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Since the Green Revolution in the 1960s, India has been 
steadily increasing its domestic food supply. Producing about 
2,000 kcal cap−1 d−1 (where cap is per capita) in 1961 for about 440 

million people, the country now supplies about 2,450 kcal cap−1 d−1 
for approximately 1.3 billion people1. This increase has primar-
ily been achieved through a series of policy measures and techno-
logical advances, including land reforms and increased crop yields  
(particularly rice and wheat). The National Food Security Act2 
extended policy measures and incentives to further improve food 
supply and availability. The country has also been increasing its 
imports of legumes, fruit, vegetables, nuts and palm oil in recent 
decades, accounting for 4.6% of India’s current total caloric food sup-
ply, while becoming a net exporter of rice, wheat and maize1. Today, 
India’s agricultural sector uses 57% of the country’s land area for food 
production—primarily cropped by smallholders—and is responsible 
for 87% of total freshwater consumption and 16% of national green-
house gas (GHG) emissions (Supplementary Tables 1–3).

As a result of these developments, India now faces substantial 
negative consequences both environmentally and for the health of 
its growing population. Soil degradation and erosion, and the over-
use of groundwater resources and fertilizers, make it increasingly 
difficult to produce sufficient amounts of food3–5, while domes-
tic per capita supply of some nutrient-rich foods such as legumes 
and coarse grains (millet and sorghum, so-called ‘nutri-cereals’) 
has declined1. Although today’s average supply of dietary calories 
appears adequate, unequal access and poor food quality (refined 
grains (53%), sugar (6%) and added fats (11%) supply the major-
ity of calories1), together with enteric infection, leaves large parts of 
the population undernourished and susceptible to communicable  

and non-communicable diseases6–10. For example, over 50% of 
Indian children and women suffer from anaemia11, while vitamin 
A deficiency affects over 60% of preschool children and 30% of 
women12. At the same time, increasing rates of overconsumption 
can be observed in some parts of the Indian population along with 
growing rates of chronic diseases13. Climate change, unsustainable 
natural resource use and an expected population peak of 1.7 bil-
lion people (estimates range from 1.5 to 2.1 billion) around the year 
206014 could further diminish the country’s ability to produce suf-
ficient food in the future.

An emerging body of work has explored the effects of different 
diet patterns on both natural resource use and nutritional outcomes 
for the Indian population5,15–25. While these studies highlight the 
enormous challenge of simultaneously increasing the production 
of nutritious foods while limiting natural resource use, they have 
not quantified the environmental constraints that could limit future 
domestic food production (see Supplementary Information for 
detailed information). Here we determine the limits of India’s natu-
ral resource capacities to produce sufficient nutritious foods domes-
tically. We calculate current average nutrient supplies and associated 
environmental footprints, and employ a regionalized linear optimi-
zation approach to assess the potential to meet or exceed nutrient 
requirements on a population level by allocating increasingly lim-
ited cropland and freshwater resources as efficiently as possible. We 
adhere to India’s national target of reaching (caloric) food security 
as self-sufficiently as possible2, but do not aim at matching food 
supplies with a specific, predefined diet for the Indian population. 
While ensuring minimum nutritional requirements, this approach 
allows the exploration of the environmental boundaries for a wide 
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set of culturally acceptable and nutritionally adequate diet compo-
sitions according to current dietary recommendations. Finally, we 
estimate potential positive effects on population health as a result 
of associated changes to dietary patterns. By linking sustainable 
food production with nutrition, we identify a feasible option-space 
within which India can achieve environmental and human health 
co-benefits in the years to come.

results
Nutritional adequacy and environmental footprints of the 
current Indian diet. Primarily based on data from the national 
household survey26, we estimated that average per capita food con-
sumption amounts to ~2,450 kcal d−1 (Supplementary Table 4) with 
total food intakes ranging between 1,440 and 3,050 kcal cap−1 d−1 
depending on age and sex. About 15% of calories are consumed 
outside of the house (mainly cereals, fats, some dairy, legumes, fruit 
and vegetables). About 11% of energy is derived from protein, 22% 
from fat and the remainder from carbohydrates. Together, wheat 
and rice provide about 50% of total food energy, and about 50% of 
total protein. Overall protein intakes appear relatively low yet (on 
average) potentially adequate. Based on total food intake, we further 
assessed adequacy of average intakes for 20 vitamins and minerals. 
For 12 nutrients (calcium, iron, potassium, zinc, vitamin A, thia-
min, riboflavin, niacin, vitamin B6, folate, vitamin B12 and choline), 
the current average Indian adult diet appears to provide less than 
the estimated average requirement (EAR) (Supplementary Tables 5 
and 6). With 70% of food energy stemming from refined cereals, 
added fat and sugar, variations in regional micronutrient supplies 
are limited. Estimates of state-level nutrient intakes can be found in 
Supplementary Table 7a–ai.

Eighty-seven per cent of India’s cropland (including land under 
permanent crops) is currently used for national food production. 
Overall freshwater consumption for all crop production amounts 
to 253 km3 yr−1, of which 12% is used for crops intended for export. 
Thirty-six per cent of the arable land and 71% of freshwater used 
for domestic food production is used for cereal production. On 
average, the current share of fresh water that is sourced at unsus-
tainable rates for national food production amounts to 36% of total 
freshwater consumption (this value is comparable to those reported 
in refs. 5 and 27) (Supplementary Table 8). Total GHG emissions 
from domestic and exported food production amount to 0.77 and 
0.04 bn t CO2-eq yr−1, respectively (Supplementary Tables 2 and 3). 
Regarding losses occurring between farms and markets, we adopted 
loss rates from the Food and Agriculture Organization of 10% for 
crops and 15% for livestock products1.

Current natural resource capacities for nutritious food produc-
tion. Based on the land and freshwater footprints of the current diet 
in India, we explored the maximum potential of India’s agricultural 
sector to produce nutritious foods, focusing primarily on closing 
current micronutrient gaps in the most efficient way. Figure 1 com-
pares the current per capita average food supply with maximized 
food supplies. Holding the energy supply of plant foods stable, the 
final output of between 2,440 and 2,650 kcal d−1 depends on both 
potential increases in milk yields due to feed quality improve-
ments and additional poultry (including eggs and organ meat) 
and fish that could be fed with excess crop residues. Meat supply 
from ruminants and pigs was held constant as domestic demand 
has remained low over the last decades1. Protein supply would reach 
81–112 g cap−1 d−1 (minimum recommended intake ranges between 
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Fig. 1 | Current average food supply (a) versus potential optimized food supply (P). Using regionally equal or less amounts of land and freshwater 
resources, the optimized food supply provides the maximum total amount of 20 micronutrients. Average dietary share of plant foods is held stable at the 
current level of 2,275 kcal cap−1 d−1. Animal-source foods may potentially increase by using surplus crop residues as feed source. Compared to the current 
food supply there is a shift towards more nutrient-rich plant foods such as vegetables, legumes, nuts and fruit. Better nutritional quality and higher total 
amounts of crop residues could lead to a potential increase in animal-source foods of ~215 kcal cap−1 d−1. All micronutrient gaps in the current diet could be 
closed by the maximized food supply with the potential exception of vitamin B12 whose sufficient supply depends on the amount of animal-food sources 
that could be provided additionally (source data, Supplementary Table 9a,b).
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42 and 106 g cap−1 d−1) and total fat supply would range between 
72 and 116 g cap−1 d−1 (27–39% of energy). To maximize potential 
micronutrient output, a large share of cropland (77%) and irrigation 
(blue) water resources (85%) currently used for cereals, sugar cane 
and oil crops was instead allocated to produce more legumes (len-
tils), potatoes, vegetables, fruit and nuts (peanuts) (Fig. 2). Figure 3 
compares the associated relative supply of 20 micronutrients. The 
maximized food supply would meet or exceed per capita energy and 
all specific macro- and micronutrient requirements. Total freshwa-
ter consumption would increase by 0.8% (sourced from sustain-
able resources); total land requirements would shrink by 9%, and 
associated GHG emissions would decrease by 26%, mostly due to 
notable reductions in rice production. Notably, potential vegetable 
supply could exceed realistic demand patterns (compare ref. 28). 
Consequently, the current national capacity to provide minerals 
and vitamins greatly exceeds estimated average requirements. This 
opens up possibilities for a wide range of various diet compositions 
that lie between today’s diet and our calculated maximum nutri-

ent supply, which would meet both nutritional needs and specific 
regional and cultural preferences. This includes, for example, higher 
amounts of cooking oils, but also foods such as rice or mangoes that 
are not part of the potential maximized food supply but play an 
important role in many Indian cuisines. Thus, such foods could be 
included in a national food supply that is not fully optimized for 
micronutrient output but which moves towards achieving multiple 
food sustainability goals.

Minimizing natural resource inputs. By decreasing regional res-
ource inputs gradually and in proportion to their respective avail-
ability within each Indian agroclimatic region (subtropical highland, 
humid subtropical, (semi-)arid, tropical wet and dry, tropical wet 
(Supplementary Fig. 1)), we identified maximum possible restric-
tions for natural resource use while still meeting basic national food 
security and diversity goals (Fig. 2). Focusing solely on irrigation 
water inputs, average per capita requirements could be reduced 
by up to 40%. This breaks down to a reduction of 65% in the 
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Fig. 2 | relative potential regional reductions of irrigation water (W), cropland (L) and combined resource use (C). Average national irrigation water 
demand could be reduced by up to 40%, cropland use by 27% (15% total land), or 16% and 20% (11% total land), respectively, under combined resource 
restrictions. Potential reductions in dietary GHG emissions range between 31% and 34% (Supplementary Table 2). Total resulting caloric supply from plant 
foods is held stable at 2,275 kcal cap−1 d−1. Compared with the current Indian food supply there is a shift towards more nutrient-rich plant foods such as 
vegetables, nuts and fruit, yet lower vegetable and legume production than in the potential maximized food supply (Fig. 1). These differences consequently 
reduce associated crop residue output that could be used as livestock feed, and hence the amount of potential additional animal-source foods (source 
data, Supplementary Table 9a). *Includes 65% cropland reduction.
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(semi)-arid region, 45% in the tropical wet and dry region, 35% in 
the humid subtropical region and 25% in the subtropical highland 
region. Thus, regional irrigation water use for domestic food pro-
duction could be reduced to at least sustainable levels in one region 
((semi-)arid, including associated cropland reduction by 65%) and 
below available sustainable freshwater supplies in two other cur-
rently highly water-stressed regions (tropical wet and dry, humid 
subtropical). An additional reduction in the highlands as well as 
the total increase in freshwater consumption in the tropical wet 
region does not substantially affect regional and national sustain-
able freshwater supplies. National use of sustainable water resources 
decreases from the current level of 88% to 62%. When not aiming at 
reducing current freshwater consumption, total cropland use could 
be reduced by 27% (total land reduction amounts to 15%; associ-
ated green water consumption declines by 18%) while still meet-
ing basic dietary goals. This average results from a 50% reduction 
in the (semi-)arid region, 30% reduction in the highlands, 25% in 
the tropical wet region and 20% each in the tropical wet and dry 
and humid subtropical regions. When restricting both resources 
simultaneously, total national water and cropland footprints could 
be reduced by 16% and 20%, respectively (total land reduction 
amounts to 11%, associated green water consumption declines by 
14%). The availability of sufficient land and associated rainwater 
resources, therefore, has a large impact on potential reductions in 
freshwater use in the Indian agricultural sector. Associated total 
dietary GHG emissions decline by 31–34%.

The resulting caloric output ranges between 2,420 and 
2,520 kcal cap−1 d−1, and the total protein supply amounts to 
70–85 g cap−1 d−1. Compared with the maximum potential nutrient 
output using currently available per capita resources, we see a shift 
towards more cereals (in particular wheat, maize and millet, but 
also rice) and nuts (peanuts) but lower amounts of vegetables and 
legumes (lentils). Consequently, these differences lead to a lower 
availability of crop residues as livestock feed, reducing the poten-
tial for producing additional animal-source foods. Figure 3 displays 
associated relative micronutrient supplies under maximum com-
bined resource constraints, with iron and vitamin B12 supplies fail-
ing to meet their respective EARs. Using food grain such as maize as 

feed crop instead would lower the respective caloric output by ~81% 
and protein supply by ~20% (but would increase critical micronu-
trient supply).

While it is possible to reduce per capita cropland and freshwa-
ter inputs substantially, a total combined reduction in water and 
land resources by less than 20% might not suffice to compensate 
for future population growth alone. Exploring the maximum nutri-
ent output under specific environmental constraints means that 
many other potential food supply scenarios, which lie somewhere 
between the current average diet and our maximum values, would 
therefore be feasible. This allows further regional adaptation of diets 
to cultural preferences and to (changing) environmental conditions 
that go beyond our restrictions. We only find actual limitations for 
the production of two major foods groups: legumes (excluding len-
tils) and nuts (excluding peanuts). Both food groups currently show 
relatively low average yields and relatively high water demands. 
Including substantial amounts in the national food supply currently 
appears feasible only when lowering total national caloric output 
or increasing multicropping approaches. In addition, our assump-
tions on increases in animal-source food production (dairy, poultry, 
fish) rely on the more efficient use of crop residues. With increasing 
shares of cereals in the food supply, the amount (and often nutri-
tional value) of crop residues available for feed decreases directly. 
We find that a caloric share of about 20% or less of animal-source 
foods in the diet would require the inclusion of organ meat (or 
shellfish) to meet current vitamin B12 recommendations without the 
need for supplementation.

Carbon sequestration through agroforestry approaches. We 
estimated that current total diet-related GHG emissions amount 
to 0.77 bn t CO2-eq yr−1 (including emissions from food losses) 
(compared with other recent estimates of 0.48–0.58 bn t CO2-eq yr−1  
(refs. 25,29)). Producing a nutritionally optimized food supply for 
1.28 billion people under no additional resource constraints would 
decrease GHG emissions to 0.51 bn t CO2-eq yr−1, mainly due to 
reductions in rice production. Reaching maximum natural resource 
constraints lowers these estimates further to 0.47 bn t CO2-eq yr−1. 
The EAT Lancet report defined a global boundary for GHG emissions 
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supplies under maximum combined resource constraints (C) (capped at 250%). Grey portions of each column represent nutrients stemming from 
potential additional dairy yields, poultry (including eggs and organ meat) and fish fed with surplus crop residues. The current average diet meets the EAR 
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B12 under maximum combined resource constraints (source data, Supplementary Table 10).
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stemming from food production of an average of 5 bn t CO2-eq yr−1 
(ref. 30). This breaks down to 0.65 t CO2-eq cap−1 yr−1 today and 
shrinks to 0.59–0.51 t CO2-eq cap−1 yr−1 for a population between 8.5 
and 9.9 billion people in 2050. Current Indian per capita emissions 
exceed these limits. Potential emissions from optimized food sup-
plies, however, fall below current and future emission boundaries. 
In addition to reducing GHG emissions through optimized produc-
tion and consumption, other interventions offer potential to seques-
ter the carbon still emitted. Applying the full range of sequestration 
potentials from tropical agroforestry systems, between 0.1 and 3.4 
Mha, or 0.05–1.8% of Indian cropland, would need to be converted 
permanently to agroforestry systems for every 0.1 bn t CO2-eq emit-
ted to sequester and offset diet-related GHG emissions. With an 
estimated total national land potential for agroforestry systems of 
330 Mha31, dietary GHG emissions could potentially be sequestered 
and offset for 97–149 (median, current emissions) to 159–245 years 
(median, maximum combined resource constraints). Crops grown 
in agroforestry systems might yield at least as much as under cur-
rent land management practices, and hence do not impair total food 
output32,33.

Health impacts of changing diets. If Indian food consumption 
patterns were to follow changes in national food supply closely, the 
resulting healthier eating patterns (that is, a reduced intake of highly 
processed foods and an increase in foods such as (minimally pro-
cessed) fruit, vegetables, nuts and legumes) could also have a major 
positive impact on morbidity and mortality rates from both infec-
tious and chronic diseases34. Focusing on potential positive effects 
on non-communicable disease patterns in the population, we used 
the Alternate Healthy Eating Index (AHEI) to score (0–100) and 
rank the overall nutritional quality of the current and potential 
optimized food supplies, including foods and nutrients that have 
been shown to be predictive of chronic disease risk in previous  
studies. We calculated an AHEI score of 38.2 for the current average  
Indian food supply, compared with a global mean of 50.0 and a 
global maximum reference score of 94.0 (ref. 35). A low consump-
tion of fruit, vegetables, whole grains and ω–3 fatty acids (national 
data on the long-chain n–3 contents of dairy were not available)  
as well as high trans fat intakes were major contributors to the cur-
rent low score. A maximized potential food supply would raise the 
AHEI score from its current level to 63.3 (69.8 when including 
potential additional animal-source foods) (Table 1). An additional  

lowering/elimination of sodium and trans fats would raise the 
score further to 83.1 (89.7). Similarly, for the potential food supply  
under maximum combined resource constraints, the respec-
tive AHEI score increases to between 62.5 (64.5) and 82.3 (84.3) 
when also including reduced sodium and trans fat consumption. 
These scores are based on the entire potential food supply, which  
might exceed actual caloric requirements. A particular choice of 
foods from this supply (for instance, due to regional preference 
or cultural acceptability) could impact the AHEI score. A higher 
intake of fruit and both ω–3 and ω–6 fatty acids from plant- and 
animal-source foods would raise these scores further towards their 
maximum of 100.

An increase in the AHEI scores of potential Indian diets due 
to both improved food production patterns and higher-quality 
food choices could have profound effects on a number of 
non-communicable disease risks, which subsequently would trans-
late to a reduced number of associated premature deaths. Figure 4 
presents the preventable numbers of sex-specific total premature 
deaths and associated population-attributable fraction (PAF) for 
total deaths from chronic disease as well as for cause-specific pre-
mature deaths from six major causes. Increased average AHEIs from 
modelled maximized food supplies are associated with a potential 
reduction in total premature deaths by 14.6–30.0% (2.1–4.3 million 
people per year); food supplies under maximum combined resource 
constraints could result in a potential reduction by 14.2–26.9% 
(2.0–3.8 million people per year).

Discussion
Our study estimates India’s capacity to provide its growing popula-
tion with sufficient nutritious foods that are sustainable and healthy, 
primarily defined by micronutrient adequacy. Environmental chal-
lenges are large, and many political and socioeconomic barriers 
for both farmers and consumers need to be overcome to achieve 
national nutrition security. There are numerous trade-offs between 
natural resource use and food production for different dietary pat-
terns. Focusing solely on one single resource or allowing for a small 
number of crops might lead to an over- or underestimation of saving 
potentials in the agricultural sector. Nevertheless, our study shows 
that depending on future environmental constraints, India has  
the land and freshwater capacities to potentially increase the  
production of nutrient-rich foods by allocating natural resources 
more efficiently. Tapping into this potential requires a gradual shift 

Table 1 | aHeI scores of current and potential optimized food supplies

Current food supply Potential food supply Potential food supply under maximum 
combined natural resource constraints

Food amount aHeI score amount aHeI score amount aHeI score

Vegetables (g d−1) 230 3.8 1,669 10 984 10

Fruit (g d−1) 125 2.6 286 6.1 272 5.7

Whole grains (g d−1) 6 0.7 127 10 148 10

Sugar-sweetened beverages (g d−1) 17 4.1 0 10 0 10

Nuts and legumes (g d−1) 41 10 57 10 29 10

Red/processed meats (g d−1) 3.3 9.8 3.3 9.8 3.3 9.8

Trans fat (% of energy) 1.3 0 1.3 (0) 0 (10) 1.3 (0) 0 (10)

Long-chain n–3 PUFAs (mg d−1) 74 3.9 104 (332) 4.2 (10) 87 (133) 3.5 (5.3)

PUFAs (% of energy) 5.2 4.0 4.5 (5.1) 3.1 (3.8) 4.6 (4.7) 3.3 (3.4)

Sodium (mg d−1) 4,255 0.2 4,255 (<1,362) 0.2 (10) 4,255 (<1,362) 0.2 (10)

Total AHEI score 38.2 63.2 (89.7) 62.5 (84.3)

Values in parentheses reflect potential diet scores when reducing diet components, which are either the result of potential additional animal-source foods (polyunsaturated fatty acid (PUFA) supply) or not 
directly associated with food production (sodium, trans fat).
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away from current production and consumption patterns, par-
ticularly of refined wheat, rice and sugar, towards higher supplies 
of fruit, vegetables and nuts. As a result, both quantity and quality 
of crop residues might increase. Using those residues as feed could 
become an important resource for livestock production, and conse-
quently support additional supplies of animal-source foods.

There are a number of limitations that could have led to either 
an over- or underestimation of our final estimates. These include 
quantity and quality of natural resource use data, agricultural GHG 
emissions, livestock diets and food waste rates. From a nutrition 
perspective, there are several uncertainties regarding current food 
and nutrient intakes, their bioavailability as well as our dietary 
model constraints, that is the quantity and quality of minimum 
versus optimal macro- and micronutrient requirements. While test-
ing the sensitivity of our input data revealed that detected overall 
trends consistently persisted through all modelled scenarios, more 
research is required to be able to include regional and seasonal food 
production limitations in more detail, to assess the effects of chang-
ing crop residue compositions as direct and indirect feed source on 

livestock production, and to generate more precise data on national 
food intakes and nutritional recommendations (see Supplementary 
discussion). Facilitating initial steps towards changed food produc-
tion and consumption patterns could, in turn, have profound effects 
on population health in regard to non-communicable disease risk.

From an economic perspective such shifts could also lead to an 
increase in farm incomes, both directly through higher net profits 
from crops, and indirectly through a potentially increased produc-
tion of animal-source foods. Compared with today’s average food 
supply, current investment cost (cost of cultivation for crops) would 
rise by 37% for a potential maximized food supply, and 5% for a 
food supply under maximum combined resource constraints. Net 
profits at this time, however, would increase by 97 or 45%, respec-
tively, as a result of a growing demand for fruit and vegetables over 
the last decades (Supplementary Table 12). Currently there are 
several political hurdles that hinder a development towards more 
efficient natural resource use in the agricultural sector as well as 
the economic viability of more sustainable and healthy food sup-
ply patterns for both farmers and consumers. More cohesive policy 
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measures on the national to state level could target a diversification 
of currently subsidized foods, supporting primarily wheat, rice and 
sugar as part of the Public Distribution System9, as well as adapt-
ing other indirect food-related subsidy schemes such as energy sub-
sidies and national bioenergy targets. Additional policy measures 
include investments in storage and transport infrastructure; pro-
viding farmers with insurance schemes for vulnerable horticulture 
crops and crop redistribution; expanding the support for agrofor-
estry projects; creating incentives for the food industry to increase 
the choice of convenient, affordable, nutritious foods and reduce the 
amount of nutrient-poor, highly processed foods (although some of 
these foods are currently being fortified with micronutrients); add-
ing environmental sustainability goals to the national dietary guide-
lines; supporting research to improve animal diets, methane capture 
and improved manure management, increasing yields of various 
legumes, nuts and drought-resistant crops; and continuing to sup-
port a reduction in injudicious fertilizer use. In addition, opening 
markets to more international food trade might lower environmen-
tal pressures domestically—but might shift them to other regions—
as well as increase food diversity. Such steps, however, might reduce 
national food and nutrition security through increased dependence 
on international food imports.

While all of these measures and incentives would support a tran-
sition of the food system in the medium to long term36, there are 
also a variety of regional and local policy options that could address 
current environmental and health issues more immediately. These 
include regulating the market on select produce to ensure access to 
fresh nutritious foods for all citizens; investing in small-scale water 
infrastructure such as rainwater ponds to decrease the pressure on 
groundwater resources; offering guaranteed government purchases 
of fruit and vegetables, for example, to complement the Mid-day 
Meal Scheme and provide more nutritious foods at hospitals and 
other charitable institutions, while supporting diversified local food 
production; increasing the number of food banks to reduce the 
amount of food waste; supporting urban agriculture projects such 
as school gardens or fruit tree plantings in low-income areas; and 
educating people locally on healthy nutrition.

Methods
Nutritional status of the Indian population. To estimate current diet quality 
in regard to caloric intake, nutrient composition and nutritional adequacy, we 
based our analysis on the national household survey, which assesses per capita 
food supplies within households26. We then averaged data from Bowen et al.37 and 
Singh et al.38 to integrate the amounts and composition of foods that are consumed 
outside of the house (Supplementary Tables 4 and 9a,b) (compare Rawal et al.39). 
While India’s regional cuisines vary substanitally with respect to food preparation 
and flavour profiles, average diet composition (supply and share of major food 
groups), and hence average nutrient supplies, show strong similarities across the 
country (Supplementary Table 7a-ai).

To assess current macro- and micronutrient intakes in relation to their 
respective intake recommendations, food intakes were then adjusted for sex and 
age by applying (5 year) age group distribution patterns that were adopted from 
the Global Dietary Database40. Weighted national average food intakes were 
calculated by setting the average age to 25–29 years41. As we determine per capita 
protein intakes as a population average, we might underestimate the sufficiency of 
current protein supplies. The minimum recommended intake is set at 0.8–2.0 g kg−1 
depending on age, activity level and health status42. It has been estimated that 
the protein intakes of about 35% of the Indian population amount to less than 
0.8 g kg−1 (ref. 16).

To determine the micronutrient contents of these foods we integrated data 
from two food composition databases. The Indian Food Composition Tables43 
offer information on several hundred foods in their raw/uncooked state. To 
estimate compositions of prepared Indian foods, we matched Indian data with 
their equivalent in the United States Department of Agriculture Food Composition 
Database44. After calculating relative deviations in nutrient contents between the 
two, we then adjusted nutrient values of raw Indian foods if applicable. In our 
analysis we included all macronutrients (protein, fat, carbohydrates), total fibre, 
vitamins A (RAE), C, E, B1–B6, folate, B12, K, choline, and minerals calcium, iron, 
magnesium, potassium, zinc, copper, manganese and selenium.

We used average EARs to assess adequate mineral and vitamin intakes on the 
population level. The World Health Organization offers data on required nutrient 

intakes as well as on nutrient-specific conversion factors to derive EARs45. For 
magnesium, vitamin B5 and vitamin K no conversion factors were available. We 
calculated these data using average mineral and vitamin conversion factors. There 
were no World Health Organization values available for manganese, choline, 
potassium and copper. We therefore used adequate intake estimates from the 
United States and converted them accordingly to EAR values46 (Supplementary 
Tables 5 and 6, and Supplementary discussion). Besides adequate amounts of 
minerals and vitamins in the diet, the supply and composition of specific fatty 
acids, fibre and highly processed foods also play an important role in the overall 
healthfulness of diets. However, we did not include those diet components into our 
optimization approach as quantitative average requirements or upper limits have 
not yet been defined.

Environmental footprint of the current Indian diet. We calculated total land 
and cropland requirements, consumptive freshwater use in the form of green 
(rain) and blue (irrigation) water, and associated GHG emissions to estimate 
three main environmental footprints of the Indian food supply. To determine 
land and freshwater requirements, we divided India into five main agroclimatic 
regions: subtropical highland, humid subtropical, (semi-)arid, tropical wet and 
dry, and tropical wet (Supplementary Fig. 1). We calculated regional yields as 
weighted averages based on available state-level data47. Grazing land productivity 
for ruminant diets were averaged from Suresh et al.48. Consumptive water use 
was calculated using regional weighted averages based on available state-level 
data from the Water Footprint Network Database49, which were derived from 
calculations by the CropWat model (Supplementary Table 13). The total annual 
blue water demand for the national food supply currently amounts to 219 km3 yr−1 
(assuming a 10% loss rate between farms and markets1). Today, most parts of India 
are experiencing water stress (that is, unsustainable water demand), where human 
water demand exceeds annual renewable water availability). Based on data reported 
by Davis et al.5, we estimated regional water stress by calculating the weighted 
average of annual irrigation water use for domestic food production in relation to 
available sustainable water resources (accounting for environmental flows50). The 
(semi-)arid region currently draws 67% of its total water requirements for national 
food production from unsustainable sources, followed by the tropical wet and dry 
region at 42% and the humid subtropical region at 19%. The subtropical highland 
and tropical wet region currently use less than 10% of their respective sustainable 
water resources. On average, this amounts to 36% of the current national irrigation 
water demand for domestic food production being sourced unsustainably 
(Supplementary Table 8). Competing industrial and domestic water needs together 
with expected changes in precipitation patterns and melting glaciers are likely to 
aggravate the situation in the future51.

GHG emission intensities for Indian plant foods were adopted as national 
averages from Sapkota et al.29 and Vetter et al.17,52. Regarding animal-source 
foods, we adopted country-specific livestock data from Herrero et al.53. Total 
livestock-related GHG emissions amount to 0.32 bn t CO2-eq yr−1. Animal numbers, 
average feed intakes and associated total GHG emissions were matched with 
average water-use and land-use data for providing feed (grass and concentrates, 
including cereal grains) as well as drinking water needs. Natural resource use 
and GHG emissions were allocated according to the same allocation method, 
distributing resources and emissions evenly across total livestock weight (live 
weight plus, if applicable, milk/eggs) (Supplementary Table 13). These data 
were then applied to the average Indian diet by multiplying respective resource 
intensities by daily per capita food supply, and extrapolated to yearly footprints.

Cropland and freshwater capacity for nutritious diets. To determine India’s 
natural resource capacities to produce nutritious foods most efficiently, we 
used a linear optimization approach to maximize the micronutrient output of 
the national food supply under current and potential future regional land and 
freshwater constraints. Modelled potential food supplies have to meet or exceed 
today’s national average caloric intakes. We did not include food trade (and 
associated natural resource use) in our model as only small amounts of imported 
foods, mainly peas and soybean oil, play a role in the current Indian diet. The 
model balances national nutrient supplies across five major agroclimatic regions 
and their specific crop yields and water footprints, including up to 36 regionally 
suitable crops (173 variables in total), their macronutrient composition, fibre 
content, nutrient content (based on 20 minerals and vitamins) and their associated 
crop residues54,55. As crop residues could be used to feed livestock, the model 
further determines potential additional animal-source foods (poultry (including 
eggs and organ meat) and fish). Our objective function is the total sum of all 
included minerals and vitamins from plant and potential animal-source foods 
as percentages of their respective EAR (see Supplementary methods for detailed 
overview of the optimization approach, using R version 3.4356). To ensure diversity 
(both crop diversity within each region to increase the ecological resilience of 
the agricultural sector and conform with currently predominant smallholder 
farming patterns, and diet diversity to align potential national food supplies with 
basic dietary requirements), we applied a number of environmental and dietary 
constraints to our model approach. Modelled food supplies are based on limited 
regional land availability for each crop (land limitations for rice and wheat were 
equally split for whole and refined grains but remain interchangeable from an 
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environmental perspective). These modelled supplies ensure minimum overall 
caloric, protein and fat supplies, and have to include regional production of fruit 
and vegetables; however, they limit the total amount of fruit and vegetables by 
constraining nutrient and caloric supplies of high and low calorically dense crops 
(Supplementary Table 14).

Urbanization and industrial development, increasing exports of agricultural 
products, national reforestation goals and ongoing land degradation do not allow 
for a substantial expansion of cropland in the future. We constrained regional 
land use for domestic food production to a maximum of its current level. Regional 
rainwater availability correlates directly with respective cropland availability. 
Total irrigation water use was restricted for the three major agroclimatic regions 
currently experiencing water stress, but not for the two remaining, subtropical 
highland and tropical wet, which possess abundant sustainable freshwater 
resources. However, we did not restrict overall GHG emissions because additional 
livestock resulting from changes in crop residue, and hence feed availability, remain 
speculative but could potentially impact overall dietary GHG emissions.

As the model does not include food (and other agricultural) exports, the 
associated land (26 Mha), irrigation water needs (35 km3 yr−1) and GHG emissions 
(0.04 bn t CO2-eq yr−1) (Supplementary Table 3) are not part of our optimization 
approach. Further, we assume that crop losses, seed use and waste rates remain 
stable. Food and Agriculture Organization Food Balance Sheets1 document an 
aggregated loss rate between production and markets of ~10% for crops and ~15% 
for animal-source foods. Resulting total food supply estimates align very well with 
our calculated average food intakes of ~2,450 kcal cap−1 d−1 (2,550 kcal cap−1 d−1 
average food supply, 15% stemming from foods consumed outside the house).

Due to expected population growth, climate change and ongoing 
environmental degradation, less land and water will be available per capita for food 
production in the future. As it is currently not possible to quantify future national 
natural resource availability on an annual level, we explore the limits of possible 
reductions in freshwater and cropland use, both separately and in combination, by 
decreasing regional resource inputs gradually and in proportion to their respective 
availability in 5% steps until a regional maximum reduction is reached. Potential 
reductions on the national level result from summing up regional maxima. We start 
from today’s footprints, until resource constraints become too limiting to produce 
a given national output (≥2,450 kcal cap−1 d−1). Increasing water constraints do not 
include changing drinking water needs for lactating and non-lactating livestock; 
adding these increases our calculated final freshwater needs only slightly.

Animal-source foods as byproduct of crop production. Compared with growing 
plant foods, growing crops as feed for livestock is often regarded as an inefficient 
use of valuable cropland and freshwater resources, while also contributing to 
globally rising GHG emissions. While plant foods contain a large number of 
essential minerals and vitamins for human nutrition, they do not adequately supply 
certain potentially critical nutrients such as preformed vitamin A57, B12 and K2

58. In 
India only small areas of cropland are used for the purpose of feed crop production 
(~8 Mha, 4% of total cropland area1). Most ruminant feed is obtained from pasture 
and crop residues. Our optimization model includes total crop residues and 
potential associated animal-source foods under a number of constraints. Total 
modelled crop residue/animal-source food outputs were corrected by subtracting 
current total crop residues yields of 320 million tonnes per year (dry matter), 
which are already used for other purposes, two-thirds of which as livestock feed48,53. 
This amount was set as minimum crop residue output; only surplus residues could 
potentially be used to produce additional animal-source foods (see Supplementary 
discussion). Although additional sources of poultry (including eggs and organ 
meat) and fish (using an equal share of poultry and fish/shellfish from aquaculture) 
in the Indian diet would affect land and freshwater use only marginally, GHG 
emissions from livestock production would increase. We do not change total 
numbers of ruminants or feed quantities and type composition, and hence natural 
resource use efficiencies, as any assumptions on future herd sizes and potential 
additional feed sources remain highly speculative at this point. However, by 
hypothetically increasing the average nutritional value (total digestible nutrients) 
of current crop residues of 48% (mostly straws, stovers and oilseeds)48 to 77% 
(mostly fruit and vegetable waste)59, we are able to estimate the potential increase 
in milk yields from cows applying a conversion factor of 0.315 kg of total digestible 
nutrients per kg cow milk (4% fat)60. We held total GHG emissions from ruminants 
constant, as no available data so far indicate a potential increase in emissions from 
such changes in feed quality59. The increased drinking water needs to achieve 
higher milk yields were added to total freshwater needs

Offsetting greenhouse gas emissions from food production. Both plant and 
animal-source food production are sources of GHG emissions. One approach 
to sequester carbon within the agricultural sector are agroforestry systems. 
Depending on air temperature, precipitation patterns, soil composition and 
the specific form of agroforestry and tree species, a wide range of estimates 
(and uncertainties) for carbon sequestrations rates or carbon stocks can be 
found in the literature. Focusing specifically on soil carbon stocks in tropical 
agroforestry systems after at least 10 years of cultivation and 100 cm of soil depth, 
these estimates range—depending on literature source—from 8 to 228 t ha−1 for 
approaches including agroforests, woodlots and silvopasture. Median values range 

between 45 and 95 t ha−1 (refs. 61,62). We adopted this range to estimate India’s 
potential to offset GHG emissions from domestic food supply.

Estimating health impacts of changing diets. We calculated the AHEI score 
to assess current and future dietary quality34. For this approach we assumed 
potential future diet consumption would align closely with modelled food-supply 
patterns. The AHEI score is based on total intakes of vegetables, fruit, whole 
grains, sugar-sweetened beverages, nuts and legumes, red and processed meat, 
trans fats, long-chain ω–3 fatty acids, polyunsaturated fatty acids, sodium and 
alcohol. Greater adherence to the AHEI is associated with a lower risk of several 
non-communicable diseases. Wang et al.35 applied this method on a global level 
by determining country-specific scores based on data from the Global Burden of 
Disease Study 2017. Adopting this approach for India allowed us to estimate the 
total number of preventable premature deaths as well as cause-specific deaths from 
cancer, diabetes, cardiovascular, respiratory, digestive, genito-urinary and other 
diseases that are associated with dietary quality. There are two complementary 
approaches affecting the AHEI score. In a first step, we calculated the potential 
effects on mortality rates based on changes in quantities and qualities (for example, 
sugar-sweetened beverages, whole versus refined cereals) of supplied food groups 
in the current food supply versus potential optimized food supplies. In a second 
step, we assumed potential changes in trans fat and sodium intakes to estimate 
potential additional positive health effects that are not a direct result of changing 
food production patterns (see Supplementary discussion). Our estimates do  
not include health risks associated with the potential exposure to pesticides.  
Thus, changes in the types and quantities used might affect overall health  
outcomes additionally.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.
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The data supporting the findings of this study are available within the article and its 
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Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection No software was used to collect data.

Data analysis Microsoft Excel 14.7.3 was used to prepare and harmonize data. R 3.4.3 and lpSolve 5.6.13 was used for linear optimization.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers. 
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

All data generated or analyzed during this study are included in this published article and its supplementary material files. 
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Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description The study uses an integrated environmental and nutritional linear optimization approach (natural resource use efficiency in regard to 
micro-nutrient supply) to determine the level of self-sufficiency India could reach now and with increasingly scarce resources in the 
future. 

Research sample Existing data were collected from various publicly available datasets on food consumption and composition (various sample sizes) as 
well as modelled data on natural resource use for food production.

Sampling strategy No new data that required sampling were created.

Data collection Data were collected from various publicly available datasets on food consumption and composition as well as natural resource use 
for food production.

Timing and spatial scale Time sensitive data were collected from datasets published between 2009 and 2015.

Data exclusions Some data from the Indian Food Composition Tables were excluded as they deviated unexplainably from the larger US dataset they 
were compared to. A cutoff of +/- 250% was used as described in the Supplementary Material of the manuscript.

Reproducibility Several test runs to test sensitivity of all variable as well as reproducibility were done.

Randomization Not relevant to this study as adopted datasets were already randomized (if applicable).

Blinding Not relevant to this study as adopted datasets either aggregated data from food frequency questionnaires or modelled plant and 
livestock data.

Did the study involve field work? Yes No

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
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Methods
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