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Abstract 

Background: Rice (Oryza sativa) is the most important staple food for almost half of the global population. Improve-

ment of rice yield is of global concern and is influenced by a wide variety of regional factors including climate and 

agricultural management. This research addresses the need to understand the relative influence of these factors and 

develop geographically explicit determinants of rice yield across Bangladesh. The specific objectives of this study 

were (a) to assess spatial and temporal variation in rice yield, cropping intensity and means of irrigation, and (b) to 

evaluate the relative importance of spatio-temporal change in climate, cropping intensity and means of irrigation on 

rice yield. A database on rice yield, management practices (cropping intensity and means of irrigation) and climate 

was collected from the Bangladesh Bureau of Statistics and Bangladesh Meteorological Department, respectively, for 

the years of 1981–2010. Linear mixed models were used to assess the influence of different determinants on rice yield.

Results: The results indicate that irrigation, particularly groundwater irrigation, had a stronger influence on rice yield 

than climatic conditions and cropping intensity in Bangladesh during the study period. Temperature and rainfall 

showed negative impacts on yield. Rice yield also declined when cropping intensity increased.

Conclusions: Both climate and groundwater extraction need to be considered in future policy development. How-

ever, the current extraction rate of groundwater may not be sustainable in the future to increase rice yield. The study 

concludes that spatio-temporal differences in observed yield allow interpretation of potential determinants that are 

important for food policy development in Bangladesh.

Keywords: Food security, Climate change, Regional management, Irrigation, Intensification, Agriculture, Pumping, 

Linear mixed model
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Background
�e effective management of natural resources and agri-

cultural production depends on solid, geographically 

explicit evidence [1]. In order to devise regional devel-

opment plans and successful agricultural policies, it is 

important to understand which factors influence the 

complex agriculture system in a region [2]. �e effects 

of climate variability and natural resources management 

are the key determinants for production in many agricul-

tural systems [3–5]. Resources management, mainly land 

and water management, seem to be the most influential 

determinants in many countries [6–9]. It is acknowl-

edged that variation in climate and agricultural manage-

ment practices influences crop yield [10]. However, there 

is little systematic analysis on which factors determine 

regional agricultural production. In particular, little is 

known about the spatially variable determinants of crop 

yield and production for rice in South Asia, including 

Bangladesh.
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Rice is the most important staple food for almost half 

of the global population [11]. Around 90 % of the world’s 

rice grows and is consumed in Asian countries, and of 

them, Bangladesh is the fourth-highest rice-producing 

country in the world [12]. Rice is vital for Bangladesh as 

150 million people depend on it for 70 % of direct calo-

rie intake [13]. Rice occupies 77 % of the arable land in 

Bangladesh [14], and the country contributed nearly 9 % 

of the world’s total rice in 2010 [12]. Understanding of 

factors that influence rice yield in Bangladesh is critical 

because food security primarily depends on food avail-

ability through rice production.

�ere is substantial uncertainty about how climate and 

other variables affect rice yield and production in Bangla-

desh [15, 16]. Simulation models, such as Crop Environ-

ment Resource Synthesis (CERES) and Decision Support 

System for Agro-technology Transfer (DSSAT), generally 

predict a reduction of yield under future climate sce-

narios [17–19]. �e response is dependent on rice eco-

type, with rain-fed types showing negative temperature 

responses and mixed results for the irrigated variety Boro 

[17, 20, 21]. At the broad scale, production will likely be 

reduced by an expected future increase in flooding events 

and potentially be increased by CO2 fertilization [19]. 

In contrast, empirical analyses of government statistics 

relating rice yield historic records to climatic variables 

show positive past response of yield to higher tempera-

tures for Aus and Aman varieties [22, 23]. However, the 

effect of rainfall in these empirical models is highly varia-

ble and differs significantly among regions and eco-types 

[23].

Bangladesh has made remarkable achievements in rice 

production. Water management and cropping inten-

sity have substantially influenced rice production in the 

country [24, 25], and these may possibly impact rice pro-

duction in future [26–28]. During the 1990s, rain-fed 

agriculture shifted to irrigation-based agriculture utiliz-

ing both surface and groundwater. Presently, nearly 8.52 

million hectares (64 % of the total land area) are arable, 

and of them, 6.15 million hectares are cultivated under 

different types of irrigation (power pumps, tube wells, 

canals and other forms) [29]. Bangladesh is now one of 

the highest users of groundwater irrigation in the world 

[30], delivered through power pumps and tube wells [31]. 

At present, groundwater irrigation covers 77  % of the 

total irrigated area [32]. Furthermore, there is potential to 

intensify agriculture by increasing the number of annual 

crop harvest cycles using groundwater and surface water 

irrigation [27, 31]. However, how the area under different 

types of irrigation and the cropping patterns in different 

districts of Bangladesh has changed rice production has 

not been analysed yet, although it is known that water 

requirement for rice production varies regionally [25]. In 

addition, the combined effects of climate change, irriga-

tion, and cropping intensity on rice yield have not been 

assessed, which has implications for food policy in the 

country [33, 34]. It is crucial to evaluate the factors which 

have influenced yield in the past in order to predict pos-

sible future trends in rice production for effective food 

policy development.

In the present study, we analyse the spatial and tem-

poral variation in rice yield in Bangladesh for 30  years 

as influenced by the three important potential determi-

nants climate, cropping intensity and means of irriga-

tion. �e specific objectives of the study are (a) to assess 

spatial and temporal variation in rice yield, cropping 

intensity and irrigation types, and (b) to evaluate the 

relative importance of spatio-temporal change in cli-

mate, cropping intensity and means of irrigation on rice 

yield.

Methods
�e geographic extent for the analysis is the entire coun-

try of Bangladesh at the level of 23 greater districts 

(Fig.  1). Annual data of rice production, management 

(cropping intensity and irrigation) and climatic condi-

tions were compiled for these districts for the period 

1981–2010. �e key sources of data are the Bangladesh 

Bureau of Statistics (BBS) and the Bangladesh Meteoro-

logical Department (BMD).

Rice production and yield

Bangladesh produces three eco-types of rice: Aus, Aman 

and Boro. �ese three eco-types are grown in differ-

ent seasons [35] with varying needs for irrigation. Aus 

varieties are grown during the Kharif-I season (typically 

March to August) and potentially require irrigation water 

around planting time [27]. Aman varieties are grown dur-

ing the Kharif-II season (typically June to November), 

and are predominantly rain-fed, although benefit from 

supplementary irrigation in case of shortage of water 

[36]. Boro rice is entirely dependent on irrigation and is 

grown during the Rabi season from December to March. 

Rice production and area under rice cultivation data for 

all eco-types for the 23 greater districts were sourced 

from Agricultural Statistical Year Books of Bangladesh, 

published by BBS from 1981 to 2010. Annual average rice 

yield (in t/ha) used in the models was then calculated as 

the sum of rice production for all eco-types divided by 

the sum of total area planted to rice in a year. It needs 

to be noted that the total cultivation area is generally 

larger than the geographic extent used for cropping (net 

cropped area) because different eco-types can be grown 

in sequence within a year, allowing multiple annual har-

vests. �is is indicated by cropping intensity, as described 

below.
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Cropping intensity

Cropping intensity indicates the number of harvest 

cycles that are undertaken per year in a given area. For 

each district and year, data are collected by the BBS about 

the geographic extent under single, double or triple crop-

ping regimes. �e sum of areas under these different 

management regimes is net cropped area. Unfortunately, 

this statistic is only available aggregated for all types of 

crops and not for rice, but it is possible to assume that 

the data are representative for rice, because rice is the 

predominant crop in Bangladesh. Total cultivation area 

is estimated a weighted sum of single, double and triple 

Fig. 1 Spatial distribution of the 23 greater districts across Bangladesh and locations of climate stations (triangles) used in this study
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cropping areas with weights of 1, 2 and 3, respectively. 

Cropping intensity is then calculated as a percentage of 

total cultivation area divided by net cropped area.

Irrigation

Area under irrigation for each year was sourced for four 

categories: (1) power pumps/low lift pumps (methods 

used to lift surface water); (2) deep, shallow and hand 

tube wells (methods which pump groundwater); (3) 

canals (surface water irrigation using gravity); and (4) 

other methods (indigenous methods of surface water irri-

gation). �ese data were sourced from reports of Agricul-

tural Statistical Year Books of Bangladesh, published by 

the Bangladesh Bureau of Statistics (BBS).

Climate

Station-based climate data were obtained from the Bang-

ladesh Meteorological Department [37]. We used Krig-

ing (implemented in ArcGIS) to interpolate the climate 

data spatially on a monthly basis for the years 1981–2010. 

Monthly rainfall and monthly mean minimum and maxi-

mum temperature were sourced from 31 weather stations 

(Fig.  1) based on data availability for both rainfall and 

temperature during the study period. �e monthly aver-

age temperature was estimated as the average of minima 

and maxima for the interpolation procedure. Spatially 

and temporally averaged annual rainfall (mm) and mean 

annual temperature (°C) were then extracted for each dis-

trict and year during 1981–2010.

Analysis

Summary statistics of the data are presented in Table 1, 

illustrating the broad climatic characteristics and man-

agement practices (cropping intensity and means of irri-

gation as a percentage of area per total district land area) 

for the time period 1981–2010 at greater district level. 

However, these descriptive statistics do not provide any 

evidence of the influence of geographic variations in cli-

mate and management practices on rice yield. To build 

deeper understanding of how regional variations in cli-

mate and management practices influence rice produc-

tion, the present study developed linear mixed model. 

For the models, we lumped the three categories ‘power 

pump/low lift pump’, ‘canals’ and ‘other’ to represent sur-

face water irrigation. All types of tube wells represent 

groundwater irrigation. We used percentage area per dis-

trict of these two broad irrigation categories for the sta-

tistical analysis.

In the mixed model, rice yield (Y) was used as the 

dependent variable (Eq. 1) where i denotes different years 

(e.g. 1981–2010), j identifies the 23 greater districts, β 

and a represent the fixed and random effects regression 

coefficients, respectively, and εij is the error term in the 

model. �e independent variables in the model are aver-

age temperature (T), total rainfall (R), cropping intensity 

(CI), area as a percentage of district area under surface 

water irrigation (SW), area as a percentage of district 

area under groundwater irrigation (GW), and year. �e 

greater districts are represented as binary dummy vari-

ables D2 to Dk.

Prior to model development, we tested the distribu-

tion of both dependent and independent variables using 

the ladder approach [38] and applied the most appropri-

ate transformations (square root for R, and log transfor-

mation for CI, GW and SW). �e transformed variables 

were assessed for co-linearity using the variance inflation 

factor (VIF) test in the R statistical package. None of the 

variables showed a VIF value above 5.

We also developed simple diagnostic linear models 

to assess the proportion of variance in yield that can be 

explained by different groups of determinants: climate (T, 

R) and management (CI, GW, SW). In addition, we tested 

the level of geographic variation that can be explained by 

districts (D).

In order to assess how much the change in rice yield 

was affected by the different determinants during the 

study period, we estimated rice yield change (�y) rela-

tive to the change in the observations of independent 

variables (�xi) in the models. In order to standardize the 

magnitude of the variability of the predictor variables, 

we used one standard deviation for each predictor vari-

able s(xi) (Eq. 2; see Table 1 for standard deviation of the 

independent variables). �e standardized relative effect 

is then the product of the model coefficient βi for any 

determinant multiplied by the standard deviation (trans-

formed if appropriate) of xi.

(1)

Yij = β0 + β1

(

Tij

)

+ β2sqrt
(

Rij

)

+ β3 log
(

CIij
)

+ β4 log
(

GWij

)

+ β5 log
(

SWij

)

+ β6

(

yearij

)

+ a2(Di2) + . . . + aj(Dik) + εij

(2)�y = s(xi)�βi

Table 1 Summary statistics for  all variables used in  the 

models (mean, standard deviation, minimum and  maxi-

mum)

Statistics Mean SD Min Max

Rice yield (t/ha) (Y) 1.96 0.53 0.85 3.25

Average temperature (°C) (T) 25.67 0.38 24.68 26.66

Total rainfall (mm) (R) 2319.7 563.8 1218.0 3873.3

Cropping intensity (% area) (CI) 170.3 22.9 125.0 222.0

Area under groundwater  
irrigation (% area) (GW)

17.26 18.80 0.00 73.00

Area under surface water  
irrigation (% area) (SW)

7.36 6.11 0.24 29.22
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Results
Spatial and temporal variation in rice yield, cropping 

intensity and irrigation types

Rice yield in Bangladesh gradually increased during the 

study period from 1.4 t/ha around 1980 to 2.7 t/ha in 2010 

(Fig.  2). Cropping intensity also increased initially but 

remained relatively constant between 1990 and 2005 (Fig. 2).

Total annual average rice yield, as averaged over the 

entire time period 1981–2010, shows high spatial vari-

ation across Bangladesh (Fig.  3a). �e highest yield was 

observed in western districts including Rajshahi, Bogra 

and Jessore and the two hilly regions Chittagong and 

Khagrachari. �ese areas produced more than 2.12  t/

ha rice on average over the period. Some eastern dis-

tricts, the centre of the country and one of the southern 

districts (Khulna) had low to medium yields with 1.57–

2.12 t/ha. Only Patuakhali and Faridpur districts had very 

low average rice yields of less than 1.57 t/ha.

Cropping intensity (average of 1981–2010) showed a 

different pattern (Fig. 3b). It was highest in some of the 

northern districts including Comilla and low to very 

low in hilly regions (Rangamati, Bandarban, and Kha-

grachari), forested areas (Khulna) and coastal districts of 

Bangladesh. Other districts, mostly covering the centre 

of the country, had medium to high cropping intensities 

(Fig. 3b).

Bangladesh experienced considerable changes in water 

management for irrigation during the study period with a 

substantial increase in the area equipped with motorized 

irrigation through tube wells (Fig. 4). �is was largely due 

to the dramatic increase in percentage of the land area 

irrigated by tube wells in Bangladesh, which increased 

from 1.73 to 27.65 (Fig.  4). �e area covered by power 

pumps/low lift pumps showed a slight increase, whilst 

the area under canals remained constant over the time 

period. �e percentage of area under ‘other’ means of 

irrigation gradually decreased as old indigenous water 

lifting methods were replaced by modern irrigation 

technologies.
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Fig. 2 Temporal trends in rice yield and cropping intensity in Bangla-

desh over the periods of 1981–2010

Fig. 3 Rice yield (a) and cropping intensity (b) in Bangladesh averaged over the 1981–2010 period; classes represent quartiles



Page 6 of 11Ara et al. Agric & Food Secur  (2016) 5:12 

Water management through different types of irriga-

tion also varied regionally in Bangladesh in the study 

period. Most of the eastern and middle parts of the coun-

try were found to have high to very high proportions of 

area under power pump/low lift pump irrigation, except 

for three hilly districts (Rangamati, Bandarban and Kha-

grachari) (Fig.  5a). Other districts including the coastal 

areas had low to very low areas under power pump/low 

lift pump irrigation. Most of the northern and western 

districts have medium to high percentages of land under 

tube wells irrigation (Fig. 5b). A different geographic pat-

tern can be observed for surface water irrigation through 

canals: it was very low to low in most of the northern, 

north-west and central districts of the country (Fig. 5c). 

Kustia, Jessore and Chittagong districts were observed to 

be high for this category. Areas under other traditional 

forms of irrigation were generally low for the entire coun-

try except for Sylhet, Kishoreganj, Comilla, Rangpur and 

Rajshahi districts (Fig. 5d).

Relative importance of rice yield determinants

�e results of the mixed model are shown in Table  2. 

Rice yield is negatively impacted by the climatic variables 

temperature and rainfall. Cropping intensity also has 

a significant negative effect. �e contribution of water 

management through different types of irrigation to rice 

yields is prominent. Area under both groundwater and 

surface water irrigation exhibit strong positive effects in 

the model.

�e effect plots for rice yield show the model response 

to the determinants and illustrate the response and vari-

ability of rice yield in the model (Fig. 6). Temperature and 

rainfall have a negative effect on rice yield, but the large 

error bands indicate a high level of uncertainty in the 

model. Increasing cropping intensity reduces yield in the 

model. Irrigation through groundwater has the strongest 

positive influence with the largest effect at low rates of 

the area under this category. Increased area of surface 

water irrigation also impacts positively on rice yield.

In addition to the mixed model, we also used sim-

ple linear models to assess the variability that can be 

explained by different groups of determinants (Table 3). 

�e simplest model using only climatic variables explains 

62  % of the variation in rice yield. Using only manage-

ment, the R2 of the linear model is 66 %. Combining cli-

matic and management determinants produces a model 

that can explain 67 % of the rice yield variation. A further 

22  % of the variation can be explained including differ-

ent districts, suggesting a remarkable impact of districts 

on yield through regional conditions. �e model com-

parison (Table  3) shows a substantial reduction of AIC 

(Akaike Information Criterion) values with increasing 

model complexity. �is demonstrates that the improve-

ment in R2 is not simply due to an increase in the number 

of model variables but that ‘management’ and particu-

larly ‘districts’ are important determinants of rice yield.

�e relative influence of the determinants of yield 

in the model can be effectively visualized by showing 

the changes in the modelled rice yield that arise from 

changes in the predictor variables, as shown in Fig.  7. 

Average temperatures show a small negative impact on 

rice yield, with a 0.05 t/ha decrease in rice yield observed 

for a temperature change of 0.38 °C. Rainfall produces a 

very small reduction of 0.03 t/ha in yield. Also, increasing 

cropping intensity corresponds to a slightly reduced rice 

yield. Increasing the area under groundwater irrigation 

shows the strongest effect of an increase of yield 0.17 t/

ha, and increasing the area under surface water irrigation 

was also beneficial, contributing to a small increase of 

0.03 t/ha rice yield.

Discussion
�e present study has analysed the factors that have 

influenced the spatial and temporal variation in rice 

yield in Bangladesh from 1981 to 2010. �e results show 

substantial changes in space and time that can be corre-

lated with climate variables, cropping intensity and water 

management practices through groundwater and surface 

water irrigation. Our analysis shows that management 

of water resources under groundwater irrigation had the 

strongest positive effect on rice yield during the study 

period. Climate variables and increased cropping inten-

sity show a negative relationship.

Irrigation

Overall, the results demonstrate that water manage-

ment affected rice yield very strongly in Bangladesh dur-

ing the study period. Increased area under groundwater 

irrigation is most influential in our models. �e area 
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Fig. 5 Percentage of district area under different types of irrigation in Bangladesh: power pump/low lift pump (a), tube wells (b), canal irrigation  

(c) and other (d), averaged over the 1981–2010 period; classes represent quartiles
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under surface water irrigation also positively influences 

rice yield, but the effect is smaller because of a limited 

increase in the area of this category during the study 

period. Further, the present study illustrates that means 

of irrigation varied regionally (Fig. 5). Tube well irrigation 

had the highest area (up to 48  %, Fig.  5b) with distinct 

geographic differences because groundwater is more 

accessible in north-western districts [39, 40]. In contrast, 

southern districts are more susceptible to salinity intru-

sion than any other parts of the country [41, 42], result-

ing in a lower use of tube wells (Fig. 5b).

Climatic variables

Yield shows a negative correlation with temperature 

and rainfall during the study period. �is corresponds 

with findings from simulation models, which indicated 

a decreased rice yield under temperature increase in 

future scenarios of climate change [17–21]. �e tem-

perature effect in the model is not strong, with a slope in 

Table 2 Coe�cients of  the linear mixed model predicting 

rice yields from climatic and management variable

Determinants Estimate Standard 
error

p value

Intercept −68.380 2.631 0.000

Temperature −0.134 0.031 0.000

Rainfall −0.005 0.002 0.012

Cropping intensity −0.989 0.149 0.000

Area under groundwater  
irrigation

0.584 0.036 0.000

Area under surface water  
irrigation

0.223 0.069 0.001

Year 0.038 0.001 0.000
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Fig. 6 Effect plots for rice yield determinants in Bangladesh (1981–2010). The shaded bands show 0.95 confidence limits for the effects

Table 3 Comparison of  separate models predicting yield 

using di�erent indicator categories

Models Adjusted R2 p values AIC

Climate 0.62 0.000 407.16

Management 0.66 0.000 317.55

Climate + management 0.67 0.000 307.46

Climate + management + districts 0.89 0.000 −453.70
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the model of approximately 0.14 t/ha rice yield per 1 °C. 

�e effect of rainfall on yield is also negative. Whereas 

the intensity of disasters, especially drought, and flood-

ing may affect rice yield regionally [19, 43], data were 

not available at the spatial and temporal resolution and 

extent of the present study. Hence, our results need to be 

treated with some level of caution. �ere is also a strong 

unexplained temporal trend in yield as indicated by the 

significant effect of time in the model. Temperature has 

increased during the study period, and this could poten-

tially cause spurious effects in the model.

Cropping intensity

Cropping intensity increased substantially during the 

study period from 151 % in 1981 to 183 % in 2010 with 

relatively stable conditions during 1990–2005. Cropping 

intensity had a small but significantly negative effect on 

yield during the study period. �is may initially seem 

counter-intuitive, as clearly the increase in cropping 

intensity was a major contributor to food security nation-

ally [28]. Whilst we find that cropping intensity has a 

negative effect on yield in the models, this does not con-

tradict the fact that production is positively influenced by 

cropping intensity because cropping intensity implies an 

increase in the number of harvests. Also, cropping inten-

sity and yield are positively correlated in one-dimen-

sional models, but once irrigation is included as covariate 

in multivariate models based on our dataset, the correla-

tion between cropping intensity and yield changes. Our 

results show that the effect of irrigation on yield out-

weighs the effects of cropping intensity and, in fact, turns 

it slightly negative. A possible explanation may be that 

in those districts with a low cropping intensity, where 

production depends on one or two crops per year, farm-

ers may consider a more intensive cultivation. However, 

there are small data to underpin this possibility and the 

effect in the models is small.

Modelling issues and data limitation

�e results also indicated that the empirical models 

developed in this study are underspecified since we 

were not able to include several variables that are known 

to influence regional rice yield because information is 

unavailable. A large amount of additional variance was 

explained by simply adding districts as an independent 

variable to the model. �is indicates that there are strong 

regional differences in rice yield, which cannot be quanti-

fied due to lack of spatio-temporal data on these varia-

bles. Likely candidates for these variables are biophysical 

environmental conditions such as soils and management 

factors that relate to intensification. Potentially important 

is the use of fertilizer and pesticides, ploughing practices, 

the quality of seeds, or the record of adoption of high-

yielding rice varieties in different areas in Bangladesh. 

�is lack of additional spatio-temporal information is 

likely the most critical weakness in our models.

Conclusion
�e present study has analysed the combined impact of 

climate and management practices on rice yield in Bang-

ladesh. Area under irrigation had a far stronger effect on 

rice yield in Bangladesh than climatic variables and crop-

ping intensity during the study period.

Our study indicates that in particular groundwater-

dependent irrigation through tube wells appears to be 

the dominating factor for rice yield differences in space 

and time. �e result is alarming because it indicates that 

the recent production level is only sustainable if the area 

under groundwater irrigation can be maintained. �ere-

fore, it is crucial to continue to utilize groundwater for 

irrigation. However, there is already evidence of over-

exploitation of groundwater in some areas and there are 

concerns that the current pumping rates may not be sus-

tainable [28]. Further increasing of area under groundwa-

ter irrigation is a challenging task, and some areas may 

even need a reduction in groundwater irrigation because 

aquifers are overused. In contrast, surface water irriga-

tion was relatively constant during the study period. Both 

groundwater and surface water salinity are a major con-

cern for irrigation development in coastal areas, limiting 

further expansion of land under irrigation in these areas 

that make up 30  % of the total cultivable land [36] of 

Bangladesh. In addition, groundwater extraction through 

tube wells increases the risk of arsenic contamination 

in many parts of the country and industrial pollution 

may deteriorate surface water quality for irrigation [36]. 

Worse, production needs to be increased to compensate 

-0.05 0.00 0.05 0.10 0.15 0.20

Average temperature

Total rainfall

Cropping intensity

Area under 
groundwater Irrigation

-0.10

Area under 
surface water Irrigation

Changes in rice yield (t/ha)

Fig. 7 Relative effect of rice yield determinants. This figure shows the 

changes in the modelled rice yield (t/ha) that arises from standard-

ized changes in the predictor variables
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future population growth in Bangladesh [26]. �erefore, 

policies need to incorporate water management options 

critically in different districts by combining groundwater 

with the use of other water sources for irrigation. �is 

puts substantial pressure on policy development because 

of the need to consider conflicting interest on the use of 

water resources, supporting more efficient and sustain-

able use of water and environmental stewardship [36] to 

ensure future food security.

Although the effect of climatic variables was much 

smaller than that of water management variables, it is 

an important consideration for the future sustainability 

of rice production in Bangladesh. Whilst future weather 

conditions cannot be controlled, adaptation to changes 

in climate may be possible through different varieties or 

space-specific changes in management practices (i.e. irri-

gation, fertilization, timing) in order to compensate for 

the negative effects on food security in a long run [15, 

16, 33]. Climate change effects such as extreme events 

(flooding, drought), not considered in the present study, 

may also influence rice production in different areas. 

However, climate change may impact seasonal climatic 

conditions, affecting the rice eco-types differently [22] 

highlighting the need to assess rice eco-types specific 

impacts explicitly in future studies.

�e importance of region-specific effects (only crudely 

incorporated as districts in the present study) may also 

be seen as evidence that regional conditions should be 

considered importantly in food policy. Our results indi-

cate that the best management practices and adaptation 

measures will likely vary spatially, requiring region-

specific policies in order to sustain the country’s food 

security. Specific regional differences due to biophysi-

cal, infrastructure and management variables may also 

impact rice cultivation regionally, but could not be 

included into our study. Furthermore, cultivable area 

of the country is declining at a rate of 1 % per year [26], 

further increasing pressures from different conflicting 

potential land uses.

�e study underpins the important role that water 

management has played in food security for Bangladesh, 

and it indicates that there is scope for improvement in 

rice yield by understanding the region-specific limita-

tions and how they can be overcome.
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