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Abstract
Cereals are an important component of the Indian diet, providing 47% of the daily dietary energy
intake. Dwindling groundwater reserves in India especially in major cereal-growing regions are an
increasing challenge to national food supply. An improved understanding of interstate cereal trade
can help to identify potential risks to national food security. Here, we quantify the trade between
Indian states of five major cereals and the associated trade in virtual (or embedded) water. To do
this, we modelled interstate trade of cereals using Indian government data on supply and demand;
calculated virtual water use of domestic cereal production using state- and product-specific water
footprints and state-level data on irrigation source; and incorporated virtual water used in the
production of internationally-imported cereals using country-specific water footprints. We
estimate that 40% (94 million tonnes) of total cereal food supply was traded between Indian states
in 2011–12, corresponding to a trade of 54.0 km3 of embedded blue water, and 99.4 km3 of
embedded green water. Of the cereals traded within India, 41% were produced in states with
over-exploited groundwater reserves (defined according to the Central Ground Water Board) and a
further 21% in states with critically depleting groundwater reserves. Our analysis indicates a high
dependency of Indian cereal consumption on production in states with stressed groundwater
reserves. Substantial changes in agricultural practices and land use may be required to secure future
production, trade and availability of cereals in India. Diversifying production systems could
increase the resilience of India’s food system.

1. Introduction

Rising global population and economic growth are
increasing pressure on global water resources [1].
An estimated four billion people experience severe
water scarcity for at least one month of the year,

where the water demand exceeds that available for
use locally [2]. The agricultural sector dominates
human water use and is particularly vulnerable to
water scarcity [3, 4]. Currently, 20% of global irrig-
ation is dependent on groundwater abstraction from
depleting aquifers [5], and the greater frequency of
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extreme weather events is threatening agricultural
productivity [6, 7]. Understanding the trade of food,
and its embedded or virtual water, can illustrate link-
ages between food consumers and water resources,
and identify when changes in the availability of water
might affect the availability of food [8–11].

Indian agriculture plays a major role in national
and global food security, and is a source of employ-
ment for over half of the Indian workforce [12].
Indian population growth is leading to increased
demand for food and water [13]. Greater use of
improved crop varieties, irrigation and fertilisers have
contributed to substantial improvements in crop
yields in India [14]. However, in the major food-
producing states of Punjab, Haryana and Uttar Pra-
desh in the north, and Tamil Nadu and Karnataka in
the south, groundwater resources are rapidly deplet-
ing [15]. Recent shifts to greater food production in
the dry season to avoid unreliable rainfall in the wet
season may further increase dependency on ground-
and surface-water for agricultural irrigation [16].
Cereals are an important component of the Indian
food system, comprising 45% of all agricultural pro-
duction [17], and contributing to 47% of the total
daily dietary energy intake. India is self-sufficient in
cereals [18], importing only 0.01% of national cereal
supply from other countries, and is a major exporter
of rice and wheat globally [19].

This study aims to quantify the interstate and
international trade of cereals in India, and the asso-
ciated trade of embedded or virtual water. We extend
previous estimates of virtual water trade in India that
have either focused only on international trade [20,
21]; estimated the embedded water in food grains
transported by railways [22] (20% of all food grain
transport [23]); focused only on trade through the
Indian Public Distribution System (PDS—a large-
scale Government programme that procures and
redistributes cereals at fair priced shops) that contrib-
utes to 35% of all cereal consumption [24]; or have
not accounted for the PDS [25]. Our study explores
the totality of the virtual water trade associated with
cereals in India by developing a model to predict
interstate cereal trade flows through both road and
rail transport, and fully incorporating both the PDS
and international trade. The primary objective of this
study is to enhance understanding of the dependency
of the Indian food system on water resources.

2. Methods

2.1. Estimating supply and demand of cereals in
each state
There are currently no comprehensive data available
on interstate cereal trade in India (hereafter, ‘state’
refers to State and Union Territories [N = 35]). We
quantify the trade of cereals through the PDS and
non-PDS cereals separately.

For each of the five major cereals consumed in
India (wheat, rice, maize, millet and sorghum; 99%of
total cereals available for human consumption [19]),
state-level data were collated on production, foreign
imports and exports, PDS procurement, stocks, non-
food uses and amounts available for food consump-
tion. The supply by states of each cereal includes
local production and foreign import, plus net change
in stock (i.e. cereals stored between production and
retail), waste and non-food uses of cereals (feed, seed,
processed and other). The demand by states for each
cereal includes food consumption and foreign export.
We estimated interstate cereal trade by modelling
non-PDS cereal supply and demand balance, where
excess supply from a state meets unmet demand in
other states, and used data on PDS procurement and
consumption to estimate PDS trade.

Analysis was focused on the years 2011–12 as
this is the most recent time period for which all
required data were available. Data were collated
from various sources as follows (full details in sup-
plemental table S3, which is available online at
https://stacks.iop.org/ERL/15/125005/mmedia): state
cereal productionwas derived fromGovernment pro-
duction statistics; the proportion of cereal supply
wasted and allocated to non-food uses were taken
from India-specific data from the Food and Agricul-
tural Organisation (FAO) Food Balance Sheets [19];
and data on PDS procurement were used to estim-
ate the amount of rice and wheat exported through
the PDS [26]. The total volume of foreign imports
and exports for India was estimated following meth-
ods from Kastner et al, whereby global data on bilat-
eral trade flows is integrated with country-level pro-
duction estimates to account for the origin of produc-
tion and final destination of commodities rather than
representing port stops [27]. There are no data avail-
able on production by states for international export
or on the consumption of foreign cereals. Therefore,
to link international trade with domestic trade we
used data from the Agricultural & Processed Food
Products Export Development Authority, Ministry of
Commerce& Industry [28] that specifies port of entry
and exit for commodities. Total volume amounts
of foreign imports and exports estimated following
methods of Kastner et al [27] were allocated pro-
portionally to port states (N = 13) based on these
port import and export quantities. Foreign imports
were integrated into the port state’s supply of cereals,
and foreign exports were to the port state’s demand
along with food consumption. The quantity of cer-
eals required for food consumption was estimated
from the 68th Round of the Indian National Sample
Survey (NSS) conducted in 2011–12 [24]. The NSS
is a nationally representative household consump-
tion and expenditure survey conducted by the Gov-
ernment of India, that does not include food eaten
outside the home and therefore underestimates con-
sumption. Hence, we calculated consumption using
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the availability of each cereal after removal of non-
food uses and foreign export from the supply in each
state, and estimated the consumption by dividing the
total availability for food at national level by the pro-
portional consumption for each state according to
NSS.

The supply and demand accounts were used to
identify states with excess cereals for interstate trade
and states with unmet demand. For each cereal,
states with supply greater than their own demand
were designated as cereal exporters, while states with
demand greater than their supply were designated as
importers.

2.2. Quantifying domestic and foreign cereal trade
in India
The direction and volume of non-PDS cereal trade
flows were estimated through a linear programming
model that minimised the overall cost of transporta-
tion [23, 29–31]. Previous analysis on intra-national
trade flows suggests that models that minimise the
cost of transport provide estimates are comparable to
primary data [32]. The methods are briefly described
below (see supplemental file for equations and a full
list of data sources).

The cost of transportation between states was cal-
culated based on the rail and road distance to each
respective state capital,multiplied by the cost of trans-
portation per km per tonne of cereals for each mode.
Minimum road distance was estimated using map
data from Google [33], and minimum rail distance
for commodity transport was taken from the Indian
Government Centre for Railway Information Systems
online tool [34]. Using data from the Indian Gov-
ernment Planning Commission on the cost of trans-
portation per km per tonne of cereals (as the food
group) [35], we calculated the associated transport-
ation cost matrix for each mode. The relationship
between transportation cost and distance travelled is
non-linear, as it is assumed longer routes will have
reduced time and capacity costs relative to shorter
distances. The transportation cost to and from the
island states (Lakshadweep and Andaman and Nico-
bar Islands) includes the cost of shipment to their
nearest mainland ports according to the shipping
distance and cost per km per tonne for shipment
[35], and the cost of rail or road transport between
the state of their mainland port and other states. A
combined cost of transportation matrix for cereals
between Indian states was estimated using the pro-
portion of cereals (as the food group) transported by
road or rail in India [35], and subsequently used as
the cost to be minimised in the linear programming
model.

An optimisation model was constructed with the
objective function to minimise transportation costs,
while allocating the excess supply from states to those
with unmet demand for each cereal. The constraints
for the model were as follows:

• Supply of each commodity equals demand in each
state.

• Trade flows are only positive.
• Foreign imports are added to the port states’ total
supply, while foreign exports are added to the port
states’ demand.

• Net export of the commodity is bounded by local
production or foreign import (if any).

Themodel was run independently for each cereal,
giving an output of total tonnes of each cereal traded
annually between every combination of two states.

To validate the approach of minimising trans-
portation costs to estimate non-PDS trade, we used
a mixed effects linear regression model to assess the
association of our calculated cost of transportation
(Rupees kg−1) for importing each cereal with the
value of the corresponding cereal to the consumer in
the importing state (Rupees kg−1 —using data from
the NSS). The cost of transportation was weighted
according to import volume from each exporting
states, as calculated by the trade model.

We considered separately the trade of cereals
through the government PDS programme that pro-
cures rice, wheat and other crops at a minimum sup-
port price and sells these at a reduced rate in fair price
shops. The PDS does not distribute based on minim-
ising the cost of transportation [36, 37], hence we did
not use the optimisationmodel to estimate PDS trade.
Data is available on the volume of rice and wheat
procured by the central Indian government for the
PDS [26]. We calculated the volume of PDS exports
for each state based on the known contribution to
the central pool after the removal of waste (according
to national average proportions). We assumed that
states import PDS cereals from this central pool pro-
portionally to their estimated PDS consumption in
the NSS [24]. For states with a decentralised PDS
(N = 13) (i.e. they satisfy their own PDS demand,
but still contribute to central pool), PDS consump-
tion was calculated according to proportional PDS
rice and wheat consumption compared to non-PDS
rice and wheat consumption in the NSS. Total PDS
production in India reflects the total procurement of
PDS cereals and the estimated local PDS consump-
tion in decentralised states.

We evaluated the association of common drivers
of trade (e.g. distance, GDP)with interstate trade pat-
terns for non-PDS and PDS cereals through a grav-
ity model (see supplemental file section 1.4 for full
details on the gravity model methods). We compared
whether our model outputs on estimated trade flows
were consistent with existing gravity models of inter-
state trade flows on the rail trade of agricultural com-
modities [38], and the trade of manufacturing goods
[39].

Data matching and cleaning was carried out
in MS Excel and R Studio (R Version 3.6.1). The
linear programming model was run in R Studio
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rather than trade-weighted WFs (supplemental file,
table S7), demonstrating the value of understanding
patterns of within-country trade when assessing the
environmental impacts of food systems [9].

Our findings have particular relevance for Indian
water management policies that aim to address the
unequal distribution of water resources. TheNational
River Interlinking project, a major infrastructure
scheme supported by the IndianGovernment, aims to
transfer water from water-abundant to water-scarce
regions. It has been estimated that once this project
is completed a total of 175 km3 year−1 will be trans-
ferred from the Eastern region where groundwater
reserves are not stressed, to the major food produ-
cing regions in the North [51]. Consistent with pre-
vious assessments, we show that virtual water cur-
rently moves in the opposite direction through trade
of food crops, fromnorth to east. Our estimate for the
total water transferred through cereal trade is slightly
less than the estimated water flow through canals and
rivers in the interlinking project at 153 km3 year−1.
This is higher than previous estimates, as we have
accounted for both PDS and non-PDS cereal trade,
and incorporated internationally imported cereals.
Our findings reiterate the substantial potential for
balancing water resources through the trade of crops
in India, either in addition to or in place of large-scale
infrastructure projects.

The patterns of interstate cereal trade in India
emphasise the large dependency of agriculture on
groundwater irrigation in groundwater-scarce states.
Similar relationships have been found for intra-
national trade in the United States of America [52].
Water policy is currently set at state level in India [53].
Our analysis suggests that a national-level perspective
on water resource use is needed to understand supply
risks and opportunities for effective integrated water
resource management. Electricity subsidies for agri-
culture provided by state governments have encour-
aged farmers to extract groundwater at increasing
depths [54, 55]. We found that the interstate trade of
cereals is associated with slightly more groundwater
use than there would be without such trade. It is pos-
sible that interstate cereal trade encourages contin-
ued production of cereals irrigated with groundwater
for export. Thismay discourage agricultural improve-
ments in importing states; Eastern states which are
safe in their groundwater reserves and net import-
ers, also have the highest yield gaps and therefore
the greatest unmet potential to increase production
[56, 57]. Adapting the agricultural subsidy system,
for example by changing tariffs on electricity in the
Eastern region [54], could help diversify cereal pro-
duction locations in India, while interstate trade can
be used to fulfil demand. Furthermore, diversifying
the type of cereal produced could also reduce water
use. Agricultural policies from the Green Revolution
in India encouraged production of high-yielding rice
andwheat and reduced emphasis on traditional cereal

crops such as sorghum and millet [58]. Compared to
rice and wheat these traditional cereal crops require
less irrigation per tonne of production, are more
drought resistant, and have greater nutritional qual-
ity. Therefore planting sorghum and millet in water
scarce regions could reduce the total water used in
Indian agriculture, improve resilience against future
water shortages and lead to nutritional benefits [59,
60]. Other states could substitute some of the sup-
ply gaps in rice and wheat that can subsequently be
traded to satisfy demand. Water availability is only
one determinant of production diversity in India,
and other factors including agro-ecological suitab-
ility, adaptability of production systems and infra-
structure capacity, and the willingness of consumers
to change consumption patterns of cereals should also
be considered.

4.3. Limitations
Our study aimed to quantify interstate cereal trade
in India and the associated virtual water trade. As
with all modelled analyses, the results should be taken
as representative of the likely reality. An important
assumption of the trade model is that states will only
export cereals if they have met their own consump-
tion needs and, conversely, states will only import cer-
eals if they have insufficient supply. This is a common
assumption in supply and demand balance models,
and has been used in previous sub-national trade
analyses [32]. However, it has likely underestimated
interstate trade. Additionally, we assumed that for-
eign products would be consumed by the port state
before exporting to other states as international trade
would be organised to limit the distance to markets
in India, but this may not always be the case. Fur-
thermore, we incorporated foreign exports as part of
the port state’s demand, hence this must be impor-
ted from other states if it cannot be met by the port
state’s supply. This would have accounted for some
international trade occurring via ports in other states,
but we may have underestimated the foreign export
from certain states that have specialised production of
higher quality cereals for export. Finally, the objective
of the model was to minimise the cost of transporta-
tion, and because of the absence of data, transport-
ation costs were necessarily estimated based on dis-
tance between state capitals as sites of the central cer-
eal trade markets. While our model outputs sugges-
ted that adjacent states were more likely to trade than
more distant states (supplemental file table S4), which
is highly plausible, our approach will undoubtedly
have affected estimates for transportation cost, par-
ticularly in larger states. Additionally, our transport-
ation costs were estimated by the proportion of road
and rail transport at national level, but this may vary
for some states pairs. Our sensitivity analysis using
just road or just rail transport indicated this assump-
tion could affect trade flow estimates. Furthermore,
the transportation costs were not disaggregated by
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cereal type, as data were only available for the cer-
eal food group. Although transport logistics, such
as storage, are likely to be similar across the cereal
types, transportation costs or modes may vary due
to differences in infrastructural capacity in the pro-
ducing regions [61]. Despite these limitations, our
cereal transportation cost estimates were found to
be correlated to a higher unit value paid by con-
sumers for the cereals. The large effect of transport-
ation costs on unit value (4.92 Rupees kg−1 increase
in price for 1 Rupee kg−1 in transportation cost), sug-
gests the existence of additional costs along the sup-
ply chain, such as storage, intermediation or market-
ing costs. Additionally, cereal unit value differentials
across Indian states are driven by difference in qual-
ity, as well transport costs [62]. It was not possible to
disaggregate cereal trade by quality due to lack of data.

Using data on central procurement of cereals and
estimates on PDS consumption from NSS data we
proportionally allocated rice and wheat based on
states’ demand and supply. In our model, states with
an established decentralised system first satisfied their
own PDS demand before exporting excess supply.
It is possible that if all states do the same to min-
imise transportation costs the amount of interstate
trade would decrease. Our sensitivity analysis explor-
ing PDS trade suggests that minimising transporta-
tion costs would only reduce PDS trade by 9%, and
mainly reduce exports from states with safe ground-
water reserves. Therefore, while the assumption that
PDS cereals are distributed from a central pool may
overestimate trade pairs, it does not affect our conclu-
sion that PDS trade is heavily dependent on exports
from states with unsustainable groundwater use.

There are some limitations to the data. Our
analysis has focused around a short time frame of
2011–12 as this was the most recent year for which
all required data were available. While some factors
that drive trade are relatively fixed including distance
or agricultural land area for each state, other factors
including rainfall patterns, cereals price and demand
will vary over time. The quantity of cereals expor-
ted from some regions varied using 2010–13 yearly
average supply estimates, which was possibly related
to the droughts in 2010 that would have disrupted
agricultural production in rainfall dependant states
[63]. There were no major droughts or other extreme
weather events in 2011–12 in India, hence this time
period may be more reflective of normal trade pat-
terns [13, 16, 63]. However, despite small differences
in trade flows, the major trade pattern did not dif-
fer substantially between the two time periods and
virtual water trade flows were comparable, support-
ing the robustness of our findings (supplemental file
section 2.7, table S6). Nevertheless, the current and
future status of Indian agriculture and water avail-
ability may be different to our study timeframe. Our
estimated cereal consumption levels may not reflect
recent years due to population growth and changes in

cereal consumption patterns, but there are no recent
data on cereal consumption at state-level that would
allow us to explore this further. There have been no
large changes to groundwater status in Indian states
since the time period studied [64], but increased fre-
quency of extreme weather events and changing pre-
cipitation patterns are altering agricultural practices
[65, 66], which could affect water use. Continued
monitoring of virtual water use and trade in India is
warranted.

Our estimated total mass of cereals available for
consumption at national level (Mt) was 9% and 29%
higher than the equivalent values FAO’s Food Bal-
ance Sheets [19] and NSS [24], respectively (supple-
mental file table S1). Differences were lower for rice
and wheat compared to other cereals. These discrep-
ancies may be due to inaccurate estimates of the waste
and non-food uses of cereals, for example it is pos-
sible that we underestimated leakage (waste) from the
PDS, which may be up to 40% in some areas [67],
hence we may have overestimated the consumption
of PDS cereals. Neither NSS nor FAO’s Food Balance
Sheets accurately assess total dietary consumption so
discrepancies with the consumption values calculated
in this study are expected. NSS underestimates food
eaten outside the home and the consumption of pro-
cessed foods, therefore it is possible that our estimates
for state-level consumptionmay not accurately reflect
the pattern of cereal consumption. However, the pro-
portion ofmeals eaten outside the homedoes not vary
appreciably across income levels or states [68], hence
the consumption values estimated in our state are still
reliable.

Finally, the objective of this study was to quantify
the virtual water trade of cereals associated with
human food consumption to illustrate relationships
between food security and water resources, but cer-
eals are only one (albeit the largest) food group. The
virtualwater trade of other crops, such as fruits, veget-
ables, and pulses, may be different. Additionally, cer-
eals are also traded for feed for animal-sourced food,
which was not included in our trade estimates. This
will have underestimated the cereal trade, particularly
for maize as 37% of production is used for feed in
India according to India-specific data from FAOFood
Balance Sheets [19]. We do not explore the drivers
of virtual water trade, such as arable land availab-
ility [69–71], or assess how food trade is associated
with other environmental issues that could affect
future food production, such as climate change.How-
ever, our analysis provides novel data on trade pat-
terns in India that can be used in future research to
develop policy relevant scenarios to mitigate future
food insecurity risks.

4.4. Policy implication and future directions
There is substantial interstate trade of cereals in
India, but the dominance of rice and wheat as traded
crops, and the Northern states as exporting region,
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