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Supplemental Material 1 

Supplemental Methods 2 

Estimating total zinc, total phytate, and absorbable zinc 3 

Total per capita dietary zinc and phytate were estimated using household-level data extracted from the following 4 
seven rounds of the National Sample Survey of Consumption Expenditure: 1983 (round 38), 1987-88 (round 43), 5 
1993-94 (round 50), 1999-2000 (round 55), 2004-05 (round 61), 2009-10 (round 66), and 2011-12 (round 68).1 The 6 
method of processing and analyzing the raw data to produce household-level data is the same as in a recent study by 7 
DeFries et al2 used to estimate dietary iron. Please refer to the prior publication for the full methodology. Along with 8 
estimating total zinc and phytate across the whole diet, each were also broken out by broad food category:  rice, 9 
wheat, sorghum, millet, maize, barley, other C3 plant, peas, soybeans, other C3 legumes, animal source foods, potato, 10 
and other C3 tubers.  11 

Because the bioavailability of zinc is often dependent on the interactions of both zinc and phytate in the body, we 12 
used the Miller equation3 with updated coefficients4 to ascertain absorbable zinc from the diet. Phytate acts as a 13 
potent inhibitor of zinc absorption due to its ability to form strong and insoluble complexes with zinc that make it 14 
unavailable to the body. The Miller equation is an empirically derived formula, based on data from adults, that 15 
estimates absorbable zinc intake using total dietary zinc and phytate as inputs.  However, three studies have shown 16 
that certain demographic groups — children ages 1-4, pregnant women and lactating women — have absorption 17 
patterns that deviate from the adult-prescribed estimates of absorbable zinc.  The first, a comprehensive meta-18 
analysis of several intervention trials measuring zinc absorption for children under 5, found that absorption appears 19 
to not be controlled by phytate at all, but instead is more highly correlated to their age, and absorption rates for all 20 
ages 1-4 are considerably less than those of adults.5  A second, smaller study focused on indigenous Guatemalan 21 
women of childbearing age (n=22), and found that those that were pregnant or within the first six months of 22 
lactating did not display such a strong inhibitory phytate effect compared to adults that were not pregnant nor 23 
lactating.6  They found that pregnant women eating their normal diets had on average a 15% increase in fractional 24 
absorption of zinc compared with the estimates based on the normal Miller equation, and lactating women saw a 25 
68% increase in absorption.  Lastly, a smaller longitudinal study of thirteen women in the US found that when the 26 
women were lactating they had an increased fractional absorption of zinc by ten percentage points compared to 27 
preconception.7 28 

Because of the nonlinearity in the relationship between total dietary zinc and absorbable zinc, and also because we 29 
do not have sufficient data on zinc and phytate intake by age, sex, and pregnancy/lactation status, we are therefore 30 
unable to incorporate these results directly in this study.  However, we believe that the error introduced by using the 31 
general Miller equation, and thereby proceeding as if all population groups had zinc absorption as did adults, only 32 
inserts a minor bias into our calculations.  To explore this, we ran an experiment to examine the potential influence 33 
of this effect, using the improved empirical data on fractional absorption from each of the aforementioned studies, 34 
and making a simple, but incorrect, assumption that each age-sex group consumes the national average of zinc and 35 
phytate.  We then used census data from the most recent year (2011) to estimate the number of children aged 1 36 
through 4, as well as fertility data to estimate the number of pregnant and lactating women, in order to quantify the 37 
effect that using more realistic absorption rates would have on our estimates.  Ultimately, we found that doing so 38 
decreased our average total absorbable zinc by 0.03 mg/d, which is 1.4% less than our current 2011 value.  Because 39 
of the relatively small size of this effect, and the fact that it would act generally uniformly across all time periods, 40 
we felt confident that excluding it did not change the overall trend nor magnitude of our results. 41 

Absorbable zinc was calculated at the household level, then means and standard deviations for urban/rural, state, and 42 
quartile of monthly per capita expenditure groups were calculated by aggregating household-level estimates. 43 
Aggregations were made using a weighted average, with weights obtained from National Sample Survey designated 44 
multipliers for every household.  45 

We used monthly per capita expenditure (MPCE) as a proxy to group households into quartiles of income level. The 46 
survey data report a monthly per capita expenditure for every household in a given round. For each round, 47 
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households were categorized into equal-sized quartiles to ascertain their nutritional habits based on relative 48 
purchasing power. 49 

 50 

Per-Food Contribution to Absorbable Zinc 51 

Because the amount of absorbable dietary zinc is a function of both the total dietary zinc consumed and the ratio of 52 
phytate to zinc in the diet, the contribution of each food to the total absorbable zinc total is not simply additive, 53 
because it relies on the context of other foods that are eaten alongside them. In order to estimate the size of the 54 
individual contribution of each food to the final absorbable zinc total (such as that shown in Figs 3 and S2), we 55 
performed the following steps. First, we removed each food from the diet, one at a time, and then recalculated the 56 
absorbable zinc from the remaining foods. Then, we subtracted the absorbable zinc with and without each individual 57 
food to determine the marginal absorbable zinc supplied by that food, which we repeated for all foods. We then 58 
assessed the relative impact to the diet of each food by dividing each marginal absorbable zinc contribution by the 59 
sum of all contributions. This scaled marginal percentage was finally multiplied by the total absorbable zinc to 60 
estimate their relative importance to the diet. 61 

 62 

Zinc physiological requirements and inadequate intakes 63 

To calculate the prevalence of inadequate absorbable zinc intake, we began by determining the overall physiological 64 
zinc requirements at each level of aggregation (state, income quartile, and urban/rural) using estimated average 65 
requirements (EAR)10 weighted by each category’s population distribution. EARs are derived by age and sex, with 66 
additional zinc required for pregnant women. Additional zinc is also required for lactating mothers, but it only 67 
serves to replace zinc that is transferred via breastmilk, so it is accounted for by including zinc requirements for 68 
infants in our calculations. We ascertained the population size and demographic distribution within the rural and 69 
urban population of each state using decadal census information.11–14 To harmonize the decadal census with the 70 
more frequent nutritional surveys, we used a simple linear interpolation to estimate population sizes in each year and 71 
matched these with survey years. The additional zinc required by pregnant women was calculated by multiplying the 72 
crude birth rate12–15 by the fraction of the year representing the average gestational length (40 weeks) and the 73 
additional requirement during pregnancy (1 mg/day),10 added to the total. 74 

Household size and demographic composition can vary significantly by income level, so to identify the specific zinc 75 
requirements for each expenditure quartile we used the aggregate income-stratified household characteristic data 76 
(average number of men, women, boys and girls per household) in each National Sample Survey round to allocate 77 
the urban and rural populations in order to appropriately match each expenditure category’s reported demographic 78 
distribution.  79 

Mean intakes for state-level urban/rural groups and MPCE quartiles for each round were calculated directly from 80 
survey samples. However, we could not apply the same data to the standard deviation of the distributions, because 81 
standard deviations of small samples provide an imperfect proxy for the standard deviations of whole populations. 82 
Therefore, we devised a method to calculate a more reliable variability based on the entirety of data collected. 83 

First, we calculated the coefficient of variation (CV; standard deviation divided by the mean) for each state and 84 
sample round, for both urban and rural populations. We then plotted the CV versus the sample size measured for 85 
each subgroup (Fig S1). Small sample sizes yielded a large variability of possible CVs, while large sample sizes had 86 
a narrower range of CVs. Therefore, we first calculated the mean CV for both rural and urban populations across all 87 
sample sizes (rural = 14.3%, urban = 24.0%). We then divided the data into 10 equal-sized bins of sample size and 88 
calculated the standard deviation of the CV values within each bin. 89 

To construct the distribution of intakes for each subgroup, the mean intake and the mean CV were used to estimate 90 
the average distribution, but we also performed 1,000 Monte Carlo simulations drawing from within the distribution 91 
of CVs to capture the possible variability in the width of the intake distribution. These intake distributions were then 92 
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passed to the next step and used to estimate the range of possible prevalences of inadequate intake based on the 93 
available evidence.  Absorbable zinc intake distributions and population EARs are used as inputs into the EAR cut-94 
point method to estimate the prevalence of inadequate zinc intake.8  95 

Ideally, to determine the proportion of a population that is receiving enough of a nutrient, one would simply identify 96 
each individual’s intake to see if it is greater than their requirement, then sum up the number of individuals that are 97 
not receiving enough. However, in this study we only have direct knowledge of intakes, but not requirements, which 98 
makes this type of direct counting impossible.  Many organizations have derived average physiological requirements 99 
for each age and sex group based on assumed bodily needs, but requirements may still vary person-to-person.  Some 100 
people may consume more than the average requirement, yet have a personal requirement that is even higher than 101 
their intake, and they are therefore still deficient.  Likewise, some people may consume less than the average 102 
requirement, but their personal requirement is even lower than their intake, meaning that they are actually sufficient.  103 
Because of these issues, a mathematical shortcut is required to figure out the proportion who are suffering a dietary 104 
deficiency. The customary method used to bridge this divide is the EAR cut-point method. This method makes our 105 
ignorance of individual requirements irrelevant by using the EAR, which is the amount of a nutrient sufficient to 106 
meet the physiological needs of 50% of the population.  The cut-point method observes that if certain assumptions 107 
are met — intakes are independent of the requirement, the distribution of requirements is approximately 108 
symmetrical, and the variability of intakes among individuals is greater than the variability of requirements — then 109 
the two populations discussed above cancel each other out, leaving those that are consuming less than the EAR 110 
assumed to be equal to the proportion of the population that have an inadequate intake. For zinc, these assumptions 111 
are met and the cut-point method is valid.9 Further explanation of the method and its derivation can be found in 8, 112 
and its application to zinc is discussed further by 9. 113 

Another common measure of dietary adequacy, Recommended Daily Allowances (RDAs), are constructed similarly 114 
to the EAR, but with a different purpose. RDAs are designed to be sufficient for 97.5% of the population, 115 
established as two standard deviations above the EAR. The RDA is set higher than the EAR to provide guidance to 116 
individuals and health professionals for an advisable amount to consume to almost certainly meet their needs 117 
without knowledge of their individual requirement. This is useful in a public health context, but if we were to 118 
estimate the proportion of the population that is receiving inadequate nutrition using the RDA instead of the EAR, 119 
there would be many people who are consuming less than the RDA but are actually sufficient because it is set so 120 
cautiously high, causing a large overestimation of the rate of population-level nutritional inadequacy. For that 121 
reason, we use the EAR and the cut-point method to estimate inadequate zinc intake for this study. 122 

 123 

Effect of elevated CO2 on zinc and inadequate intake 124 

The effect of elevated CO2 (550 ppm) on the zinc content of each crop was taken from a recent meta-analysis by 16 125 
and applied using a similar method as previous studies.17,18 For each individual crop that shows a response to 126 
elevated CO2, as well as for broader food categories (e.g., C3 legumes), percentage losses of zinc are shown in Table 127 
S2. Some major crops, such as millet, do not show any response in zinc content to elevated CO2. Wheat is the only 128 
crop that also shows a reduction in phytate under higher CO2 levels.  129 

In our forecasts, we made the assumption that Indian diets are constant under the elevated CO2 scenario, relative to 130 
2011-12 consumption. This assumption is made against the backdrop of recent modeling that has sought to 131 
characterize the future of Indian diets, which have proven to be quite uncertain. In particular, India has seen a 132 
decades-long trend of lower caloric and protein intake per capita despite a significant rise in incomes, a relationship 133 
that is in contrast to the trajectory of nearly all other developing countries globally.19 Nevertheless, traditional 134 
forecasts of the direction of Indian diets extrapolate caloric intake based on the behavior of similar countries, which 135 
have experienced a significant increase in caloric intake correlated with income growth.20 Because India proves so 136 
much of an outlier in its translation of economic growth to food intake, we chose to avoid forecasting the highly 137 
uncertain dietary trajectory and instead take the simple and conservative assumption that diets are held constant. The 138 
implications of this assumption are explored further in the discussion section below. 139 

In the elevated CO2 scenario, current diets and prevalence of inadequate zinc intakes were applied to future 140 
population sizes to ascertain their health impact. Population forecasts to 2050 at the state-level21 and for the 141 
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rural/urban population22 were used to provide population-weighted national forecasts. Change in the urban and rural 142 
populations between 2010 and 2050 was allocated to states according to their current national share of the urban and 143 
rural population. 144 

 145 

Alternative dietary scenarios  146 

To explore possible ways to improve the current and future trends in the risk of inadequate zinc intakes, two 147 
scenarios were considered; both had been previously proposed in a similar study to investigate improving iron in 148 
Indian diets.2 The first, Scenario 1, would be to maintain the current total amount of grain consumption, but return to 149 
the mix of grains that were eaten in 1983: more coarse cereals (millet and sorghum) and fewer major grains such as 150 
wheat. Coarse cereals tend to have a higher zinc density than more widely consumed grains, especially rice, and 151 
could return much needed nutrients to the diet. Moreover, coarse cereals follow the C4 photosynthetic pathway and 152 
show no response to increasing CO2 concentrations, contrary to C3 plants (rice and wheat). The second, Scenario 2, 153 
would be to restore both the quantity and mix of grains that were consumed in 1983, but maintain the rest of the diet 154 
as it is. Other foods, mainly animal source foods and C3 plants, have grown as a share of the diet in recent years, and 155 
would potentially provide a necessary supplement to cereal-based nutrition. Both scenarios were applied to both the 156 
historic and future zinc models to measure their efficacy in averting dietary zinc inadequacy. 157 

 158 

Treatment of uncertainty 159 

The intra-individual population distribution of zinc intakes and the interaction of elevated CO2 and nutrient density 160 
each come with their own inherent uncertainties. We model each by performing Monte Carlo simulations (N=1000) 161 
to propagate the error associated with each parameter into our estimates of inadequate zinc intakes and the middle 162 
95% of runs are used to characterize the resultant uncertainty interval. 163 

 164 
  165 
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Supplemental Results 166 

Animal-source foods in the diet is beneficial for zinc status, because they tend to be a rich source of zinc, free of 167 
phytate, and unaffected by rising CO2. Animal source foods as a share of total calories have increased nationally by 168 
2.8% percentage points since 1983, similarly shared among urban and rural populations (2.9% and 2.7% 169 
respectively). Due to its high bioavailability, animal-sourced zinc had an outsized impact on absorbable zinc, 170 
contributing an additional 4.2% for rural populations and 4.7% for urban populations over that period. However, this 171 
growth was overwhelmed by the loss of zinc from cereals, and the overall stagnation of the absorbable zinc intake 172 
despite growing needs and the loss of high-zinc coarse cereals in the diet both provide headwinds to improving zinc 173 
status in the face of a potentially worsening situation. The rise in CO2 between 1983 and 2011-12 from 342 to 390 174 
ppm may also have decreased the zinc content of crops and exacerbated this trend, yet we are not able to quantify 175 
this based on the data available, though it is presumably a small effect. 176 
 177 
 178 
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Supplemental Figures 236 
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 238 

 239 
Fig S1. Estimating the standard deviation of the intake distribution using accumulated sample standard 240 
deviations compared with sample size. Horizontal red lines are the mean coefficient of variation for each group 241 
(rural = 14.3%, urban = 24.0%). Vertical red lines indicate the standard deviation of each of 10 equally sized bins 242 
used in subsequent Monte Carlo simulations. 243 

 244 
 245 
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 246 
Fig S2. State-level absorbable zinc intakes by food, compared with average requirements. 247 

 248 
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 249 
Fig S3. State-level historical prevalence of inadequate zinc intakes. 250 

  251 
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 252 

 253 
Fig S4. Relationship between current prevalence of inadequate zinc intake and vulnerability increased 254 
inadequacy under 550 ppm CO2. 255 

 256 
 257 

 258 
Fig S5. High consumption of rice is inversely correlated to absorbable zinc intake due to its low zinc density. 259 



 10 

Table S1. Zinc, phytate, caloric density of foods included for analysis. 260 

Item Group 

Energy 

(kcal/100g) 

Zinc 

(mg/100 g) 

Phytate 

(mg/100 g) 

Edible 

fraction 

Units 

(kg) 

Item 

number 

Bajra and its products c4_grasses 3480 27.6 4850 1 1 A003 

Barley and its products barley 3157 15 3860 1 1 A004 

Bread wheat 2440 6 1230 1 1 A018 

Chira (rice flakes) rice 3537 14.9 3060 1 1 A011 

Jowar and its products sorghum 3341 19.6 5490 1 1 A005 

Khoi, lawa (puffed rice) rice 3619 14.5 1150 1 1 A012 

Maida (refined wheat) wheat 3480 6 1230 1 1 A018 

Maize and its products maize 3341 22.7 6460 1 1 A006 

Muri (puffed rice) rice 1619 14.5 1150 1 1 A012 

Other rice products rice 3564 12.1 2660 1 1 A015 

Other wheat products wheat 2440 6 1230 1 1 A018 

Ragi and its products c4_grasses 3207 25.3 3060 1 1 A010 

Rice rice 3564 12.1 2660 1 1 A015 

Sewai, noodles wheat 3564 12.1 1680 1 1 A023 

Small millets and their 
products c4_grasses 3610 31 3530 1 1 

A016, A017 
mean 

Suji, rawa wheat 3460 22 5490 1 1 A022 

Wheat/atta (whole wheat) wheat 3203 28.5 6320 1 1 A019 

Apple c3_plants 624 0.9 5.7 0.9 1 E001 

Banana c3_plants 1160 1.5 124.9 0.74 1 E009 

Beans, barbati c3_legumes 260 4.2 48.1 1 1 D047 

Beet c3_plants 356 3 108.2 1 1 F001 

Berries c3_plants 246 1.4 250.7 1 1 E063 

Brinjal c3_plants 240 2.2 122.8 0.94 1 D031 

Cabbage c3_plants 270 4 117.7 0.88 1 C015 

Capsicum c3_plants 186 2.6 148.1 1 1 D035 

Carrot c3_plants 332 2.5 172.2 0.83 1 F002 

Cauliflower c3_plants 229 3.1 184.8 0.45 1 D036 

Coconut c3_plants 4089 5.8  0.78 0.5 H006 

Gourd, pumpkin c3_plants 250 1 197.2 0.8 1 D066 

Grapes c3_plants 580 0.7 12.7 0.95 1 E023 

Guava c3_plants 466 1.2 553.6 1 1 E028 

Jackfruit c3_plants 722 1.7 529.4 0.81 1 E030 

Kharbooza c3_plants 170 0 1 0.9 1 E045 

Ladys finger c3_plants 275 4.5 36.3 1 1 D056 

Leechi c3_plants 538 2.4 25.7 0.68 1 E035 

Lemon c3_plants 570 0.7 0 0.76 0.07 E033 



 11 

Mango c3_plants 418 1.2 858.3 0.69 1 E036 

Onion c3_plants 480 3.5 139 0.87 1 G017 

Orange, mausami c3_plants 373 0.4 0 0.67 0.1 E047 

Other dry fruits c3_plants 1270 1.9  0.9 1 H005 

Palak/other leafy vegetables c3_plants 244 4.6 120.1 0.7 1 C033 

Papaya c3_plants 239 0.8 254.4 0.75 1 E049 

Parwar c3_plants 241 2.3 291.1 1 1 D060 

Pears c3_plants 375 0.7 48.3 0.85 1 E051 

Pineapple other 430 1 85.9 0.6 1 E053 

Potato potato 698 2.8 557.7 0.84 1 F006 

Radish c3_plants 323 2.2 69 0.99 1 F009 

Sweet potato c3_tubers 1089 1.6 540.2 1 1 F013 

Arum c3_tubers 889 4.1 135.7 1 1 F004 

Tomato c3_plants 200 1.2 23.9 1 1 D076 

Watermelon c3_plants 203 1 6.1 0.78 1 E065 

Beef/buffalo meat animal 2125 25.7  1 1 O025 

Chicken animal 1683 18.5  0.75 1 N001 

Fish, prawn animal 1000 11  0.75 1 P057 

Goat meat/mutton animal 1180 41  0.7 1 O001 

Pork animal 1140 25.7  1 1 O048 

Jhingatorai (prawn) animal 652 1.1  0.9 1 Q007 

Curd animal 600 5.9  1 1 2 

Milk, condensed/powder animal 4960 37.1  1 1 2 

Milk, liquid animal 729 3  1 1 L002 

Butter animal 7290 0.9  1 1 2 

Coconut oil c3_plants 9000 0  1 1 T001 
Cold beverages, 

bottled/canned other 400 0  1 1 

45307763 

USDA 

Ghee animal 9000 0.3  1 1 T013 

Green chillies c3_plants 423 2.7 135.4 0.91 1 G001 

Groundnut oil c3_legumes 9000 0  1 1 T005 

Ice cream animal 2070 6.9  1 1 
19095 
(USDA) 

Mustard oil c3_plants 9000 0  1 1 T006 

Singara other 970 5.3 258.6 1 1 F016 

Sugar, non-PDS c4_grasses 3750 0  1 1 
45048322 
(USDA) 

Vanaspati, margarine other 9000 0.3  1 1 T014 

Arhar, tur c3_legumes 3350 9 2770 1 1 B021 

Besan c3_legumes 3600 30 4500 1 1 B001 

Eggs animal 1348 12.3  0.87 0.06 M001 

Gram products c3_legumes 3340 30 4500 1 1 B001 

Khesari c3_legumes 3430 38.9 2180 1 1 B013 
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Masur c3_legumes 3430 38.9 2180 1 1 B013 

Moong c3_legumes 3340 30 3750 1 1 B011 

Other pulses c3_legumes 3340 30 3803 1 1 average of B* 

Peas, pulse peas 3033 31 4130 1 1 B017 

Peas, vegetable peas 813 10.9 1620 0.91 1 D061 

Soyabean soybeans 3774 40.1 4430 1 1 B024 

Urd c3_legumes 3470 30 5790 1 1 B003 

 261 
  262 
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Table S2. Zinc and phytate loss under eCO2 by crop and broad food category. 263 

ZINC 

Primary Commodities 

N 

(number 

of pairs) 

Δ Zn 

under 

eCO2 (%) 

95% CI 

(lower) 

95% CI 

(upper) 

P-

value 

Significant difference 

(p<0.1), included in our 

analysis 

Wheat 70 -8.8 -11.9 -5.6 <.0001 x 

Rice 32 -3.1 -4.8 -1.5 <.0001 x 

Barley 4 -11.4 -19.3 -2.7 0.012 x 

Field peas 10 -6.8 -9.8 -3.8 0.002 x 

Soybeans 25 -5.1 -6.4 -3.9 <.0001 x 

Potato 2 -3.9 -12.9 6.2 0.44   

Maize 4 -5.2 -10.7 0.6 0.077 x 

Sorghum 4 -1.3 -6.2 3.8 0.603   

Composite Groups   

Δ Zn 

under 

eCO2 (%) 

95% CI 

(lower) 

95% CI 

(upper)   

Included in our analysis 

(calculated values; no p-

value derived) 

C3 plants   -7.9 -12.4 -2.1   x 

C3 legumes   -5.3 -8.7 -4.0   x 

       

       

PHYTATE 

    

Δ phytate 

under 
eCO2 (%) 

95% CI 
(lower) 

95% CI 
(upper)   

Significant difference 

(p<0.1), included in our 
analysis 

Wheat   -4.2 -7.5 -0.8 0.009 x 

 264 


