effect on food and nutritional security
in Bangladesh [24]. It has been predicted that major crop production in Bangladesh
might decline by 30% because of negative consequences of climate change [25]. Therefore,
considering both population growth and climate change, and knowing that rice is the major
staple food in Bangladesh, an urgent need exists for specific examination of alternative
crops that can stabilize the country’s economy and change its dietary patterns. Potatoes
constitute the second largest crop in terms of cultivated area (after rice), corresponding
to 3% of Bangladesh’s total area and providing as many as 6.0% of the daily per-capita
calories and protein consumed in rural areas because of the abundant supply. It is regarded
as a partial substitute in many households [21,26].

Reports of studies using supply and demand modeling of major cereals conducted
under changing climatic conditions are scarce in the literature [27,28]. Salam et al. examined
the rice production and price volatility in Bangladesh in light of climate change, reporting
that the yield of modern and local varieties of rice fluctuated during the pre-monsoon
(December–January) and dry (March–May) seasons [29]. Similarly, the yield variation
was higher under Representative Concentration Pathways (RCP) 6.0 (2.0–3.7 ◦C) than
under RCP 8.5 (3.2–5.4 ◦C) where each scenario is more suitable for the South Asian
region, including Bangladesh [29]. Another study revealed that climate change harmed
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the rice yield in India; more specifically, higher temperatures lowered rice yields in most
states, except for those states at high altitudes [30]. Researchers have also emphasized
the supply and demand elasticities of major agricultural commodities in the U.S.A. [31].
Studies have proven that supply and demand models are effective and fruitful approaches
for elucidating the consequences of climate change on the production and market price
dynamics of different enterprises [29,30,32].

With rising global population and changing climate patterns, an urgent need exists to
adopt appropriate policy recommendations to ensure a consistent supply of agricultural
products with fair market prices [29]. In this regard, the current study specifically examines
the evaluation and forecasting of climate change effects on potato supply and demand, a
model that incorporates the climate and socioeconomic scenarios of the Fifth Assessment
Report (AR5) of the Intergovernmental Panel on Climate Change. The model outputs are
also known collectively as the “Coupled Model Intercomparison Project Phase 5 (CMIP5)
multi-model dataset” [33].

Most modeling studies are conducted for the major cereals such as rice, wheat, and
maize: tubers have generally been ignored. In Bangladesh, several studies have been
conducted by considering agronomic, economic and physiological aspects of potato culti-
vation [34–36], but incorporating supply and demand in the context of climate change is
quite uncommon. Consequently, the present study was undertaken to estimate a supply
and demand model to assess climate change effects on Bangladesh’s potato production
using a supply and demand model approach. In light of climate change, the findings of the
present research are expected to help policymakers in determining pricing strategies and
improving market information and tracking mechanisms to minimize supply uncertainty.
The following question was considered: What are the effects of climate change on potato
production for different climatic zones in Bangladesh?

2. Materials and Methods
2.1. Study Area

This study used district-level time series data and grouped them into seven climate
zones of Bangladesh following a method explained by Rashid [37,38]. The study area map
with classification of the seven climatic zones was created in the ArcGIS environment. Basic
layers were projected in the WGS84 using ArcGIS 10.4.1® software (Figure 1).

2.2. Data Sources
2.2.1. Historical Data

According to data availability, the assessment was conducted for 1988–2013. Yield
and area data of potato for seven climate zones are available for 1986–2014 [39]. Climate
variable information such as rainfall data is available for 1970–2013. However, temperature
and solar radiation data before 1980 are limited for the respective districts [40]. Similarly,
consumer price index data are available from 1986 from the World Bank database [41].
Considering uniformity of analysis, this research was conducted using data available for
1988–2013.

However, the analysis was extended up to 2030 for the econometric assessment. The
demographic and climatic characteristics of Bangladesh are presented in Appendix A.
Before analyzing the supply and demand model of potato, it is important to assess the
growing stages of potato production in Bangladesh. In this regard, the potato crop calendar
is presented in Appendix B.

Time-series data for the historical yield and cropped area of potato were collected
from the Bangladesh Bureau of Statistics (BBS) [39]. The following data were obtained
from [42] Food and Agricultural Organization’s statistical database, FAO-STAT (2019): The
market price of potatoes in Bangladesh was assumed as the farm price (FP), world price
(WP) (Netherlands’s price), imports (IMP), exports (EXP), food demand, seed, loss, and
other uses. Data related to the consumer price index (CPI), exchange rate (EXR), real gross
domestic product (GDP), GDP deflator (GDPD), and population (POP) were collected



Sustainability 2021, 13, 5011 4 of 22

from the World Bank [41]. The monthly mean data of climate variables, i.e., temperature,
rainfall, and solar radiation, were gathered from the Bangladesh Meteorological Depart-
ment (BMD) [40] and the Bangladesh Agricultural Research Council (BARC) [43] for the
estimated period. The annual average temperature, rainfall and solar radiation for the
historical period are presented in Appendix E.
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2.2.2. Forecast Data

The simulated period was from 1988 until 2060 for the supply and demand of potato.
The Model for Interdisciplinary Research on Climate (MIROC5) General Circulation Model
(GCM) of the University of Tokyo, National Institute for Environmental Studies (NIES)
and the Japan Agency for Marine-Earth Science and Technology (JAMSTEC) were used
as the sources of future climate data in the simulations. The IPCC AR5 developed four
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RCP scenarios (RCP 2.6, RCP 4.5, RCP 6.0, and RCP 8.5). They can be delineated based on
radiative forcing and the direction of change [44,45]. A set of five Shared Socioeconomic
Pathways (SSPs) (SSP1–SSP5) that explains the microscale conditions of human and natural
resources was considered based on O’Neill et al. [46]. In all, 20 possible scenarios (four
RCPs × five SSPs) exist in the RCP–SSP combination. However, all scenarios are not
applicable to a specific country because of variation of the GDP growth rate, population
pressure, and climate change adaptation and mitigation challenges. Among the representa-
tive scenarios, two contrasting scenarios were selected for this study: RCP 6.0 (medium
emission) and RCP 8.5 (high emission).

The SSP scenarios, three SSPs (SSP2, SSP3, and SSP4) were chosen among five combi-
nations of the International Institute for Applied Systems Analysis (IIASA). All the criteria
of these three SSPs are highly observed and practiced in the Bangladesh context (an eco-
nomically developing nation in South Asia) [29]. The forecast GDP and population under
SSPs of the AR5 of the IPCC were incorporated into climate scenarios to predict the food
situation and price instability in the future under climate change.

2.3. Supply and Demand Model of Potato

The potato yield, area, imports, and demand functions were estimated based on work
reported by Hung et al. and Furuya et al. to develop an outlook with regard to the variation
in the supply and market price of potatoes as a result of climate change [30,47]. Their
model’s basic mathematical expressions were followed and improved for this study by
adding climatic variables to generate the potato supply and demand model. The supply
and demand model for potatoes in Bangladesh is the following:

Yield functions

Yi,t= αiY+ βiY,1Tt+ βiY,2 TMPi,t+ βiY,3RAFi,t+ βiY,4 SLRi,t+ εiY,t (1)

In that equation, Yi,t represents the potato yield (MT ha−1), T stands for the time trend,
and TMPi,t, RAFi,t, and SLRi,t, respectively, denote the monthly average temperature (◦C),
solar radiation (W m−2 day−1), and total rainfall (mm) in the given period. Additionally,
αi, βi,1, βi,2, βi,3, and βi,4 are the parameters, and εiY,t is the error term. Subscripts i and t,
respectively, denote the regions and year.

Area functions

Ai,t= αiA + βiA,1 Ai,t−1+ βiA,2 FPt−1/CPIt−1 /100) + βiA,3 TMPi,t−1+ βiA,4RAFi,t−1+ βiA,5 SLRi,t−1+ εiA,t (2)

In the equation presented above, Ai,t is the harvested area for the time t, and Ai,t−1
is the lagged area. FPt−1 (USD MT−1) is the lagged farm price of potato deflated by the
lagged consumption price index CPIt−1/100. CPI is the consumer price index (2010 = 100)
of Bangladesh. TMPi,t−1, RAFi,t−1, and SLRi,t−1 , respectively, represent the lagged seasonal
temperature, rainfall, and solar radiation on a monthly basis. Additionally, αi, βi,1, βi,2, βi,3, βi,4,
and βi,5 are the estimated parameters.

The total production identity is the following:

IMPt= αIMP+ β1IMP TQi,t+ β2IMP WPRt+ ε IMP (3)

In the equation above, IMPt stands for the quantity of imports (MT), TQi,t = ∑
i

Yi,t Ai,t

denotes the total domestic production (MT) of seven climate regions, and WPRt = (WPt ∗
EXRt/(CPIt/100)) is defined as the world price (US dollars) where EXRt is the exchange rate (lo-
cal currency/USD). Additionally, α, β1, and β2, respectively, represent the estimated parameters.

The net supply identity is shown below.

NSt= TQi,t+ IMPt−EXPt − LOSSt− SEEDt −OTHERt (4)
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Therein, NSt stands for the net supply (MT). EXPt, LOSSt, SEEDt and OTHERt,
respectively, express the export, loss, seed, and other usages (MT).

Per-capita consumption is calculated as

QDt= NSt/POPt, (5)

where QDt signifies the per-capita consumption of potato (kg year−1 person−1), and POPt
represents the populaton of Bangladesh (thousand persons).

The demand function is

DDt = αDD+ β1DDFPt/CPIt /100) + β2DDrGDPPCt+ εDD (6)

where DDt denotes the per-capita consumption of potato, FPt is the farm price (USD MT−1),
and rGDPPCt (rGDPt/POPt) is derived from the real GDP, which is divided by population
(POPt). Here, the real rGDPt is the GDP that is transformed into constant international dollars
(base 2010) followed by purchasing power parity (PPP) rates.

Figure 2 displays the structure of the supply and demand model analysis for potatoes
in Bangladesh. Total potato production is the aggregate output of all seven climate zones.
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Figure 2. Schematic diagram for the supply and demand of the potato econometric model for Bangladesh.

The yield and area functions were used to measure the potato supply. After estimating
the import function, the value of imports was added to the total production. To measure
the net domestic supply, the value of exogenous variables such as export, loss, seed, and
other usages was subtracted from the overall output. By incorporating GDP and domestic
farm prices, the demand function was estimated. In the final step, the procedures were
also executed by an equilibrator to find the expected point of convergence which indicates
the domestic market price in a spreadsheet [48].

The convergence mechanism for equilibrium condition is described as

SSt − DDt × POPt = 0, (7)

where SSt represents the net supply in the market, DDt is the per-capita domestic demand,
and POPt denotes the population.



Sustainability 2021, 13, 5011 7 of 22

Shifts in market prices of potatoes are influenced by supply and demand interaction. The
iteration of price adjustments can be conducted repetitively in the following procedures.

Adjusted value (ADVt) = (SSt − DDt) × (−DF), (8)

In that equation, DF is the damping factor, which can be measured as a constant number:

SSt > DDt when ADVt became negative and FPt decreased;
SSt < DDt when ADVt became positive and FPt went up;
The iteration process was terminated when ADVt ≈ 0.

To apply the above econometric model of supply and demand for potatoes, the follow-
ing statistical analyses were made. After the descriptive statistics, the correlation coefficient
was measured to identify the relation between the dependent (yield, area) and indepen-
dent (temperature, rainfall and solar radiation) variables for the seven climatic zones. An
Augmented Dickey–Fuller (ADF) test was used to assess all variables’ stationarity. Results
indicated that most variables had unit roots (Appendices C and D) and almost all climate
variables were stationary (Appendix D). If the variables had unit-roots, then Johansen
Cointegration tests were used in the next step. Cointegration relations were absent from
these functions. As most variables were nonstationary, the first-order difference technique
was used to make all variables stationary to ensure uniform estimation methods for each
region [28,49]. The estimation method was ordinary least squares (OLS) method. When
serial correlation was found in the error term, an autoregressive (AR1) model was applied.
The goodness of fit of the model was identified with the information criteria, i.e., Akaike
Information Criterion (AIC), whereby the lower the values of those criteria, the better the
model specification. F-stat was regarded as identifying the model accuracy. However, the
Durbin Watson Stat (DW Stat) shows the autocorrelation in residuals. If the DW stat value
is nearly two, then the model can be regarded as ‘autocorrelation free’. We regard this as
the lag of the dependent variable in the regression equation.

3. Results
3.1. Estimation of Functions of the Supply and Demand Model

Table 1 presents the relation between the potato yield with temperature, rainfall, and
solar radiation. The estimated parameters of the study revealed that temperatures higher or
lower than the optimal temperature (18–22 ◦C [50]) hindered potato yield growth because
potatoes are cultivated in all zones of Bangladesh during winter [43]. Specifically, northern,
north-western, south-western and south-central regions are affected mostly by variations of
temperature. However, higher altitude (south-eastern and north-eastern regions) and cold
weather with less precipitation (northern region) and high solar radiation (south-eastern region)
during the potato production cycle also adversely affect the potato yield. The findings revealed
that temperature, rainfall, and solar radiation (beyond 120–210 W m−2 day−1 [51]) negatively
affect potato production in almost all regions. These results are consistent with those reported
by Adavi et al. [52] and Rana et al. [53]. Most of the applied variables in the yield and area
functions were found to be statistically significant (Tables 1 and 2).

In general, climate variables negatively affected the tuberization and growth stage in
most areas. Along with results shown in Table 2, higher farm prices encouraged farmers
to expand their cultivated areas of potatoes. The area function findings showed that the
previous year’s cultivation area positively influenced the current year’s potato cultivation
area. This study also found that, in every crop year, potato cultivated areas increased in
Bangladesh [42,54]. Similar findings were also observed by Li and Zhang, who found
that climatic factors variously affect different potato producing provinces in China [55].
The elasticity of the lagged year’s farm price was 0.04–0.12, indicating that potato prices
played a significant role in deciding the allocation of lands and that they had a positive and
statistically associated effect on potato producer behavior. The lagged temperature, rainfall
(<300 mm [33]), and solar radiation had a negative consequence on the potato cultivation
area, which might affect the yield ultimately. Potato plants are less resistant to drought
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than many plants. They need optimum rainfall or equivalent irrigation throughout the
season. Minimum temperatures, little solar radiation, and minimal or no rainfall during
cold weather (November through March) diminish the potato cultivation area (Table 2).

Most agricultural areas are dominated by rice production, whereas other regions, such
as the south-eastern, north-eastern, and south-western regions, are suitable for more diverse
cultivation (aquaculture, tea cultivation, floriculture, and so on) because of the weather
patterns, salinity, and competition with other enterprises [56]. However, during the simulation
phase, potato production is projected to increase from 85 to 212 million MT year−1.

The baseline outlook for the main producing regions, i.e., northern, north-western,
western, and south-central is presented in Figure 3.

Table 1. Estimation of potato yield function according to temperature, rainfall, and solar radiation.

Climate Zones
Climate Variable AdjR2

DW

Nov. Dec. Jan. Feb. Mar.

SE −0.336TMP **
(−2.40)

−0.005RAF **
(−1.80)

−0.052SLR ***
(−6.17)

0.75
2.65

NE −0.246TMP **
(−2.38)

−0.023RAF ***
(−3.58)

−0.023SLR *
(−1.69)

0.55
2.16

N −0.022RAF **
(−2.35)

−0.771TMP ***
(−3.20)

−0.032SLR *
(−1.69)

0.56
2.36

NW

−0.170TMP *
(−1.68)

−0.028RAF ***
(−3.6)

−0.048SLR **
(−3.17)

0.67
2.12

W −0.233TEMP *
(−1.70)

−0.012RAF **
(−2.3)

−0.031SLR *
(−1.68)

0.60
1.89

SW −0.042SLR
(−1.83)

−0.027RAF *
(−1.67)

−0.567TMP **
(−2.57)

0.47
2.40

SC −0.014RAF **
(−1.92)

−0.514TMP ***
(−5.20)

0.55
2.22

Note: ***, **, and *, respectively, denote the levels of significance at 1, 5, and 10%. Values in parenthesis represent t-values. AdjR2 is
adjusted R2 and DW stands for Durbin–Watson values. Note: Temperature (TMP), rainfall (RAF), solar radiation (SLR): south-eastern (SE),
north-eastern (NE), northern (N), north-western (NW), western (W), south-western (SW), south-central (SC); November (Nov.), December
(Dec.), January (Jan.), February (Feb.), and March (Mar.).

The findings of the import function showed an inverse relation between imports, total
quantity, and world price, which revealed that increased potato production and the world price
of potatoes were able to reduce the extent of imports. The findings showed that one thousand
MTs of total production increase led to decreased imports of 4 MT. Similarly, a US dollar increase
in the world price of potato reduced imports by 0.107 MT. The per-capita consumption of potato
is projected to increase from 49 to 55 kg year−1 between 2014 and 2030. The equilibrium farm
price is estimated to increase from 155 to 215 USD MT−1 between 2014 and 2030. In Bangladesh,
the potato price is directed by the upstream transmission. Consequently, the direction of the
potato farm prices is influenced by the retail price. As a developing nation, Bangladesh’s
government cannot import potatoes from potato-exporting countries with high prices (Table 3).
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Table 2. Estimation of planted area functions of potato with climate variables.

Climate
Zones

A (t − 1) FP (t − 1)
Climate Variable

AdjR2

Nov. (t − 1) Dec. (t − 1) Jan. (t − 1) Feb. (t − 1) Mar. (t − 1)

SE
0.43 ***
(3.38)
[0.55]

0.13 *
(1.61)
[0.11]

−688.71TMP **
(−2.65)
[−1.67]

−16.77RAF **
(−2.40)
[−0.04]

−70.01SLR ***
(−3.54)
[−1.45]

0.71

NE
0.32 ***
(3.52)
[0.31]

0.06 *
(1.84)
[0.09]

−266.63TMP ***
(−3.41)
[−0.92]

−12.387SLR **
(−2.31)
[−0.39]

0.86

N
0.36 *
(1.74)
[0.32]

0.53 *
(1.66)
[0.10]

−1181.40TMP **
(−2.75)
[−0.59]

−132.28SLR *
(−2.41)
[−0.52]

0.69

NW
0.30 **
(1.78)
[0.26]

0.51 **
(1.51)
[0.07]

−133.96SLR *
(−1.66)
[−0.28]

−1593.89TMP ***
(−2.35)
[−0.37]

−133.57RAF **
(−1.79)
[−0.01]

0.65

W
0.16 **
(1.59)
[0.14]

0.40 **
(2.02)
[0.10]

−1696.66TMP ***
(−4.55)
[−1.01]

−75.68RAF ***
(−2.03)

[−0.019]

−81.95SLR
(−1.90)
[−0.47]

0.76

SW
0.47 **
(3.67)
[0.41]

0.12 **
(1.52)
[0.12]

−53.59RAF ***
(−3.15)
[−0.02]

−515.31TMP *
(−1.86)
[−0.87]

−46.28SLR *
(−1.99)
[−0.63]

−24.65RAF **
(−2.70)
[−0.06]

0.78

SC
0.36 **
(2.39)
[0.35]

0.35 *
(1.74)
[0.04]

−38.83RAF *
(−1.93)
[−0.01]

−107.63SLR **
(−2.49)
[−0.20]

−891.12TMP **
(−2.52)
[−0.28]

0.65

Note: ***, **, and *, respectively denote the levels of significance at 1, 5, and 10%. A and FP, respectively represent cropped area and farm
price. Values in () and [[], respectively denote t-values and elasticity. AdjR2 is adjusted R2. Temperature (TMP), rainfall (RAF), and solar
radiation (SLR).

Table 3. Estimation of imports and food demand functions.

Equations Variable Estimate AdjR2

DW

Import −0.0040TQ ***
(−4.64)

−0.107WPRt *
(−1.71)

0.81
2.20

Food demand
(per capita)

−0.00065FP ***
(−6.78)

[−0.298]

−0.5371rGDPPC **
(−2.55)

[−1.193]

0.79
1.97

Note: ***, **, and *, respectively represent levels of significance at 1, 5, and 10%. Values in () and [], respectively
denote t-values and elasticity, respectively. AdjR2 is adjusted R2 and DW stands for the Durbin-Watson values.

Most producers earn low profits because they sell their product as soon as it is
harvested. This practice is attributable to the limited number of storage facilities as well
as the chances of diseases, weather instability, cash necessary to repay loans, and limited
information about market prices [57,58]. These unexpected and quick sales occur during
the harvesting season in March–April. Market intermediaries take advantage of hoarding



Sustainability 2021, 13, 5011 10 of 22

(creating an artificial market crisis) and then selling between October–December when the
prices are higher because of reduced potato supply [59]. Recently, the GDP growth rate in
Bangladesh has been increasing quickly. The rising trend of per-capita income (USD) is
expected to motivate households to make optimal use of their consumption expenditures
because they will have the opportunity to choose diverse food items.
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Figure 3. Baseline outlook of main potato producing regions in Bangladesh. (a) northern, (b) north-western, (c) western,
and (d) south-central.

3.2. Simulation Analysis
Potato Production Scenario under RCP 6.0 and RCP 8.5

The simulation results obtained for potato production for different regions were
derived through equilibrators of the model. Under RCP 6.0 and RCP 8.5, three SSP (SSP2,
SSP3, and SSP4) scenarios were investigated (Appendix E). The equilibrator is a method
for finding equilibrium quantities and prices of a supply and demand model in a Microsoft
Excel© spreadsheet. This method was developed by the Food and Agricultural Policy
Research Institute, University of Missouri (FAPRI-MU) [60]. The following simulation
assumptions were made: (i) the estimated parameters were fixed because of the inverse
U-shaped pattern of agricultural products in the long run. Therefore, the parameters of
temperature, rainfall and solar radiation were negative and already past the optimum point.
We assumed that the yield change is slight because of the change of slope followed by many
crop models; (ii) the linear trend continues in the yield functions; (iii) the average trend is
applied for area functions; (iv) the average growth of the GDP deflator and exchange rate
during the forecasted period are assumed between 2011 and 2013 because of the changes
of GDP deflator and exchange rate in the forecasted period having very slight influence
on the determination of import and demand for potatoes; (v) each climate scenario has
individualistic trends that might be affected separately by determination of the supply and
market price scenario. However, we also demonstrated the overall simulation analysis
for potato production (Million MT), farm price of potatoes (USD MT−1), and per-capita
consumption (kg year−1 person−1) under RCP 6.0 and RCP 8.5 with corresponding SSPs.

Bangladesh is progressing as a sustainable potato-producing country and, surprisingly,
appeared as a potato exporting country during the simulation period. In addition, the
per-capita food demand (kg person−1) was negatively related to the farm price of potatoes
and GDP per capita. A 1% increase in the potato farm price would likely reduce potato
consumption by 0.298%. The income elasticity of demand was −1.193 under the potato



Sustainability 2021, 13, 5011 11 of 22

supply and demand model. These results indicate that potatoes are an inferior good in
Bangladesh. The farm price of potatoes was estimated as a market-clearing price using the
convergence mechanism of the supply and demand for the simulation period. Per-capita
potato consumption under RCP 6.0 had a slow and steady trend. However, under RCP
8.5, it showed a fluctuating and constant trend in different SSP scenarios. According
to Figure 4, the average per-capita consumption of potatoes under RCP 6.0 with SSP2, SSP3,
and SSP4 scenarios were, respectively, 70.22, 67.26, and 63.80 kg, and 69.43, 66.51, and
63.08 kg under RCP 8.5. The farm price fluctuated significantly under both RCP 6.0 and
RCP 8.5, but had an increasing trend over the forecasted period considering the constant
price of 2010 in USD (exchange rate, 2010 [61]). This finding also predicted that the potato
price would be higher under RCP 6.0 and RCP 8.5 with SSP2 than with SSP3 and SSP4.
Rising national income and poorer people’s per-capita income and food diversification
would bring potato consumption to a static situation. The potato supply and demand
model’s simulation results indicated that the effects of climate change influenced the potato
market price variations (Figure 4).
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Figure 4. Differences in (a) production under Representative Concentration Pathways (RCP) 6.0, (b) production under RCP
8.5, (c) consumption under RCP 6.0, (d) consumption under RCP 8.5, (e) farm price under RCP 6.0, and (f) farm price under
RCP 8.5 in Bangladesh with Shared Socioeconomic Pathways (SSPs).

4. Discussion

Climate change is a consequence of anthropogenic greenhouse gas (GHG) emissions
related to resource consumption and production processes, which simultaneously influence
the productive basis of the economy and human living conditions. Rising temperatures,
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shifting rainfall patterns, rising sea levels, and the frequency and severity of extreme
weather events are wreaking havoc on ecosystems, agriculture, food security, infrastructure,
water supplies, and human health [62]. However, there is much controversy about how
severe the detrimental consequences of climate change will be in various parts of the world.
Economists are concerned that agriculture in many economically developing countries
will be more vulnerable to climate change than agriculture in economically developed
countries [63] because economically developing countries are more reliant on agriculture
(a vulnerable sector). Moreover, many are located in hot and dry climates; poor farmers
are less adaptable to climate change. Climate change, which affects crop productivity
and efficiency and which engenders marked changes in agricultural outcomes, causes
changes in temperature, rainfall, soil moisture, and fertility, changes in growing season
lengths, and increased probability of extreme climatic conditions. As a result of changes
in agricultural productivity, global agricultural commodity prices are expected to adjust
to these changes in global supply and demand. Due to their linkages to the agricultural
sector, these productivity and price effects will have broader economic effects, ultimately
jeopardizing food availability and security in vulnerable regions such as India, Bangladesh,
Nepal, and Africa [64]. To adapt to these variations, farmers’ responses to climate change
have been and will continue to be shifting land allocation between crops and other uses, as
well as the spatial distribution of crops by adopting improved cultivars as well as more
resilient varieties.

Bangladesh, as an economically developing country, was regarded as a good target
area for this study because it is known to be exceedingly vulnerable to climate change
because of its geographical location, low lying and delta exposed topography, high popu-
lation density, and agricultural reliant economy. Due to reductions in crop productivity
and resiliency, adverse effects of different climate events on agriculture have important
implications for food security, human diet, and nutrition. Bangladesh has already attained
self-sufficiency status, although the status of its nutritional security remains questionable.
The diet composition of cereal (85% calories and 60% protein) cannot satisfy all nutritional
requirements, although the major non-cereal food crop, potato, regarded as a substitute
of cereals, contains abundant carbohydrate, protein, minerals, vitamin B, vitamin C, and
dietary fiber [15]. Considering the previously described circumstances, this study was
conducted to evaluate the effects of climate variation on potato production in different
climate zones of Bangladesh and the probable market scenario for coping with upcoming
food and nutritional security and safety challenges. For this study, we have considered
only in-natura (raw) potatoes rather than processed potatoes. The production of potatoes
in different regions of Bangladesh is affected differently by climatic factors. To distinguish
those effects, an urgent need exists to assess the effects of climate variables (temperature,
rainfall, and solar radiation) on potatoes in Bangladesh using district-level time series data
grouped into seven climate zones.

The results of yield functions were derived by considering the climatic variables
(temperature, rainfall, and solar radiation) [65,66] which were treated as main determinants
for potato yield variation. Other factors such as improved cultivars, all types of machinery,
and fertilizers were regarded as dummy variables for additional technological progress of
the model. The minimal variation in productivity that influences farmers’ decisions was
slightly higher than the overall variation attributable to climate factors. Our study findings
showed that lower temperatures (18–22 ◦C) and rainfall negatively affect tuberization
in the south-eastern, north-eastern, northern, south-western, and south-central regions
of Bangladesh. However, less than optimum rainfall (<300 mm) and solar radiation
(120–210 W m−2 day−1) adversely affected the harvesting stages in the remainder of
the country because of the cold weather. Similar findings for climate change effects on
potatoes in Iran were observed by Adavi et al. [52] who found that early planting can
accelerate harmful effects of climate change on potato yield and that the medium and
early maturing varieties showed a better tuber yield under climate change conditions than
common (delayed maturing) varieties. The area (harvested area) functions of the seven
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climate regions were identified as a linear model depending on the adaptive expectation
model (AEM) [29,67].

The elasticity of farm prices, which is regarded as an important economic variable,
and the derived value of the area functions indicate that potato prices play an important
role in the allocation of land and in producers’ actions related to potato production, which
was also supported by Fei et al. [68]. However, the fluctuation of potato prices in the world
market is a worldwide problem [69]. Potatoes are products that exhibit severe seasonal
price fluctuations both in Bangladesh and among developing countries. In addition to other
periods, the price declines significantly during harvesting season (February and March).
During March, most potatoes are harvested. The price declines drastically. Farmers are
unable to earn a fair price because of improper marketing channels and low levels of
education among producers [50]. Potato producers usually must accept established prices
because the farm price of potato for a given year is not determined by the costs incurred
during that year, but by the total supply and demand for the product during the year. In
addition, because the supply of agricultural commodities (i.e., potato) cannot be altered in
the short term, demand is more determinative of price [70].

According to international potato market data, China (50.19 million MT), India
(91.82 million MT), and Russia (22.07 million MT) are the top potato-producing coun-
tries in the world, whereas Bangladesh is ranked seventh. However, the export values in
2020 for the top three countries were USD 317.26 million for Germany, USD 309.63 million
for France and USD 254.54 million for Canada. For importing potatoes, Spain, the U.S.A.,
and Germany are the top ranked countries. Their accumulated amounts were, respectively,
around USD 269.04 million, USD 253.04 million, and USD 216.77 million [71].

Bangladesh faces trade difficulties because of poor infrastructure, poor transportation
facilities, climate constraints and inadequate financial aid for agricultural commodities,
including potatoes. Although Bangladesh produces around 11.0 million MT (2.61% of the
world’s share) of potatoes annually, only a negligible amount is exported [72]. Due to the
unstable domestic prices, farmers are de-motivated to produce more potatoes, although
potatoes are proven to be economically profitable crops [35,73]. If production is insufficient
to meet domestic food demand, then the government of Bangladesh must decide to import
potatoes from other potato-producing countries such as China, the Netherlands, India,
Russia, and Ukraine [72]. Even with strong and rising overseas demand, potato farmers
in Bangladesh often struggle to distribute their products because of a lack of quality cold
storage services, high transportation costs because of moisture contents, and restricted
access to overseas buyers [74].

With annual average demand of around 7 million MT, Bangladesh currently has a
surplus of about 4 million MT, most of which is wasted [75]. Potatoes are mostly consumed
as a vegetable (non-cereal) by middle and lower-class consumers, which places potato
consumption third after the main cereals of rice and wheat [50]. To meet rising food
demand and to ensure long-term sustainable potato production in Bangladesh, farmers
should adopt climate-resistant potato varieties for the region. This argument is consistent
with the findings of Rana et al. [50]. As the government of Bangladesh wants to encourage
eating potatoes rather than rice to reduce the constant pressure on rice [50,76], an urgent
need exists to introduce and implement a potato pricing policy for the sustenance of
potato producers as well as ensuring the food supply to the consumer. The continuing
effects of climate change on potato production are assumed to become more complicated
and uncertain. Due to data availability, this study did not assess fertilizer effects, CO2
concentrations, and severe climatic events that negatively affect potato yields [55,77,78].
Further detailed and comprehensive assessments are needed for future studies along with
assessment of the development of crop cultivars and producers’ behavior.

5. Conclusions

Climate variation is constantly affecting agriculture, threatening humanity’s food
and nutritional safety. That threat has been identified as a difficulty in the SDG overall
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development plan. As a result, this study investigated how climate changes affect potato
production in specific climatic zones in Bangladesh. The findings indicated that higher
temperatures lowered potato yields in most climatic zones: less precipitation hindered the
yields and growth of potato cultivation areas during the growing period. If the domestic
production and world price of potato (raw) were to increase, it would likely reduce imports.
Alternatively, estimation showed that per-capita potato consumption is negatively related
to farm prices and real GDP per capita. If the income increases 1%, then consumption can
be expected to decrease 1.193% because potatoes are inferior goods. With the pace of other
crop items, the respective stakeholders should revise their import and export strategies to
accommodate a continuous supply of potatoes. Therefore, to increase potato production
extensively, the government must adopt new guidelines related to the fair price of potatoes,
storage facilities, and approval of improved cultivars (high-temperature tolerant) that
might lead the country to better socioeconomic pathways (SSP2). With the adaptation
of heat-tolerant cultivars and shifting the planting and harvest times of potato, it will be
possible to move toward existing production zones and into zones where potato production
is currently low or limited. This supply and demand model will help to produce informed
decisions related to production possibilities by growers in a cost-effective manner that
will benefit consumers. Moreover, the findings will contribute to implementing measures
to promote a stable food and balanced nutrition supply by encouraging potato growers.
Furthermore, this study can help policy makers produce pricing policies and improve
market information and monitoring systems to reduce price volatility even in a context of
climate change.
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Appendix A

Table A1. Seven climate zones of Bangladesh and their characteristics.

Climate Region Districts Climate Characteristics

South-eastern (SE)
Bhola, Barguna, Patuakhali, Noakhali,

Lakshmipur, Feni, Khagrachari, Rangamati,
Chittagong, Bandarban, Cox’s Bazar, and Jhalakati

Heavy rainfall and a small mean
temperature range

North-eastern (NE) Sunamganj, Sylhet, and Moulvibazar Mild summer temperatures, heavy
rainfall, and cloudy, cold winters

Northern (N) Panchagarh, Thakurgaon, Nilphamari, Rangpur,
Kurigram, and Lalmonirhat

Heavy rainfall, hot summer
temperatures, and cold winters

North-western (NW) Dinajpur, Gaibandha, Bogra, Sirajganj, Pabna,
Kushtia, Meherpur, Chuadanga, and Jhenaidah

Hot summer temperatures and
moderate rainfall

Western (W) Jaipurhat, Chapai Nawabganj, Naogaon, Natore,
and Rajshahi

Very hot summer temperatures and low
rainfall

South-western (SW) Jessore, Khulna, Satkhira, Magura, Narail,
Faridpur, and Rajbari

Hot summer temperatures and heavy
rainfall

South-central (SC)

Barisal, Brahmanbaria, Chandpur, Comilla, Dhaka,
Gazipur, Gopalganj, Habiganj, Jamalpur,

Kishoreganj, Madaripur, Manikganj, Munshiganj,
Mymensingh, Narayanganj, Narsingdi, Netrakona,

Pirojpur, Shariatpur, Sherpur, Tangail, and
Bagerhat

Mild summers and heavy rainfall

Appendix B

Table A2. Potato crop calendar for Bangladesh.
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Appendix C 

Table A3. ADF test for checking the stationarity of the yield and area. 

Climate Zone 
Yield Area 

t Statistics p Value Decision t Statistics p Value Decision 

SE −2.905 0.008 I (1) −1.288 0.213 I (1) 

NE −3.086 0.005 I (1) −1.307 0.203 I (1) 

N −2.533 0.018 I (1) −1.794 0.085 I (1) 

NW −1.809 0.083 I (1) −1.487 0.15 I (1) 

W −1.822 0.081 I (1) −2.232 0.035 I (1) 

SW −3.613 0.000 I (0) −1.417 0.169 I (1) 

SC −3.381 0.002 I (1) −2.373 0.026 I (1) 

Note: All the unit root tests include both a constant and a linear trend. Decision based on p-value at 5% level of significance. 

Appendix D 

Table A4. ADF test for checking the stationarity of the data series. 

Variables t Statistic p-Value Decision 
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Appendix D

Table A4. ADF test for checking the stationarity of the data series.

Variables t Statistic p-Value Decision

GDP 4.20 0.000 I (0)

FOOD −2.11 0.045 I (1)

FP −3.29 0.003 I (1)

WP −3.38 0.002 I (1)

IMP −2.69 0.013 I (1)

EXP 1.42 0.169 I (1)

CPI −3.92 0.001 I (0)

LOSS −1.95 0.062 I (1)

SEED −2.71 0.012 I (1)
Note: All unit root tests include both a constant and a linear trend. Decision based on p value at 5% level
of significance.

Appendix D

Table A5. ADF test for checking the stationarity of climate variables in different regions.

Climate
Zone

January February March November December

t Statistic Decision t Statistic Decision t Statistic Decision t Statistic Decision t Statistic Decision

Temperature

SE −7.10 I (0) −5.02 I (0) −6.73 I (0) −4.83 I (0) −4.43 I (0)
NE −7.68 I (0) −5.55 I (0) −7.27 I (0) −5.02 I (0) −5.08 I (0)
N −6.31 I (0) −3.58 I (1) −7.25 I (0) −3.55 I (1) −4.75 I (0)

NW −6.66 I (0) −5.65 I (0) −7.28 I (0) −3.44 I (1) −4.88 I (0)
W −6.47 I (0) −5.23 I (0) −6.57 I (0) −3.68 I (1) −4.09 I (0)

SW −6.49 I (0) −5.03 I (0) −7.08 I (0) −3.59 I (1) −4.73 I (0)
SC −6.62 I (0) −5.41 I (0) −6.83 I (0) −4.33 I (0) −4.73 I (0)

Rainfall

SE −6.79 I (0) −4.05 I (0) −5.02 I (0) −6.02 I (0) −6.44 I (0)
NE −5.74 I (0) −4.82 I (0) −8.60 I (0) −6.42 I (0) −5.74 I (0)
N −4.82 I (0) −6.55 I (0) −5.20 I (0) −5.94 I (0) −5.74 I (0)

NW −5.21 I (0) −6.35 I (0) −6.94 I (0) −6.35 I (0) −5.98 I (0)
W −6.08 I (0) −7.08 I (0) −6.14 I (0) −5.44 I (0) −5.65 I (0)

SW −6.29 I (0) −4.61 I (0) −6.80 I (0) −7.47 I (0) −5.66 I (0)
SC −6.68 I (0) −4.76 I (0) −6.59 I (0) −7.46 I (0) −5.32 I (0)

Solar radiation

SE −4.49 I (0) −5.17 I (0) −4.91 I (0) −4.67 I (0) −4.28 I (0)
NE −4.94 I (0) −5.94 I (0) −5.74 I (0) −4.48 I (0) −3.00 I (1)
N −4.92 I (0) −3.93 I (0) −3.48 I (1) −6.11 I (0) −3.41 I (1)

NW −5.06 I (0) −4.99 I (0) −4.83 I (0) −5.11 I (0) −3.09 I (1)
W −5.58 I (0) −6.08 I (0) −4.16 I (0) −4.53 I (0) −3.07 I (1)

SW −4.67 I (0) −5.54 I (0) −3.89 I (1) −4.31 I (0) −4.13 I (0)
SC −4.83 I (0) −3.91 I (0) −4.82 I (0) −5.00 I (0) −3.80 I (1)

Note: All unit root tests include both a constant and a linear trend. Decision based on p-value at 5% level of significance.
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Figure A1. Historical outlook of annual average (a) temperature, (b) rainfall, and (c) solar radiation of Bangladesh.
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Figure A2. Cont.
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Figure A2. Production in (a) south-eastern, (b) north-eastern, (c) northern, (d) north-western, (e) western, (f) south-western,
and (g) south-central regions under RCP 6.0 with SSPs.
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