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Abstract

We hypothesize that soil Zn deficiency, by limiting the Zn concentration in lo-
cally produced and consumed crops, drives human Zn deficiency and child stunting
the Indo-Gangetic plain, with potential effect for regional development. Using con-
ditionally random variation in soil Zn concentration, we find that Zn deficiency in
soils indeed drives child stunting across the country, and particularly in the more
economically isolated regions. Moving from “low Zn” to “high Zn” soils increases
height-for-age by 0.12 standard deviations, and reduces child stunting by five per-
centage points. It also decreases the prevalence of child anemia. Moreover, market
integration mitigates the effect, presumably by breaking the linkage between staple
crop production and staple crop consumption. Positive weather shocks increase
the magnitude of the effect, likely through increasing availability of and reliance
on locally-produced food. These results have important implications for regional
nutrition and poverty across the Indian sub-continent.
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1 Introduction

The natural environment shapes human health, particularly in poor countries.
Temperature extremes and rainfall shocks, natural disasters such as typhoons or floods,
and deforestation, for instance, all shape short- and long-run health outcomes in poor
contexts (Deschenes, 2014; Fishman, Carrillo, and Russ, 2019; Rosales-Rueda, 2018;
Maccini and Yang, 2009; Anttila-Hughes and Hsiang, 2013; Garg, 2017; Berazneva and
Byker, 2017). Environmental contaminants such as air pollution, water pollution, and
lead exposure all impact child health outcomes too, as well as shaping longer-term
behavioral outcomes, education and productivity (Halliday, Lynham, and de Paula,
2018; Garg et al., 2018; Isen, Rossin-Slater, and Walker, 2017; Schlenker and Walker,
2015; Reyes, 2015; Nilsson, 2009). While all of these influences vary over space and
time, most econometric strategies identify their impact use plausibly exogenous
temporal variation only. Yet the most insidious environmental influences may be those
that vary primarily over space, with the potential to impede regional health,
productivity and development over decades or hundreds of years.

We document such an environmental influence in Nepal’s Terai region, illustrating that
zinc (Zn) deficiency in soils drives child stunting, likely through limiting the Zn
concentration of commonly grown and consumed staple crops, and perhaps by limiting
crop yields. Zn deficiency is one of the most widespread and dangerous forms of
micronutrient malnutrition. Approximately 1.3 billion people are estimated to be at risk
worldwide (Wessells and Brown, 2012), with implications for physical and cognitive
development in infants and children, infectious disease incidence, infections and ulcers,
and child mortality (Black, 2003; Roohani et al., 2013; Gibson, 2012). Because animal-
sourced foods provide the richest and most bioavailable source of Zn in the human diet,
poor, largely vegetarian populations heavily dependent on grains are often at risk for Zn
deficiency (Roohani et al., 2013). This risk is even higher when local soils are low in Zn
concentration, because soil Zn deficiency drives low Zn concentration in local crops
produced from these soils (Bevis, 2015; Gibson, 2012; Alloway, 2009). Suggestive
evidence from a number of poor countries points towards a relationship between soil Zn
concentration and human Zn status.1 In particular, widespread, well-documented soil
Zn deficiency in India’s agricultural soils is thought to contribute to human Zn
deficiency in India (Cakmak, 2009; Shivay et al., 2008; Singh et al., 2009).

Despite speculation across multiple disciplines, ours is the first paper to identify the
causal impact of soil Zn concentration on human nutritional status, likely for two
reasons. First, the data requirements are burdensome. We use spatially distributed data
on child outcomes in conjunction with high-resolution, highly accurate maps of soil
mineral concentration and other soil fertility characteristics. These maps were produced
by the International Maize and Wheat Improvement Center (CIMMYT), based on over
ten thousand soil samples collected across Nepal’s Terai region. Second, estimating the
causal effect of soil characteristics is difficult because this purely spatial variation is
likely to be correlated with other outcomes, by chance or due to the long-term, causal
effects of soil fertility on agriculture, population density, or institutional development.

1See, for instance, Prasad, Halsted, and Nadimi (1961), Mayer et al. (2007), Tessema et al. (2019),
Berkhout, Malan, and Kram (2019), on which more below, or Phiri et al. (2019) for similar evidence
regarding Selenium deficiency.
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However, we illustrate that in this context, conditional on traditional measures of soil
fertility, soil Zn availability varies (as good as) randomly within administrative regions.
This allows us to identify the causal effect of soil Zn availability in a strategy similar to
that of Carranza (2014), who identifies on exogenous variation in soil depth conditional
on soil fertility in India. While this strategy might be considered weaker than one
reliant on time-varying shocks, it is also a strength in that that our identifying variation
mirrors the spatial variation that is truly of interest. We find that moving from “low
Zn” to “high Zn” soils increases child height, and reduces child stunting — the primary
clinical indicator of Zn deficiency — by five percentage points. Such magnitudes suggest
a coinciding impact on cognitive development (Strauss and Thomas, 2007).

Soil Zn concentration may impact human Zn status through two pathways, the second
being relevant only in non-separable contexts, where food consumption relies on food
production. High Zn concentration should boost local yields, increasing food
availability, agricultural income and perhaps nutrient intake. High soil Zn concentration
should also boost the Zn concentration of produced staples, increasing Zn intake/status
in populations reliant on local production. We compare the relevance of these two
pathways by estimated average controlled direct effects, and by examining heterogeneity
in our average treatment effect. Consumption of animal-sourced foods mitigates the
relationship between soil Zn and child height, logical since children consuming meat or
dairy are not reliant on crops for Zn intake. Economic integration, as proxied by
nightlights, also mitigates the effect, presumably by providing access to non-local foods.
The western part of the Terai is the “darkest” and the furthest from the Kathmandu,
with the lowest-Zn soils. This region also suffers the nation’s highest stunting and Zn
deficiency rates (MoHP et al., 2018).2 We also observe that positive weather shocks
increase the average effect of soil Zn concentration on child height outcomes —
particularly for low-nightlight areas. This is expected since positive weather shocks
increase local production, allowing greater reliance on locally grown crops. All results
are consistent with the second pathway driving our treatment effect.

This paper joins a growing literature on the human health impacts of environmental
influences (Graff Zivin and Neidell, 2013), with implications for comparative economic
development (Sachs, 2001). The influence of soil Zn deficiency on agricultural
productivity and human health is somewhat analogous to the problem of pollution.
Environmental contaminants such as lead can impact human health, cognition, and
behavior (Nilsson, 2009; Skerfving et al., 2015; Reyes, 2015), and industrial pollution
influences human health directly and through it’s impact on agricultural productivity
(Benshaul-Tolonen, 2018; Aragón and Rud, 2015; Bruederle and Hodler, 2019).
However, while Zn and other heavy metals act as contaminants in excess (Zheng, Wang,
and Zheng, 2007; Roy and McDonald, 2015), they are necessary in trace amounts for
the health of plants, animals and humans (Allaway, 1986; Alloway, 2004, 2009). Their
absence, therefore, can impact human health just as their excess can do.

While the broad implications of geography-specific disease ecology for economic
development are often discussed, and mechanisms debated, particular diseases are rarely
examined (Acemoglu, Johnson, and Robinson, 2003; Easterly and Levine, 2003; Bloom,

2Unfortunately, the Ministry of Health and Population is unwilling to release offset geospatial coordinates
for the Nepal National Micronutrient Survey data. So while we can observe regional averages for Zn
deficiency and stunting, we cannot locate families to examine the influence of soil Zn concentration.
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Canning, and Fink, 2014). The spatial overlap between malaria intensity and poverty
has been most widely examined (Sachs, 2003, 2001; Gallup, Sachs, and Mellinger, 1999).
Andersen, Dalgaard, and Selaya (2016) illustrate that ultra-violet radiation influences
(eye) disease ecology, which influences economic development.3 While we focus
primarily on the health impacts of soil Zn deficiency, we necessarily touch on secondary
implications for population density, income and welfare.

Section 2 provide scientific background on the relationships between soil Zn availability,
crop yields and crop Zn concentration, and human Zn intake and status. Section 3
explains our identification strategy. Section 4 reviews the four datasets used in this
paper, and provides summary statistics. Section 5 presents and discusses our results,
and Section 6 concludes, with an emphasis on potential policy solutions.

2 Scientific Background and Context

South Asia is arguably the world’s hotspot for human malnutrition. While income has
risen dramatically over the last decade, maternal and child malnutrition and child
stunting have remained persistently high (Deaton and Drèze, 2009; Bhutta, 2000).
South Asia has the highest prevalence of child stunting (36 percent) and child wasting
(15 percent) in the world (Black et al., 2013). South Asian women are most likely to be
wasted (21 percent; East Africa is next at 17 percent) and low birth weight infants are
more prevalent in South Asia than in any other region (26 percent of births; West Africa
is next at 14 percent).4 The prevalence of anemia among non-pregnant women (46
percent), pregnant women (52 percent), and children under five (58 percent) is higher in
South Asia than in any other region except West and Central Africa, the poorest regions
in the world (Black et al., 2013; Stevens et al., 2013). Vitamin A deficiency is more
common in Asia than in any other region, and 29.6 percent of South Asia is estimated
to have inadequate Zn intake; this figure is only 15.6 in sub-Saharan Africa (Wessells
and Brown, 2012). Researchers commonly reference the “enigma” or “puzzle” of such
high malnutrition rates in the face of income growth (Ramalingaswani and Jonsson,
1996; Jayachandran and Pande, 2017; Bhutta, 2000). In 2014, the Indian prime minister
referred to India’s prevalence of child malnutrition as a “national shame.”

While many factors play into the South Asian nutrition enigma, increasing evidence
points to Zn deficiency as a major constraint to health in the region, and a primary
cause of stunting.5 Akhtar (2013) reviews biomarker-based evidence of Zn deficiency in
South Asia. Forty to fifty percent of low-income children were found Zn deficient in 5
major Indian states, and smaller studies in India have found 40-60 percent of adolescent
girls and women to be Zn deficient. Around 50 percent of both pregnant women and
children in both Pakistan and Sri Lanka are Zn deficient, and Zn supplementation
prevents diarrheal deaths in Bangladesh. A 2016 nationally-representative study found
24 percent of Nepali women and 21 percent of Nepali children under 5 to be Zn deficient

3The effect of HIV and AIDS on fertility, human capital and economic development in Africa has also
been examined, though this is less a question of disease “ecology” (Dixon, McDonald, and Roberts,
2002; Young, 2005; Kalemli-Ozcan, 2012; McDonald and Roberts, 2006).

4This figures come from the appendix of Black et al. (2013).
5Research has also implicated sanitation, female social status, access to nutrition information, child birth
order, son preference, and religion as playing a particular role in child stunting in South Asia.
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(MoHP et al., 2018). Deficiency levels were even higher in Western Nepal, around 30
percent for both women and children. These figures and broader studies suggest that
South Asia has the globe’s highest rates of Zn deficiency (Wessells and Brown, 2012).

Stunting is the primary clinical outcome associated with Zn deficiency; in fact, high
stunting rates are considered an indicator for population-level Zn deficiency (Hotz and
Brown, 2004; Wessells and Brown, 2012). However, Zn deficiency affects more than
stature. Over 100 thousand child deaths were attributed to Zn deficiency in 2011, and
Zn supplementation is one of the most impactful interventions for reducing child
mortality (Bhutta et al., 2013; Black et al., 2013). Zn deficiency in infants inhibits
appetite and weight gain as well as growth in height. In some contexts it is positively
associated with incidence of diarrhea, pneumonia, and infections and infectious disease
(Roohani et al., 2013; Gibson, 2012). It also leads to impaired cognition, learning, and
memory, and is linked to behavioral problems (Brown et al., 2004; Roohani et al., 2013).

Zn deficiency is also a risk factor for iron-deficiency anemia, because Zn plays a role in
iron metabolism (Kelkitli et al., 2016). In fact, Graham, Knez, and Welch (2012)
speculate that a significant proportion of iron- deficiency anemia in South Asia is due to
underlying Zn deficiency. Evidence links Zn deficiency to anemia in India (Houghton
et al., 2019) and elsewhere (Palacios et al., 2019; Ergul et al., 2018), and Zn
supplementation has been shown to treat anemia (Fukushima et al., 2009).6

Yet addressing human Zn deficiency in poor, agricultural settings is difficult because it
is linked to the local soils and agriculture, intermediated by market conditions (Gibson,
2012; Cakmak, 2009; Bevis, 2015). Soil Zn deficiency impacts local agriculture in two
ways. First, low Zn availability reduces crop yields (Alloway, 2004). This is true in
cases where total Zn concentration is low, and also in cases where Zn is present in soils
but unavailable to plants (Alloway, 2009). Availability is largely dictated by soil pH
(Figure A1), though other soil characteristics can play in. Second, grains and legumes
grown on low-Zn soils generally have lower Zn concentration (Cakmak, 2008). This has
been observed in many contexts and also shown experimentally (Bevis, 2015).

The production and consumption of low-Zn crops grown on Zn-deficient soils (i.e., the
second linkage from above) is though to drive human Zn deficiency in regions where
humans are dependent on locally produced crops for calories. For instance, the first
cases of human Zn deficiency were diagnosed in Iran in the 1960s, a country with low
soil Zn concentration and a population heavily reliant on cereals (Prasad, Halsted, and
Nadimi, 1961). A recent article finds suggestive evidence that soil Zn deficiency is
spatially linked with human Zn deficiency in Ethiopia (Tessema et al., 2019),7 and
another examines broader relationships between soil mineral concentrations and child
anthropometric outcomes across sub-Saharan Africa (Berkhout, Malan, and Kram,
2019). Malawians living on southern, calcareous soils high in available Selenium —
another necessary, trace mineral — have higher Selenium status, likely because local
crops are higher in Selenium (Phiri et al., 2019; Chilimba et al., 2011; Joy et al., 2015).

The suggestive evidence linking soil Zn deficiency and human Zn deficiency is perhaps

6Of course, other factors will also drive anemia in Nepal (Coffey, Geruso, and Spears, 2017).
7This paper links human Zn deficiency data to soil Zn availability from the gridded, Africa Soil Infor-
mation Service (AfSIS) data, the veracity of which is hard to ascertain.
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strongest in the Indo-Gangetic plain — the low, flat, agricultural breadbasket that
covers much of northern and eastern India, defines Nepal’s Terai region, and also covers
most of Bangladesh and the eastern part of Pakistan. Soil Zn deficiency is rife in the
area. Analysis of 14,863 soil samples from across India found 49 percent Zn deficient,
and in the alkaline, calcareous soils of the northern plain Zn deficiency is even more
widespread (Singh, 2008; Prasad, 2005). Nationwide soil sampling conducted by Nepal’s
Ministry of Agriculture and Livestock Development (MoALD) and fertilizer trials run
by the International Maize and Wheat Improvement Center (CIMMYT) illustrate that
Zn and Boron are the primary, limiting trace minerals in the Terai’s soils, as they are
across the Indian border. Smaller studies have found the same (Andersen, 2007).

Soil Zn deficiency is well known to constrain yields in India, and recent work has shown
that it also constrains crop Zn concentration. Wheat grain Zn concentration doubles
between the low-Zn areas of India and the high-Zn areas of India, from 22 to 53 mg/kg
(Joshi et al., 2010). Rice yields in Northern India respond positively to Zn application,
and application of Zn-enriched urea significantly enhanced both yields and Zn content
in both rice and wheat (Shivay, Kumar, and Prasad, 2008). In the western Terai of
Nepal, farm-based fertilizer trials run by CIMMYT also suggest that Zn-enriched
fertilizers increases the Zn concentration of the edible portion of crops.8

This linkage between soil Zn availability, crop yields and crop Zn concentration has bred
widespread speculation that soil Zn concentration is limiting human Zn intake in India,
and a range of scientists have called for Zn-enriched fertilizers to increase both yields
and human Zn intake (Shukla, 2012; Shukla and Behera, 2012; Cakmak, 2009). Yet the
market conditions in Nepal are likely to make the situation even more dire there, at least
in the isolated areas. The majority of rural, Nepali families are engaged in agriculture,
and heavily reliant on crop-based food. In our sample from the Terai, about two-thirds
of children reside in households that own arable land, and only 11% of children ate meat
within the last 24 hours. Data from the Nepal Living Standards Survey (NLSS) shows
that the average Nepali family in the terai relies on grains they produced themselves for
6.7 months of the year, and relies on legumes they produced themselves for 4.6 months
of the year. In the (“far-” and “mid-”) western Terai, these figures are 7.7 and 6.0.

3 Data

We use three rounds (2006, 2011, and 2016) of Nepal’s Demographic Health Survey
(DHS) data to examine child anthropometric and morbidity outcomes. Our sample
includes 4,462 children 6-59 months of age: 2,378, 892, and 1,192 children in rounds 1-3,
respectively. Information about children, including disease incidence, is collected by a
survey administered to the child’s primary care-taker. Height and weight are measured,
and child age is obtained from birth certificates where possible. All rounds provide
offset,9 cluster-level geographic coordinates, allowing us to extract characteristics from
geospatially gridded soil maps to each cluster of houses. Because soil Zn is spatially
correlated, and because we expect “local” soil Zn to influence child outcomes in
non-separable contexts, where “local” could easily be defined as within a 10km radius,

8This is based on a limited sample; analysis of soil and crops samples is ongoing, as of May 2019.
9As with all DHS GPS coordinates, urban clusters are offset by maximum 2km; rural clusters are offset
by a maximum of 5km, with an additional 1 percent of rural clusters offset by a maximum of 10km.
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we do not expect the random offset to mitigate the relationship between soil Zn
availability and child outcomes. We address this point further in the results section. We
do not use the DHS population weights in our analysis, because our goal is to estimate
a causal relationship rather than to provide nationally representative statistics (Solon,
Haider, and Wooldridge, 2015).10

Table 1 summarizes child anthropometric measures, morbidity measures and anemia
status across all three rounds. While only 16 or 17 percent of children were reported to
have been born under-weight, (a subjective variable, as recorded birth weight is often
missing), 40 percent of children were stunted in 2006, and 27 percent were stunted in
2016.11 Severe stunting was at 14 percent in 2006, and 8 percent in 2016. Wasting is far
less common than stunting in all years; 15 and 11 percent of children were wasted in the
2006 and 2016 surveys, respectively.12 However, anemia was more prevalent; in both
2006 and 2016, around 60 percent of children were anemic. Table 1 also summarizes
household-level outcomes. Nutrition-relevant controls are summarized in Table 2. We
control for child age using a spline with knots at 6, 12, and 24 months (Abay and
Hirvonen, 2017; Victora et al., 2010; Cummins et al., 2013).

We approximate soil characteristics at any point on the Terai using 250-meter resolution
soil maps created by International Maize and Wheat Improvement Center (CIMMYT).
The maps are based on 11,670 soil samples gathered throughout the Terai between 2012
and 2017 by the Nepal government under the National Land Use Project (NLUP).
Using these samples as training data, CIMMYT performed high-resolution nutrient
prediction using the random forest kriging algorithms developed by Hengl et al. (2016),
with 167 spatial covariates.13 The soil Zn availability map is considered accurate for the
2006-2016 DHS survey period because Zn concentration in soils is quite stable, barring
Zn fertilization, which is rare in Nepal.14 Zn is not a particularly mobile element, nor is
it easily transformed like Nitrogen or Sulfur. And while soil Zn can be made more or
less bioavailable to crops with changes in pH, soil pH is also quite stable, barring liming,
which is rare and results in only 1 or 2 year changes (Havlin et al., 2005).

While the soil Zn map is accurate for a range of years, gridded data always embeds
measurement error. If classically distributed, the average treatment effect of soil Zn
availability will be attenuated, as is well known (Bound, Brown, and Mathiowetz, 2001;
Gibson and Kim, 2010). If this error is systematically correlated with true soil Zn
values, the resulting bias might be less predictable. In Section 5, we use the functional

10Additionally, to do so with a pooled cross section requires knowledge of the population in each year,
and no census has been conducted since 2011. This make it difficult to appropriately normalize weights
for the 2016 round, especially given that the 2015 earthquake may have dramatically altered population
trajectories. Within round, weighting makes little difference in estimated relationships.

11Stunting indicates height-for-age Z-score < −2, and severe stunting indicates height-for-age Z-score
< −3. Similarly, wasting and severe wasting indicates weight-for-height Z-score < −2,−3, respectively.

12Differences in survey months across DHS rounds causes wasting to be under-estimated in 2011 and
slightly over-estimated in 2016. If we cleanse the influence of survey month, it looks like 16.7, 15.7,
and 10.7 percent of children under five were wasted, “on average” across the year, in 2006, 2011, and
2016. Survey timing has has less effect on measured stunting rates, though if we similarly cleanse the
influence of survey month we find stunting rates at 36.1, 28.2, and 21.6 in 2006, 2011, and 2016.

13Hengl et al. (2016) introduced gradient tree boosting to improve the spatial resolution of random
forest algorithms used for soil nutrients maps through allowing non-linear covariate effects within an
ensemble framework.

14Zn-enriched fertilizer is only available when smuggled over the border from India.
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form of the measurement error in the gridded data — observed by comparing true,
extractable soil Zn concentration observed in the NLUP samples to the gridded data at
each sample location — to simulate the expected bias in our estimated treatment effect.

Our main treatment variable, extractable soil Zn, is show in Figure 1, and all other soil
characteristics in Figures A3-A10. Summary statistics for these characteristics are given
in Table 3. It is worth noting that these maps reflect landscape-level patterns; they do
not reflect variation due to individual farmer practices. So in the short and medium run
they remain accurate at the landscape level, irrespective of soil management practices
adopted or dis-adopted by any given farmer. The spatial distribution of Zn
concentration along the Terai reflects rock and soil type, historical and current river
beds descending from the hills (which change soil pH and hence availability of nutrients
to crops), historical cropping and land management practices,15 and climate patterns,
again sometimes shaped by the nearby hill region. Thus, there is the potential that soil
fertility generally, and perhaps soil Zn availability, is spatially related to agricultural
patterns, population density, livelihoods or development. We address this possibility —
simultaneously a causal relationship of interest and a biasing influence that might
impede causal identification of more direct relationships — in detail in Sections 4 and 5.

Two variables capture “available” soil Zn concentration — the concentration of soil Zn
that not only exists, but is available to crops. The first variable is predicted DTPA-
extractable soil Zn, the gridded measure produced by CIMMYT and shown in Figure 1.
DTPA (diethylenetriaminepentaacetic acid) extraction is the most common method for
gauging bioavailable soil mineral concentration. However, Zn availability is highest
when soil pH is between 5 and 7 (Alloway, 2004, 2009), which may not be fully
captured by the extraction. We therefore create an alternate proxy for bioavailable soil
Zn concentration, adjusting extractable Zn down by 25 percent when pH is under 5 or
between 7 and 8, and down by 50 percent when pH is over 8. This adjustment is in line
with both theory (Figure A1) and the empirical relationships we find in our data
(available upon request). However, it makes little difference to the Zn variable, because
the majority of DHS locations falls on soils with pH between 5 and 7 (Figures A2, A3).

Ideally, we would like to know how the food consumption of every child relies on
home-produced or locally produced crops, as opposed to market-purchased food that
may be brought from other regions. However, the DHS does not contain such a
variable. We therefore examine time-varying reliance on local markets in two ways.

First, we use two sources of nightlight satellite data, from the National Oceanic and
Atmospheric Administration (NOAA) and the National Aeronautics and Space
Administration (NASA), to construct comparable nightlight images for each wave
(2006, 2011, 2016) of DHS data. Because no single nightlights product spans all three
years, we use the 2006 and 2011 Defense Meteorological Program Operational Line-Scan
System (DMSP-OLS) products from NOAA16, and the 2012 and 2016 Black Marble
(BM) products from NASA.17 The DMSP-OLS and BM data are provided at a gridded
resolution of about 1 kilometer (30 arc-seconds), and 750m, respectably. We match the

15For instance, scientists speculate that intensive wheat and rice cropping is depleting an array of soil
nutrients in India’s Indo-Gangetic plain (Shukla et al., 2005). The same could be true in Nepal.

16https://ngdc.noaa.gov/eog/dmsp/downloadV4composites
17https://earthobservatory.nasa.gov/features/NightLights
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first two DMSP-OLS products to the first two waves of DHS data. We then predict an
adjusted “DMSP-version” of the BM 2016 data for the last DHS round, by modeling
the DMSP 2011 data on BM 2012, and applying that same model to BM 2016.18 We do
this for the comparability of raw data; round fixed effects make the effort unnecessary
for regression analysis. Both nightlight products are cleansed of non-anthropogenic light
sources, so as to effectively proxy for market integration, and therefore for reliance on
local crops. Figure A11 illustrates nightlights in Nepal by round.

Second, we use gridded Era-Interim precipitation and two meter temperature data from
the European Center for Medium Range Weather Forecasting (ECMRWF) to create
crop-relevant weather shocks during the most recent monsoon season for each child,
according to interview date.19 These data are provided daily, at a 0.25 degree
resolution. We measure temperature in growing degree days (GDD), accumulated noon
temperature between 8 and 30◦C.20 We measure rainfall in millimeters. We average
monsoon rainfall realizations across May-September, as this period reliably brackets
monsoon rains (Figure A12). We average monsoon GDD realizations across May-
October, as May begins the growing season for maize, and rice grows through October.
We create rainfall and GDD shocks by subtracting historical (1994-2003) means from
year-specific, cell-specific realizations. These shocks should predict local yields of rice,
maize and legumes, and hence local availability and price of these crops.

4 Identification Strategy

4.1 Identifying the Average Treatment Effect

We identify on exogenous variation in soil Zn availability, conditional on other forms of
soil fertility, to estimate the causal effect of local soil Zn availability on local child
height-for-age z-scores and stunting in the Terai. Soil Zn availability is correlated with
soil organic matter, macronutrient and trace mineral concentrations, but the correlation
is weak, as seen in Table A1. In our sample, only 8.2 percent of variation in DTPA-
extractable soil Zn concentration is explained by other soil fertility characteristics, and
7.7 percent within development region fixed effects. This distinct variation can be seen
visually by comparing Figure 1 to Figures A3-A10.

Table A2 demonstrates more formally that conditional on other soil characteristics, as
well as on development region fixed effects, soil Zn availability (column 2) is not jointly
associated with socioeconomic or demographic characteristics (at a five percent level),
making it conditionally exogenous for our purposes. DTPA-extractable soil Zn (column
1) is jointly associated with these characteristics at the five percent level, but we use
available Zn concentration for all core analysis. This mitigates concern of endogeneity,
though results are effectively identical under either variable.

Additionally, and notably, the two variables most predictive of extractable/available soil

18That is, we model DMSP-OLS 2011 as a non-linear function of BM 2012 (R2 = 0.83), then apply the
estimated parameters to adjust BM 2016.

19https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-interim
20Thirty ◦C is considered optimal for rice, and temperatures above 30◦C possibly damaging (Welch

et al., 2010; Jagadish, Craufurd, and Wheeler, 2008). Moreover, this is a commonly used temperature
maximum for many crops (Lobell, Sibley, and Ortiz-Monasterio, 2012; Schlenker and Roberts, 2009).
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Zn concentration in Table A2 are mother’s stunting status and the number of young
children in the household. Both of these maternal health indicators are alternative
outcomes of soil Zn status, and potentially intermediating factors, since mothers will
have often grown up locally under the same conditions as their children.21 Indeed,
neither extractable nor available soil Zn are jointly associated with the remaining
covariates at any traditional level, once these two health indicators are excluded from
the F-test (Table A2). This highlights the complexity of examining lasting, spatially-
varying risks to health, which may impact any given generation directly but also
indirectly through the health of their parents. Rather than ignore this complexity we
later explore mother’s health as a potential transmission pathway, and also exploit
fully-exogenous temporal variation in cropping conditions in addition to the
conditionally exogenous spatial variation that underlies our core results.

Given this conditional exogeneity, we identify the average treatment effect of soil Zn
availability on various dimension of child health through the ordinary least squares
(OLS) regression specified in Equation 1. Health outcome Hihrt for child i in household
h residing in development region r during survey year t depends on local soil Zn
availability Zhr and other health-relevant child and household characteristics Xihrt, as
listed in Table 2 and included in Table A2. Mother’s age is controlled for quadratically.
We control for child age with a spline with knots at 6, 12, 24 months. We also include
mother’s stunting and the number of young children in the household, along with the
other characteristics listed in Table A2. Thus, if mother’s health is impacted by local
soil Zn concentration, β estimates only the direct effect of soil Zn on child outcomes,
excluding the intergenerational pathway, on which more later.

We necessarily include other soil fertility measures Shr in Equation 1, and control for
round (λt) and development region (λr) fixed effects, because Zhr is exogenous to
demographic and socioeconomic characteristics only once conditioned in this way (Table
A2). Additionally, soil fertility may impact child health outcomes through economic
avenues. We use development region (Figure A15) rather than district (Figure A16)
fixed effects, because district fixed effects seriously limit spatial variation. However, we
replicate all results under district fixed effects in Appendix B, and results are almost
identical, with less statistical significance.

Hihrt = α1 + β1Zhr + γ1Shr + ζ1Xihrt + λr + λt + υihrt (1)

Because the primary clinical indication of Zn deficiency is reduced growth, we expect
β > 0 when explaining child height-for-age, and β < 0 when explaining stunting. Zn
deficiency is also thought to drive anemia, particularly in South Asia (Graham, Knez,
and Welch, 2012; Kelkitli et al., 2016; Houghton et al., 2019). When explaining anemia,
therefore, we also expect β < 0.

When explaining low birthweight or wasting (low weight-for-height), we expect β to be
zero, as Zn deficiency does not impact weight gain. We also expect β to be zero when
explaining incidence of disease, or any other welfare indicator. These regressions are
therefore placebo tests. Additionally, a null effect on birthweight establishes that any

21Unfortunately, we do not know the origin location for mothers. In 2006 and 2016 we know if they
grew up in the precise village of current residence (12 percent did), but we cannot more generally parse
mothers into those that grew up within, say, 10-25km of their current location, and those that did not.
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subsequent impact of local soil Zn deficiency on child growth occurs during early life,
not in utero, as we would expect if the treatment effect is driven by nutrient intake.

4.2 Suggestive Evidence on Pathways

Soil Zn concentration might impact child Zn status and health through two direct
pathways, as explained in Section 2. First, because soil Zn deficiency constrains yields
in the Indo-Gangetic plain, families on higher-Zn soils may enjoy higher agricultural
incomes, improved food availability, and more diverse diets. This income-based channel
could operate for any agricultural household, whether they were growing staple crops
for home consumption or cash crops for the market. Second, soil Zn availability
increases the Zn concentration in the edible portion of grains and legumes, on which the
Nepalese population is heavily reliant. Families consuming home-produced or
locally-produced grain and legumes would, therefore, enjoy greater Zn intake when
living on high-Zn soils; however, families who rely on market-purchased grains and
legumes shipped from nearby cities would experience no Zn intake benefit to living on
high-Zn soils. Either of these pathways implies a third — that soil Zn availability
impacts maternal stunting and health, which then impacts the health of her children.22

One way to disentangle these three pathways is to follow Acharya, Blackwell, and Sen
(2016), and use sequential g-estimation to estimate the average controlled direct effect
(ACDE) of soil Zn on child stunting, after de-mediating the effect of a specified
pathway. While the DHS data do not contain agricultural yields or calorie production,
which mediate the first pathway, we view correlates to these mediators — asset wealth
and recorded instances of food deficit. By de-mediating according to these variables,
and controlling for maternal stunting in our coefficients, we attempt to estimate the
“direct”, within-generation effect of soil Zn on child stunting working through local crop
Zn concentration (the second pathway).23 These variables are, however, imperfect: food
deficit information is missing in 2006, and asset indices reflect more than agricultural
income. The DHS data are simply not ideal for investigating agricultural phenomenon.

We employ the same tactic to guess at the importance of the third, intergenerational
pathway. We compare the average treatment effect estimated with maternal stunting in
the controls, the average treatment effect with this control excluded, and the ACDE of
soil Zn on child stunting, after de-mediating the effect of maternal stunting via
sequential g-estimation. If the ACDE is lower in magnitude than the average treatment
effect estimated without maternal stunting controls, this suggests that the third,
intergenerational pathway contributes to the average treatment effect.

Another way to disentangle these pathways is to examine heterogeneity consistent with
particular pathways. We do this in two ways. First if the impact of local soil Zn
availability operates primarily through the Zn density of locally produced crops (second
pathway), then consumption of animal-sourced foods should mitigate the impact, since
children eating animal-sourced foods are less reliant on crops for mineral intake.
Whereas, if the impact of local soil Zn availability operates primarily through yields

22On the intergenerational transmission of early life health, see for instance Currie and Moretti (2007),
Royer (2009), Thompson (2014), and a working paper by Bevis and Villa (2019).

23Intermediate confounders include DHS cluster altitude, whether the household owns arable land, a
radio, a mobile phone, a bank account, means of transportation, and an improved toilet.
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(first pathway), we have no strong prior on heterogeneity around animal-sourced food
consumption.24 We therefore estimate Equation 2, where soil Zn availability Zhr is
interacted with recent animal-sourced food consumption ASFihrt. If the average
treatment effect works primarily through crop Zn concentration we expect γ < 0.

Hihrt = α2 +β2Zhr + γZhr ∗ASFihrt +ψASFhrt + γ2Shr + ζ2Xihrt +λr +λt +uihrt (2)

Similarly, if the treatment effect works through the Zn-density of locally produced
crops, reliance on non-local crops and food purchased from market will mitigate the
effect by breaking the non-separability between production and consumption. Again,
this is not the case for the first pathway, since higher yields should increase food
availability and agricultural income regardless of market integration. In fact, we might
expect yields to more easily translate into diversified diets in the presence of markets
(Hirvonen and Hoddinott, 2017). We therefore estimate Equation 3, where soil Zn
availability Zhr is interacted with market access measures Markihrt. If the average
treatment effect works primarily through crop Zn concentration, we expect κ < 0.

Hihrt = α3+β3Zhr+κ1Zhr∗Markihrt+η1Markhrt+γ3Shr+ζ3Xihrt+λr+λt+εihrt (3)

We begin with two measures of market access: distance to Kathmandu (which does not
vary over time), and local nightlight intensity (which varies over space and time).
Families located further from Kathmandu generally have less access to food markets,
and isolated food markets may also hold less imported foods/crops, relying more heavily
on local production. Nightlight intensity again proxies for economic activity and market
integration. We also use a predictor of market reliance, the ownership of arable land,
since families who do not own arable land are necessarily reliant on purchased foods.

If market reliance mitigates the average treatment effect by allowing separability
between production and consumption, we expect reliance on local crops to do the
opposite under the local Zn density pathway. We cannot gauge each family’s reliance on
home-produced or locally-produced crops, as the DHS does not gather data on food
sources. However, since positive weather shocks increase local agricultural production,
they should increase reliance on local foods, and they should do so particularly in more
isolated areas. (In highly market-integrated areas, positive weather shocks might indeed
increase availability of local food, but families might also use surplus agricultural
income to buy non-local food at market.) We therefore estimate Equations 4 and 5 to
examine heterogeneity according to positive, local weather shocks Wihrt, and to examine
how that heterogeneity varies with market integration (nightlight intensity). Both
weather shocks and nightlights vary over space and time.

If the average treatment effect works primarily through the Zn density of local crops, we
expect φ1 > 0. And because this mechanism should be stronger in more isolated areas,
we expect φ2 > 0 and π < 0.

Hihrt = α4 + β4Zhr + φ1Zhr ∗Wihrt + ι1Wihrt + γ4Shr + ζ4Xihrt + λr + λt + ωihrt (4)

Hihrt = α5 + β5Zhr + πZhr ∗Wihrt ∗Markihrt + φ2Zhr ∗Wihrt + ι2Wihrt

24We might in fact expect that families with higher soil Zn availability and higher yields trade or sell
their produce to purchase animal sourced foods.
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+κ2Zhr ∗Markihrt + η2Markhrt + γ5Shr + ζ5Xihrt + λr + λt + χihrt (5)

We specify Wihrt as the interaction between local growing degree day shocks and rainfall
shocks, since in this region increased growing degree days boosts crop growth best in
the presence of rain (Lobell, Sibley, and Ortiz-Monasterio, 2012). However, positive
weather shocks can also be specified in terms of rainfall or temperature alone, and we
provide those results in our appendix. It is also worth noting that of the variables used
to examine heterogeneity in the marginal effect of soil Zn availability, only Wihrt is
exogenous to all household characteristics, being constructed via deviations from
long-run, location-specific means.

5 Results

5.1 Identifying the Average Treatment Effect

Table 4 estimates the effect of each soil Zn concentration variable — DTPA-extracted
soil Zn concentration, and pH-adjusted soil Zn availability — on child height outcomes.
(HAZ refers to height-for-age z-scores.) Results are virtually identical across the two
treatment variables: a unit increase (one ppm) in extractable/available Zn
concentration increases height-for-age by a little over a tenth of a standard deviation,
on average (Columns 1 and 2). A one ppm increase in extractable or available Zn
concentration also decreases child stunting by 4 or 5 percentage points (Columns 3 and
4), and decreases severe stunting by 2 percentage points (Columns 5 and 6). Given the
mean height-for-age z-score and the prevalence of stunting in our data, these effect sizes
translate to an 8 percent increase in height-for-age z-score, a 14 percent decrease in
stunting, and a 20 percent decrease in severe stunting.

These effect sizes are large, in part because a one ppm increase in bioavailable soil Zn
concentration is fairly large, moving from just above the 10th percentile (0.25 ppm) to
just below the 90th percentile (1.25 ppm) in our data. Yet application of Zn Sulfate
fertilizer at (CIMMYT and Nepal Agricultural Research Counsel) recommended rates of
20kg/ha would likely increase bioavailable soil Zn concentration by above one ppm.25

Extractable soil Zn concentration is problematically low when under 0.5ppm, is
adequate for most crops above 1ppm, and is high above 2ppm (Alloway, 2004). It is
toxic only at much higher levels. So our estimated effect sizes reflect a large but feasible
jump from low-Zn soils to adequate soil Zn availability (Figures A13 and A14).

All following tables explain outcomes using pH-adjusted soil Zn availability only, since
this variable is more clearly exogenous to demographic factors (Table A2). However
results are virtually identical under DTPA-extracted concentration (available upon
request). Results are also qualitatively identical under district rather than development
region fixed effects (Appendix B). Results are also qualitatively similar if we specify soil
characteristics in log form (Table A3), or if we extract soil characteristics as 10
kilometer averages, rather than extracting at cluster points (Table A4). In fact, using
10 kilometer soil averages leads to slightly higher average treatment effects. Since DHS
cluster locations are at maximum offset by 10 (and generally by 2 or 5) kilometers, this
similarity suggests that this location offset does not mitigate point estimates.

25Of course, this reaction heterogeneous; this is a likely average effect.
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It is also plausible that error embedded in the gridded Zn availability data might bias
our average treatment effects. Because we have both measured Zn availability and
predicted (gridded) Zn availability for every soil sampled gathered under the National
Land Use Project, we can examine the functional form of that error, and simulate its
biasing effects. The error is systematic: lower Zn concentrations are more likely to be
over-predicted, and higher Zn concentrations are more likely to be under-predicted
(Figure A17.) This pattern could either falsely mitigate or falsely over-state the
treatment effect, depending on the relative strength of the systematic vs. random
component of measurement error. We show this theoretically in Appendix C.

However, simulations suggest that in the DHS data, this error leads to over-estimation
of our treatment effects.26 When we generate height-for-age as a function of measured
Zn availability, then explain it based on gridded Zn availability, we over-estimate the
treatment effect by 2.9 percentage points (Figure A18). That is, a true effect of 0.085
would lead us to estimate the coefficient on gridded extractable Zn in Column 1 of
Table 4 (0.114). Similarly, we under-estimate the treatment effect for stunting by 1
percentage point (Figure A19). That is, a true effect of 0.03 would lead us to estimate
the coefficient on gridded extractable Zn in Column 3 of Table 4 (0.04). Given the
means in our data, these effect sizes would provide a 6 (rather than 8) percent increase
in height-for-age z-scores, and a 9 (rather than 14) percent decrease in stunting. While
these simulations results should not be taken as dependable adjustments to our original
point estimates, they indicate that: (1) systematic error in the gridded Zn availability
data may slightly inflate our treatment effects, but (2) soil Zn availability still has a
substantial, clinically significant impact on child height and stunting. They also
indicate that systematic measurement error in gridded data may deserve more attention
than it currently receives.

Table 5 examines the effect of soil Zn availability on child morbidity. Consistent with
growing evidence of Zn-based anemia, we find that a unit increase in soil Zn availability
(or a movement from low-Zn to high-Zn soils) decreases the likelihood of anemia by nine
percentage points, a 16 percent decrease from the mean. Simulations suggest that this
effect size may be over-stated by around 2 percentage points, but as with the previous
child health outcomes, the effect size remains clinically significant (Figure A20).

Columns 2-6 of Table 5 examine “placebo” outcomes, which are not generally associated
with child Zn status: low birth weight, wasting and instance of diarrhea, fever and
acute respiratory infection. Coefficients are insignificant except in Column 6, when
predicting acute respiratory infection. All five coefficients are roughly the same
magnitude however: close to zero, but negative.27 Similarly, Table 6 examines
household-level “placebo” outcomes: instances of maternal pregnancy termination,
household wealth index, household head educational attainment, and population
density. Again, coefficients are statistically insignificant and close to zero, though
pregnancy termination is insignificantly, negatively associated with soil Zn availability,
while wealth, education, and population density are insignificantly, positively associated
with soil Zn availability. We might interpret these very small, insignificant associations

26Because the distribution of gridded Zn availability differs in the DHS dataset than in the NLUP dataset,
we first re-weight the NLUP dataset to match the gridded Zn availability distribution seen in the DHS.

27It is worth noting that wasting is based on weight-for-height, which is impacted by child height through
the denominator. This makes interpretation a bit complex.
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between soil Zn availability and population density/health/welfare as possibly reflecting
the impact of soil Zn availability on yields, food availability and agricultural income.
This pathway could improve welfare along most dimensions, unlike crop Zn
concentration which is expected to influence only child height and anemia status.

5.2 Suggestive Evidence on Pathways

Figure 2 and Table 7 compare the average treatment effects from Table 4 to the average
controlled direct effect (ACDE) of soil Zn availability on child height-for-age z-score,
once height-for-age is de-mediated by wealth index and food deficit (Acharya,
Blackwell, and Sen, 2016). As explained in Section 4.2, these variables are meant to
proxy for the treatment pathway that works through crop yields, agricultural income
and food availability. Neither controlling for wealth index (Columns 2, 3) nor
de-mediating this pathway through sequential g-estimation (Column 4) changes the
estimated effect size in Column 1. Figure 2 (a) compares these effect sizes visually.

Yet wealth index may not be the best proxy for this pathway. The direct effect of Zn
availability that does not work through food deficits (Column 8) is slightly smaller than
the total average treatment effect (Column 5). This difference in effect size (twelve vs.
ten percentage points) may reflect the role of yields on food availability. Yet cautious
interpretation is warranted; even this variable is an imperfect proxy for yields or food
availability, and Figure 2 (b) illustrates that the direct effect is not significantly
different than the average treatment effect.

Figure 3 and Table 8 compare the treatment effect estimated when allowing vs.
blocking the maternal health/stunting pathway. The baseline estimate in Column 1
does not control for maternal stunting, unlike estimates in Tables 4 - 7, and the point
estimate on Zn availability is slightly higher than the point estimate in Table 4 — 0.13
rather than 0.12. This (insignificant) increase in average treatment effect may represent
the intergenerational impact of soil Zn concentration working through maternal health.
Controlling for maternal stunting (Column 2), controlling for maternal stunting and
potentially correlated confounders (Column 3) and de-mediating height-for-age by
maternal stunting (Column 4) all bring the estimated effect size back to 0.12.

Figure 4 and Column 1 of Table 9 estimate Equation 2. The marginal effect of soil Zn
availability on child-height-for-age is lower and statistically insignificant at traditional
levels for children who have recently consumed animal-sourced foods. That is, we find
γ̂ < 0, as expected if the treatment effect largely works through (the local production
and consumption of) crop Zn concentration. Results (available upon request) are
statistically and economically analogous for stunting or severe stunting. Additionally,
while consumption of animal-sourced foods is bound to be correlated with other
household-level characteristics, this change in the marginal of soil Zn availability is not
due to a correlation with wealth. The effect remains if wealth is controlled for, and
wealth itself does not intermediate the marginal effect of soil Zn availability.28

Figures 5-7 and Columns 2-4 of Table 9 examine heterogeneity in the average treatment

28In fact, the marginal effect of soil Zn availability actually increases with wealth insignificantly, rather
than decreases as we would effect if wealth drove the results in Figure 4.

14



effect according to market access or market integration, as in Equation 3. In each figure
an F-test of the interaction is given above the effects. The linkage between soil Zn
availability and height-for-age z-score rises (insignificantly) with distance from
Kathmandu, the capital of Nepal and the largest city in Nepal (Figure 5).29 In fact, the
treatment effect is zero for the households closest to Kathmandu. Similarly, this linkage
is (insignificantly) stronger for households that are in low-nightlight areas (Figure 6).30

These households, further from hubs of economic activity, are presumably less reliant on
large markets and more reliant on locally produced foods for consumption. And last,
the linkage is precisely estimated only for the 64 percent of households that own arable
land (Figure 7). These households almost certainly consume locally-produced crops,
since most will consume crops grown on their own farms. However, even rural
households without arable land may consume locally produced crops; the confidence
interval around the point estimate for such households suggests that diversity exists
within this category. While the interactions in Figures 5-7 are imprecisely estimated,
they collectively suggest that the linkage between soils and nutrition exists primarily for
isolated households who are reliant on local crops.

Finally, Figure 8 and Column 1 of Table 10 estimate Equation 4. That is, they estimate
heterogeneity in the average treatment effect according to local weather shocks. The
linkage between soil Zn availability and height-for-age z-score rises with coinciding
growing degree days and rainfall, though the relationship is not significant at classic
levels under development region fixed effects. (Under the more conservative district
fixed effects, it is (Figure A29).) This is what we would expect if positive weather
shocks increased local food production and reliance on local crops. The effect can also
be seen when considering growing degree days alone (Figure A21), though the
relationship is weaker; rainfall alone seems to have no impact (Figure A22).

As expected, market isolation increases the effect seen in Figure 8: the linkage between
soil Zn availability and height-for-age z-score rises more with coinciding growing degree
days and rainfall for households in low nightlight areas. This can be seen in Column 2
of Table 10, which estimates Equation 5. In Column 3 of Table 10 we specify nightlights
categorically rather than continuously, for ease of visualization. (Roughly one third of
households experience zero nightlight, and the remaining households are easily divided
into high vs. low nightlight categories, as light is bimodal for those who experience it.)
Figure 9 illustrates that the marginal effect of soil Zn availability rises with weather
shocks particularly for the more isolated households. High nightlight households do not
experience this interaction at all. The highest marginal effects of soil Zn availability are
seen for households who experience no nightlight, but experience strong, positive
weather shocks (Figure 9). This is precisely what we would expect if the relationship
between soil Zn availability and child nutritional status is driven by reliance on local
crops, which reflect the Zn concentration of local soils.

29The next largest city is less than half the size of Kathmandu.
30One-third of our samples are in areas without a nightlight, and the majority of this effect is driven by

the marginal difference between zero nightlight areas and nightlight areas.
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6 Conclusion

A vibrant literature documents the natural environment shaping human health, often in
developing countries. Natural capital such as soil fertility and reliable rainfall is critical
to production in rural, agricultural contexts (Maccini and Yang, 2009; Barrett and
Bevis, 2015; Berkhout, Malan, and Kram, 2019), and so changes in these biophysical
inputs can seriously impact local health (Aragón and Rud, 2015; Garg, Jagnani, and
Taraz, 2017). We explore a potentially widespread linkage between environmental health
and human health — the impact of local mineral deficiencies on human nutritional
status. Novel to the economics literature, soil and crop scientists have speculated about
this linkage for decades (Allaway, 1986). Yet we are the first to examine the causal
impact of trace mineral deficiency in agricultural soils on human health, estimating the
effect of Zn deficiency in the Terai of Nepal on child stunting and anemia status.

We find that a one ppm increase in soil Zn availability, which effectively moves “low
Zn” soils to “high Zn” soils, increased child height-for-age Z-score by 0.08-0.12 standard
deviations (6-8 percent at the mean), and reduces child stunting by 3-5 percentage
points (9-14 percent at the mean). This effect size is approximately equivalent to the
effect of two months of direct Zn supplementation (Ninh et al., 1996). Moreover, we
explore evidence regarding the three pathways behind this relationship: that soil Zn
deficiency impedes yields (impacting household food security and agricultural income),
impedes the Zn concentration of local cereal and legumes (impacting Zn intake
regardless of calorie intake), and through either of these mechanisms reaches across
generations by impeding maternal health (impacting early life health).

Notably, the second mechanism regarding crop Zn concentration is dependent on
non-separability between the production and consumption of local crops. Using this
fact, we find suggestive evidence that soil Zn concentration impacts child nutrition
largely through the production and consumption of low-Zn crops. While food deficits
and wealth do not appear to intermediate the average treatment effect, the linkage
between soils and children is almost non-existent for children who eat animal-sourced
foods, and also for children who live close to Kathmandu or in economically integrated
areas. The linkage is strongest for families who own agricultural land, and is strongest
in years and locations with particularly good agricultural conditions that are likely to
increase the availability of local food. All of these patterns are in line with soil Zn
deficiency constraining human Zn intake and Zn status. Additionally, however, we do
observe minor, consistent, but insignificant associations between soil Zn availability and
other child health indicators and family welfare indicators. This suggests that the other
two pathways may be at play, though far less important.

The connection between soil Zn deficiency, crop Zn concentration and human Zn
nutritional status could theoretically form the basis of a nutrition-based, geographic
poverty trap (Barrett, Garg, and McBride, 2016; Kraay and McKenzie, 2014). Nepal’s
Terai is part of the Indo-Gangetic plain that stretches across the northern Indian
subcontinent, and serves as the breadbasket for the entire region. Approximately half of
India’s agricultural soils are low in Zn availability, and soil Zn deficiency is known to
constrain cereal yields and cereal Zn concentration in the country (Singh, 2008; Shivay,
Kumar, and Prasad, 2008). Soil Zn deficiency is similarly a problem in Bangladesh and
Pakistan, particularly on calcareous soils (Shaheen, Samim, and Mahmud, 2007;
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Quddus et al., 2011; Khan, Fuller, and Baloch, 2008; Yoshida et al., 1970). We also
know that human Zn deficiency is widespread across South Asia; more prevalent in fact
than any other region of the world (Akhtar, 2013). It seems plausible that soil Zn
deficiency drives yields, crop Zn concentration and human Zn status not only in Nepal,
but in the Indian sub-continent more generally. In other words, low soil Zn availability
may be one piece of the “South Asian puzzle” of persistently poor nutrition despite
growing income levels. And that poor nutrition, in combination with poor yields, may
act as a multigenerational constraint on human welfare in the Indo-Gangetic plain.

More optimistically, the connection between soil Zn deficiency and human nutritional
status also offers a rare instance of “win-win” policy measures. The effect of moving
from low-zinc to high-zinc soils is substantial. For instance, a six month program in
Thailand provided 15mg of Zn to vulnerable schoolchildren 5 days a week, and
improved height-for-age by only 0.08 standard deviations, two-thirds of our effect size
(Rerksuppaphol and Rerksuppaphol, 2017). While Zn-enriched fertilizers are being
discussed as an effectively way to boost yields in India, the human health implications
of soil-level interventions have not yet been considered. Yet precedent exists; the
Finnish government mandated selenium-enriched fertilizer in Finland in the 1980s to
address widespread selenium deficiency in the Finnish population. The mandate
increased human selenium status and decreased morbidity and mortality measures (Aro,
Alfthan, and Varo, 1995; Hartikainen, 2005; Mäkelä et al., 1993). However, unlike
selenium, Zn is needed by crops as well as by humans. Widespread Zn fertilization may
therefore have the capacity to increase both cereal and legume production and the Zn
concentration in cereals and legumes, thereby increasing the Zn status of humans
consuming those crops. Further evidence, and in particular experimental evidence, is
needed befores specific policies should be considered.
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Figures

Figure 1: Soil extractable Zn

Figure 2: ACDE of soil Zn availability on child HAZ, de-mediating by yields pathway

(a) Mediator: Wealth index (b) Mediator: Food deficit

Point estimates given in Table 7, with specifications described below.

Figure 3: ACDE of soil Zn availability on child HAZ, de-mediating by mother stunting

Point estimates given in Table 8, with specifications described below.
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Figure 4: Marginal effects by ASF
consumption

Figure 5: Marginal effects by distance
to Kathmandu

Point estimates given in Table 9 Columns 1 and 2, with specifications described below.

Figure 6: Marginal effects by nightlight
intensity

Figure 7: Marginal effects by arable
land ownership

Point estimates given in Table 9 Columns 3 and 4, with specifications described below.
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Figure 8: Marginal Effects by
Weather Conditions

Figure 9: Marginal Effects by
Weather Conditions and Nightlights

Point estimates given in Table 10 Columns 1 and 3, with specifications described below.
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Tables

Table 1: Child Health and Other Outcomes (Summary Statistics)

All 2006 2011 2016

Height-for-age (Z-score) -1.505 -1.670 -1.332 -1.305
(0.019) (0.027) (0.043) (0.035)

Stunting (% HAZ<-2) 0.344 0.398 0.293 0.273
(0.007) (0.010) (0.015) (0.013)

Severe stunting (% HAZ<-3) 0.114 0.140 0.093 0.078
(0.005) (0.007) (0.010) (0.008)

Wasting (% WHZ<-2) 0.131 0.153 0.099 0.112
(0.005) (0.007) (0.010) (0.009)

Low birth size (%) 0.167 0.169 0.172 0.161
(0.006) (0.008) (0.013) (0.011)

Anemia (% Hemoglobin below 11.0g/dl) 0.576 0.589 0.510 0.598
(0.008) (0.011) (0.018) (0.015)

Diarrhea (%) 0.110 0.106 0.149 0.088
(0.005) (0.006) (0.012) (0.008)

Fever (%) 0.194 0.165 0.231 0.225
(0.006) (0.008) (0.014) (0.012)

Acute respiratory infection (%) 0.080 0.069 0.140 0.055
(0.004) (0.005) (0.012) (0.007)

Mother had a terminated pregnancy (%) 0.192 0.165 0.202 0.236
(0.007) (0.009) (0.015) (0.014)

Household wealth index (index) 0.072 -0.052 0.157 0.244
(0.014) (0.019) (0.032) (0.025)

Head educational attainment (years) 3.429 2.480 4.189 4.666
(0.070) (0.087) (0.155) (0.142)

Population density (log) 6.002 5.804 6.082 6.321
(0.016) (0.023) (0.033) (0.028)

The first four variables are based on anthropometric measurements taken at interview.
Low birth size is recalled by the primary caregiver. Anemia is based on blood samples

taken at interview. The three morbidity variables refer to incidence in the last two
weeks. The last four variables are summarized by household, not child.
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Table 2: Child Health and Other Outcomes (Summary Statistics)

All 2006 2011 2016

Child age (months) 29.765 30.095 29.508 29.299
(0.256) (0.352) (0.568) (0.497)

Child’s sex is male (%) 0.512 0.500 0.511 0.534
(0.007) (0.010) (0.017) (0.014)

Born in monsoon (%) 0.269 0.256 0.272 0.291
(0.007) (0.009) (0.015) (0.013)

Born in summer (%) 0.293 0.298 0.293 0.285
(0.007) (0.009) (0.015) (0.013)

Born in autumn (%) 0.237 0.245 0.237 0.221
(0.006) (0.009) (0.014) (0.012)

Twin (%) 0.013 0.013 0.012 0.015
(0.002) (0.002) (0.004) (0.004)

Birth order (rank) 1.250 1.274 1.219 1.225
(0.007) (0.010) (0.015) (0.013)

Animal sourced food consumption (%) 0.225 0.233 0.173 0.238
(0.008) (0.010) (0.017) (0.016)

Mother’s age (years) 26.162 26.227 26.183 26.016
(0.083) (0.116) (0.182) (0.155)

Mother is stunted (%) 0.549 0.548 0.554 0.549
(0.007) (0.010) (0.017) (0.014)

Count of children ≤ 5yrs (#) 1.810 1.936 1.647 1.680
(0.015) (0.022) (0.030) (0.027)

Living in rural area (%) 0.640 0.747 0.704 0.379
(0.007) (0.009) (0.015) (0.014)

Household wealth index (index) 0.031 -0.088 0.107 0.213
(0.012) (0.016) (0.029) (0.022)

Food deficit 0.473 0.439 0.498
(0.011) (0.017) (0.014)

Nightlight (log light) 1.804 0.775 0.970 4.482
(0.030) (0.018) (0.038) (0.048)

Monsoon rainfall shock (avg mm/day) -0.957 -1.866 0.350 -0.122
(0.024) (0.024) (0.041) (0.040)

Monsoon temperature shock (avg GGD) 0.396 0.460 0.272 0.362
(0.004) (0.004) (0.003) (0.012)

All variables are summarized by child.
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Table 3: Soil Characteristics (Summary Statistics)

Mean
Standard
Deviation

90th
Percentile Median

10th
Percentile

Extractable Zn (ppm) 0.801 0.622 0.223 0.689 1.318
Available Zn (ppm) 0.723 0.577 0.194 0.602 1.273
pH (pH) 6.778 0.608 6.030 6.811 7.557
Total nitrogen (%) 0.108 0.035 0.072 0.100 0.152
Extractable potassium (kg/ha) 196.380 100.451 98.668 167.751 343.773
Extractable phosphorus (kg/ha) 59.168 29.836 28.212 50.679 100.994
Boron (ppm) 1.203 1.352 0.334 0.838 2.195
Organic matter (%) 1.922 0.654 1.128 1.851 2.786
Clay (%) 21.995 9.590 11.025 20.487 34.241
Sand (%) 35.355 11.056 22.068 35.632 49.057

All variables are summarized by child.
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Table 4: Soil Zn Availability and Child Stunting

(1) (2) (3) (4) (5) (6)

HAZ HAZ Stunting Stunting
Severe

stunting
Severe

stunting

Extractable Zn (ppm) 0.114∗∗∗ -0.0402∗∗∗ -0.0210∗∗∗

(0.0292) (0.0143) (0.00778)

Available Zn (ppm) 0.121∗∗∗ -0.0475∗∗∗ -0.0228∗∗∗

(0.0331) (0.0148) (0.00830)

pH (pH) 0.0186 0.0352 0.0101 0.00423 -0.00860 -0.0117
(0.0606) (0.0608) (0.0214) (0.0213) (0.0171) (0.0171)

Extractable potassium (kg/ha) -0.00132∗∗∗ -0.00134∗∗∗ 0.000319∗∗ 0.000328∗∗ 0.000279∗∗ 0.000283∗∗

(0.000406) (0.000407) (0.000148) (0.000148) (0.000125) (0.000125)

Extractable phosphorus (kg/ha) 0.000729 0.000678 -0.000377 -0.000329 -0.0000107 0.00000252
(0.00109) (0.00110) (0.000419) (0.000423) (0.000289) (0.000292)

Total nitrogen (%) -2.062∗ -2.181∗ 0.554 0.594 0.416 0.437
(1.147) (1.147) (0.473) (0.470) (0.295) (0.296)

Boron (ppm) 0.0278∗ 0.0272∗ -0.00999 -0.0101 -0.0113∗∗∗ -0.0113∗∗∗

(0.0143) (0.0143) (0.00753) (0.00758) (0.00330) (0.00329)

Organic matter (%) 0.125∗∗ 0.132∗∗ -0.00539 -0.00793 -0.0247∗ -0.0259∗

(0.0624) (0.0626) (0.0246) (0.0246) (0.0139) (0.0139)

Clay (%) -0.00857∗∗∗ -0.00830∗∗∗ 0.00195∗ 0.00186∗ 0.00260∗∗∗ 0.00255∗∗∗

(0.00296) (0.00298) (0.00109) (0.00109) (0.000693) (0.000698)

Sand (%) -0.00164 -0.00150 0.000609 0.000579 0.000187 0.000165
(0.00251) (0.00252) (0.000903) (0.000902) (0.000575) (0.000578)

Observations 4452 4452 4452 4452 4452 4452
R2 0.254 0.254 0.177 0.177 0.104 0.104
Adjusted R2 0.248 0.248 0.170 0.170 0.096 0.096

Treatment variables: Extractable Zn, available Zn.

Outcomes: Height-for-age, stunting (HAZ<-2) and severe stunting (HAZ<-3)

Controls in all specifications: Child (age, age square, sex is male, whether twin, season of birth, birth order, birth size)

household (number of children, head educational attainment, area of residence), maternal controls (age, stunting).

Year, development region and child age cohort fixed effects. Standard errors clustered at DHS cluster.
∗ p < .1, ∗∗ p < .05, ∗∗∗ p < .01
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Table 5: Soil Zn Availability and Other Child Morbidity Outcomes

(1) (2) (3) (4) (5) (6)
Anemia LBW Wasting Diarrhea Fever ARI

Available Zn (ppm) -0.0937∗∗∗ -0.0194 -0.00461 -0.00322 -0.0131 -0.0136∗∗

(0.0339) (0.0124) (0.00913) (0.00823) (0.0126) (0.00619)

Observations 3944 4876 4452 4587 4592 4590
R2 0.165 0.040 0.079 0.052 0.042 0.039
Adjusted R2 0.157 0.033 0.071 0.044 0.034 0.031

Treatment variable: Available Zn.

Outcomes: Anemia, low birth weight (LWB), wasting, diarrhea, fever, acute respiratory infection (ARI)

Controls in all specifications as listed under Table 4.

Year, development region and child age cohort fixed effects.

Standard errors clustered at DHS cluster.
∗ p < .1, ∗∗ p < .05, ∗∗∗ p < .01

Table 6: Soil Zn Availability and Household Outcomes

(1) (2) (3) (4)
Pregnancy
termination

Household
wealth index

Head educational
attainment

Population
density

Available Zn (ppm) -0.0124 0.0148 0.00768 -4.71e-17
(0.0140) (0.0412) (0.146) (5.62e-17)

Observations 3657 3657 3657 3657
R2 0.041 0.440 0.455 1.000
Adjusted R2 0.035 0.437 0.451 1.000

Treatment variable: Available Zn.

Outcomes: Maternal pregnancy termination, household wealth index,

household head educational attainment.

Observations unique by household, not child.

Controls in all specifications as listed under Table 4.

Year, development region and child age cohort fixed effects.

Standard errors clustered at DHS cluster.
∗ p < .1, ∗∗ p < .05, ∗∗∗ p < .01
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Table 7: ACDE of Soil Zn Availability on Child HAZ, Demediating by Yields Pathway

Mediator: Wealth index Mediator: Food deficit

(1) (2) (3) (4) (5) (6) (7) (8)

Baseline
Including

M
Including
M and Z ACDE Baseline

Including
M

Including
M and Z ACDE

Available Zn (ppm) 0.121∗∗∗ 0.119∗∗∗ 0.113∗∗∗ 0.120∗∗∗ 0.124∗∗∗ 0.115∗∗ 0.0928∗ 0.101∗∗

(0.0331) (0.0347) (0.0342) (0.0327) (0.0383) (0.0492) (0.0477) (0.0429)

Observations 4452 4452 4141 4452 2076 2079 1932 2081
R2 0.254 0.263 0.274 0.235 0.218 0.186 0.196 0.149
Adjusted R2 0.248 0.257 0.266 0.228 0.203 0.172 0.183 0.140

Treatment variable: Available Zn. Outcome: Height-for-age z-score (HAZ).

Columns 5-8 estimated with DHS rounds 2011 and 2016 only, as food deficit is only available in those rounds.

Year, development region and child age cohort fixed effects. Standard errors clustered at DHS cluster.

Baseline specification identical to that of Table 4, Column 2. Columns 2 and 6 additionally control for mediator M.

Columns 3 and 7 additionally control for mediator M and potentially confounding covariates Z.

Columns 4 and 8 give ACDE estimates, following the procedure laid out in Acharya, Blackwell, and Sen (2016).
∗ p < .1, ∗∗ p < .05, ∗∗∗ p < .01

Table 8: ACDE of Soil Zn Availability on Child HAZ, Demediating by Mother Health Pathway

Mediator: Mother stunting

(1) (2) (3) (4)

Baseline
Including

M
Including
M and Z ACDE

Available Zn (ppm) 0.135∗∗∗ 0.121∗∗∗ 0.110∗∗∗ 0.121∗∗∗

(0.0363) (0.0331) (0.0332) (0.0245)

Observations 4457 4452 4141 4452
R2 0.223 0.254 0.271 0.219
Adjusted R2 0.217 0.248 0.263 0.213

Treatment variable: Available Zn. Outcome: Height-for-age z-score (HAZ).

Year, development region and child age cohort fixed effects.

Standard errors clustered at DHS cluster.

Baseline specification as in Table 4, Column 2, but excluding maternal

stunting. Column 2 additionally controls for mediator M, and Column 3 adds

potentially confounding covariates Z. Column 4 gives ACDE estimates, following

the procedure laid out in Acharya, Blackwell, and Sen (2016).
∗ p < .1, ∗∗ p < .05, ∗∗∗ p < .01
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Table 9: Heterogeneity in Average Treatment Effect

(1) (2) (3) (4)
HAZ HAZ HAZ HAZ

Available Zn (ppm) 0.177∗∗∗ -0.586 0.155∗∗∗ 0.0579
(0.0455) (0.742) (0.0486) (0.0686)

Animal sourced food consumption (%) 0.281∗∗∗

(0.0818)

Available Zn (ppm) × Animal sourced food consumption (%) -0.108
(0.0820)

Dist to Kathmandu (log km) -0.102
(0.171)

Available Zn (ppm) × Dist to Kathmandu (log km) 0.135
(0.141)

Nightlight (log light) 0.0241
(0.0196)

Available Zn (ppm) × Nightlight (log light) -0.0157
(0.0147)

Owns arable land (%) -0.137∗

(0.0697)

Available Zn (ppm) × Owns arable land (%) 0.0873
(0.0751)

Observations 3007 4452 4452 4452
R2 0.322 0.255 0.254 0.255
Adjusted R2 0.313 0.248 0.248 0.248

Treatment variable: Available Zn. Outcome: Height-for-age.

Controls in all specifications: Child (age, age square, sex is male, whether twin, season of birth, birth order, birth size)

household (number of children, head educational attainment, area of residence), maternal controls (age, stunting).

Year, development region and child age cohort fixed effects. Standard errors clustered at DHS cluster.
∗ p < .1, ∗∗ p < .05, ∗∗∗ p < .01
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Table 10: Weather Shocks and Average Treatment Effect

(1) (2) (3)
HAZ HAZ HAZ

Available Zn (ppm) 0.164∗∗∗ 0.246∗∗∗ 0.247∗∗∗

(0.0522) (0.0813) (0.0783)

Monsoon rainfall x temperature (avg mm/day x avg GGD) -0.0709∗ -0.0746∗ -0.0723∗

(0.0401) (0.0402) (0.0396)

Available Zn × Monsoon rainfall x temperature 0.0450 0.0736∗ 0.0153
(0.0318) (0.0443) (0.0314)

Nightlight (log light) 0.0300 0.0315
(0.0204) (0.0209)

Available Zn × Nightlight -0.0311 -0.0321∗

(0.0193) (0.0184)

Available Zn × Monsoon rainfall x temperature × Nightlight -0.00924
(0.0103)

Low nightlights × Available Zn × Monsoon rainfall x temperature 0.0487
(0.0338)

No nightlights × Available Zn × Monsoon rainfall x temperature 0.0567
(0.0495)

Observations 4452 4452 4452
R2 0.255 0.255 0.256
Adjusted R2 0.248 0.248 0.248

Treatment variable: Available Zn. Outcome: Height-for-age.

Controls in all specifications: Child (age, age square, sex is male, whether twin, season of birth, birth order, birth size)

household (number of children, head educational attainment, area of residence), maternal controls (age, stunting).

Year, development region and child age cohort fixed effects. Standard errors clustered at DHS cluster.
∗ p < .1, ∗∗ p < .05, ∗∗∗ p < .01
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Appendix A Additional Figures and Results

Figure A1: Mineral availability over pH

Agboola and Corey (1973)
pp 367-375

Figure A2: pH distribution

Figure A3: Soil pH Figure A4: Soil B

Figure A5: Organic matter Figure A6: Total nitrogen (N)
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Figure A7: Phosphorus pentoxide (P2O5) Figure A8: Extractable potassium (K)

Figure A9: Clay content Figure A10: Sand content

Figure A11: Nightlight 2006, 2011, and 2016

Figure A12: Average rainfall (mm) by month (1994-2003)
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Figure A13: Extractable Zn concentration Figure A14: Available Zn concentration

Figure A15: Development regions Figure A16: Districts boundaries

Table A1: Raw Soil Characteristic Correlations

pH (pH) 1.00
Extractable potassium (kg/ha) 0.13 1.00
Extractable phosphorus (kg/ha) 0.11 0.60 1.00
Total nitrogen (%) -0.01 0.53 0.52 1.00
Boron (ppm) 0.13 0.15 0.17 0.10 1.00
Organic matter (%) 0.06 0.64 0.61 0.80 0.19 1.00
Clay (%) 0.44 0.06 0.11 0.01 0.21 0.11 1.00
Sand (%) -0.35 0.01 0.17 0.36 -0.18 0.12 -0.24 1.00
Extractable Zn (ppm) 0.07 0.09 0.26 0.09 -0.00 0.13 0.08 0.02 1.00
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Table A2: Exogeneity of Soil Zn Concentration

(1) (2)
Extractable

Zn
Available

Zn

Child age (months) 0.0229∗∗ 0.0185∗

(0.0112) (0.0104)

Child age spline (6-11) -0.0246 -0.0270∗

(0.0170) (0.0157)

Child age spline (12-23) 0.00692 0.00949
(0.0115) (0.0107)

Child age spline (24-59) 0.00280 0.00298
(0.00551) (0.00510)

Child’s sex is male (%) 0.0124 0.0130
(0.0164) (0.0152)

Twin (%) 0.0000886 0.00802
(0.0703) (0.0651)

Born in monsoon (%) 0.0470∗ 0.0267
(0.0276) (0.0255)

Born in summer (%) 0.0114 0.00157
(0.0247) (0.0229)

Born in autumn (%) 0.0916∗∗∗ 0.0532∗

(0.0322) (0.0298)

Child birth size 0.00801 0.00417
(0.0109) (0.0101)

Birth order (rank) 0.0136 0.0163
(0.0209) (0.0193)

Mother’s age (years) 0.00776 0.00869
(0.0111) (0.0103)

Mother’s age2 -0.000141 -0.000150
(0.000191) (0.000176)

Mother is stunted (%) -0.0346∗∗ -0.0253∗

(0.0166) (0.0154)

Count of children ≤ 5yrs (#) -0.0274∗∗∗ -0.0250∗∗∗

(0.00903) (0.00836)

Head educational attainment (years) 0.000316 0.00116
(0.00228) (0.00211)

Living in rural area (%) 0.0273 0.00377
(0.0196) (0.0182)

Population density (log) -0.0496∗∗∗ -0.0436∗∗∗

(0.0109) (0.0100)

Observations 4645 4645
F-stat all covariates 3.310 2.520
F-stat excluding mother stunting 3.170 2.440
F-stat excluding mother stunting, count of children 1.220 0.740

Soil controls in both columns, not shown. Year and development region fixed effects.

Standard errors clustered at DHS cluster. ∗ p < .1, ∗∗ p < .05, ∗∗∗ p < .01
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Table A3: Soil Zn Availability (Log) and Child Stunting

(1) (2) (3) (4) (5) (6)

HAZ HAZ Stunting Stunting
Severe

stunting
Severe

stunting

Extractable Zn (log ppm) 0.0893∗∗∗ -0.0276∗∗ -0.0163∗∗

(0.0319) (0.0133) (0.00750)

Available Zn (log ppm) 0.0859∗∗∗ -0.0262∗∗ -0.0175∗∗

(0.0317) (0.0131) (0.00740)

pH (pH) 0.0428 0.0612 0.00236 -0.00331 -0.0149 -0.0184
(0.0630) (0.0631) (0.0225) (0.0224) (0.0183) (0.0181)

Extractable potassium (log kg/ha) -0.292∗∗∗ -0.295∗∗∗ 0.0725∗∗ 0.0735∗∗ 0.0587∗∗ 0.0597∗∗

(0.0814) (0.0815) (0.0299) (0.0300) (0.0246) (0.0246)

Extractable phosphorus (log kg/ha) -0.00211 -0.00361 -0.0113 -0.0110 0.00959 0.0107
(0.0656) (0.0659) (0.0244) (0.0245) (0.0165) (0.0165)

Total nitrogen (log %) -0.292∗∗ -0.299∗∗ 0.0746 0.0768 0.0557 0.0573∗

(0.134) (0.134) (0.0538) (0.0537) (0.0347) (0.0346)

Boron (log ppm) 0.0638∗ 0.0639∗ -0.0170 -0.0169 -0.0255∗∗∗ -0.0256∗∗∗

(0.0365) (0.0366) (0.0152) (0.0153) (0.00859) (0.00856)

Organic matter (log %) 0.326∗∗∗ 0.335∗∗∗ -0.0291 -0.0316 -0.0594∗∗ -0.0617∗∗

(0.125) (0.125) (0.0499) (0.0499) (0.0279) (0.0278)

Clay (%) -0.00830∗∗∗ -0.00809∗∗∗ 0.00192∗ 0.00185∗ 0.00244∗∗∗ 0.00241∗∗∗

(0.00283) (0.00283) (0.00105) (0.00105) (0.000659) (0.000657)

Sand (%) -0.00219 -0.00217 0.000862 0.000855 0.000312 0.000332
(0.00247) (0.00248) (0.000889) (0.000887) (0.000561) (0.000564)

Observations 4452 4452 4452 4452 4452 4452
R2 0.254 0.254 0.175 0.175 0.104 0.104
Adjusted R2 0.248 0.248 0.168 0.168 0.096 0.096

Treatment variables: Extractable Zn, available Zn.

All log-distributed soil variables specified via log transformations.

Soil pH and soil clay and sand concent are not, as they are normally distributed.

Outcomes: Height-for-age, stunting (HAZ<-2) and severe stunting (HAZ<-3)

Controls in all specifications: Child (age, age square, sex is male, whether twin, season of birth, birth order, birth size)

household (number of children, head educational attainment, area of residence), maternal controls (age, stunting).

Year, development region and child age cohort fixed effects. Standard errors clustered at DHS cluster.
∗ p < .1, ∗∗ p < .05, ∗∗∗ p < .01
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Table A4: Soil Zn Availability (10km Averge) and Child Stunting

(1) (2) (3) (4) (5) (6)

HAZ HAZ Stunting Stunting
Severe

stunting
Severe

stunting

Extractable Zn (ppm) 0.145∗∗∗ -0.0461∗∗ -0.0304∗∗

(0.0433) (0.0195) (0.0126)

Available Zn (ppm) 0.152∗∗∗ -0.0495∗∗ -0.0334∗∗

(0.0469) (0.0217) (0.0136)

pH (pH) 0.0675 0.0835 -0.0129 -0.0179 -0.0174 -0.0208
(0.0792) (0.0797) (0.0282) (0.0283) (0.0214) (0.0218)

Extractable potassium (kg/ha) -0.000954∗∗ -0.000993∗∗ 0.000213 0.000225 0.000218 0.000227
(0.000473) (0.000476) (0.000172) (0.000173) (0.000144) (0.000145)

Extractable phosphorus (kg/ha) 0.000920 0.000859 -0.000822 -0.000789 -0.0000467 -0.0000162
(0.00189) (0.00191) (0.000706) (0.000716) (0.000481) (0.000485)

Total nitrogen (%) -5.271∗∗∗ -5.503∗∗∗ 1.770∗∗ 1.840∗∗ 1.006 1.051
(1.907) (1.898) (0.793) (0.786) (0.673) (0.677)

Boron (ppm) 0.0169 0.0156 -0.00691 -0.00657 -0.00691 -0.00675
(0.0256) (0.0255) (0.0105) (0.0104) (0.00654) (0.00651)

Organic matter (%) 0.268∗∗∗ 0.282∗∗∗ -0.0431 -0.0479 -0.0503∗ -0.0536∗

(0.102) (0.103) (0.0417) (0.0418) (0.0300) (0.0305)

Clay (%) -0.0129∗∗∗ -0.0126∗∗∗ 0.00378∗∗ 0.00370∗∗ 0.00381∗∗∗ 0.00376∗∗∗

(0.00420) (0.00421) (0.00161) (0.00161) (0.000973) (0.000971)

Sand (%) 0.00139 0.00169 -0.0000849 -0.000175 -0.000369 -0.000426
(0.00359) (0.00360) (0.00136) (0.00137) (0.000880) (0.000885)

Observations 4452 4452 4452 4452 4452 4452
R2 0.252 0.252 0.176 0.176 0.103 0.103
Adjusted R2 0.246 0.246 0.169 0.169 0.095 0.095

Treatment variables: Extractable Zn, available Zn.

All soil variables extracted as 10km averages rather than extracted by point.

Outcomes: Height-for-age, stunting (HAZ<-2) and severe stunting (HAZ<-3)

Controls in all specifications: Child (age, age square, sex is male, whether twin, season of birth, birth order, birth size)

household (number of children, head educational attainment, area of residence), maternal controls (age, stunting).

Year, development region and child age cohort fixed effects. Standard errors clustered at DHS cluster.
∗ p < .1, ∗∗ p < .05, ∗∗∗ p < .01

42



Figure A17: Prediction Error in Gridded Zn Data

Figure A18: Simulated Bias:
Height-for-Age

Figure A19: Simulated Bias:
Stunting

Figure A20: Simulated Bias:
Anemia
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Figure A21: Marginal effects by
growing degree days

Figure A22: Marginal effects by
rainfall
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Appendix B Core Results under District Fixed Effects

Figures

Figure A23: ACDE of soil Zn availability on child HAZ, demediating by yields pathway

Point estimates given in Table A8, with specifications described below.

Figure A24: ACDE of soil Zn availability on child HAZ, demediating by mother health

Point estimates given in Table A9, with specifications described below.
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Figure A25: Marginal effects by ASF
consumption

Figure A26: Marginal effects by distance
to Kathmandu

Point estimates given in Table A10 Columns 1 and 2, with specifications described below.

Figure A27: Marginal effects by nightlight
intensity

Figure A28: Marginal effects by arable
land ownership

Point estimates given in Table A10 Columns 3 and 4, with specifications described below.
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Figure A29: Marginal Effects by
Weather Conditions

Figure A30: Marginal Effects by
Weather Conditions and Nightlights

Point estimates given in Table A11 Columns 1 and 3, with specifications described below.

Tables
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Table A5: Soil Zn Availability and Child Stunting

(1) (2) (3) (4) (5) (6)

HAZ HAZ Stunting Stunting
Severe

stunting
Severe

stunting

Extractable Zn (ppm) 0.0688∗∗ -0.0246 -0.00804
(0.0324) (0.0172) (0.00958)

Available Zn (ppm) 0.0774∗∗ -0.0333∗ -0.0103
(0.0371) (0.0181) (0.0106)

pH (pH) 0.107 0.120 -0.0135 -0.0175 -0.0222 -0.0235
(0.0736) (0.0730) (0.0263) (0.0260) (0.0206) (0.0203)

Extractable potassium (kg/ha) -0.00177∗∗∗ -0.00179∗∗∗ 0.000408∗∗ 0.000415∗∗ 0.000439∗∗∗ 0.000441∗∗∗

(0.000531) (0.000532) (0.000192) (0.000193) (0.000155) (0.000155)

Extractable phosphorus (kg/ha) 0.000630 0.000597 -0.000215 -0.000204 -0.0000426 -0.0000388
(0.00117) (0.00117) (0.000448) (0.000447) (0.000293) (0.000293)

Total nitrogen (%) -0.612 -0.660 0.185 0.200 0.118 0.123
(1.368) (1.371) (0.556) (0.557) (0.324) (0.324)

Boron (ppm) 0.0317∗∗ 0.0315∗∗ -0.0123 -0.0122 -0.0123∗∗∗ -0.0123∗∗∗

(0.0158) (0.0159) (0.00796) (0.00799) (0.00351) (0.00352)

Organic matter (%) 0.0287 0.0298 0.00736 0.00751 -0.000811 -0.000820
(0.0801) (0.0801) (0.0323) (0.0323) (0.0169) (0.0169)

Clay (%) -0.00875∗∗∗ -0.00867∗∗∗ 0.00179 0.00178 0.00211∗∗∗ 0.00210∗∗∗

(0.00329) (0.00331) (0.00121) (0.00122) (0.000718) (0.000721)

Sand (%) -0.00126 -0.00121 0.000526 0.000524 0.0000187 0.0000162
(0.00267) (0.00267) (0.00105) (0.00105) (0.000638) (0.000640)

Observations 4452 4452 4452 4452 4452 4452
R2 0.265 0.265 0.183 0.184 0.114 0.114
Adjusted R2 0.256 0.256 0.174 0.174 0.103 0.103

Treatment variables: Extractable Zn, available Zn.

Outcomes: Height-for-age, stunting (HAZ<-2) and severe stunting (HAZ<-3)

Controls in all specifications: Child (age, age square, sex is male, whether twin, season of birth, birth order, birth size)

household (number of children, head educational attainment, area of residence), maternal controls (age, stunting).

Year, district and child age cohort fixed effects. Standard errors clustered at DHS cluster.
∗ p < .1, ∗∗ p < .05, ∗∗∗ p < .01
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Table A6: Soil Zn Availability and Other Child Morbidity Outcomes

(1) (2) (3) (4) (5) (6)
Anemia LBW Wasting Diarrhea Fever ARI

Available Zn (ppm) -0.0861∗∗ -0.0120 -0.0155 -0.0108 -0.00624 -0.0117
(0.0399) (0.0141) (0.0103) (0.0107) (0.0149) (0.00863)

Observations 3944 4876 4452 4587 4592 4590
R2 0.173 0.048 0.081 0.054 0.050 0.044
Adjusted R2 0.162 0.038 0.070 0.043 0.039 0.032

Treatment variable: Available Zn.

Outcomes: Anemia, low birth weight (LWB), wasting, diarrhea, fever, acute respiratory infection (ARI)

Controls in all specifications as listed under Table 4.

Year, district and child age cohort fixed effects.

Standard errors clustered at DHS cluster.
∗ p < .1, ∗∗ p < .05, ∗∗∗ p < .01

Table A7: Soil Zn Availability and Household Outcomes

(1) (2) (3) (4)
Pregnancy
termination

Household
wealth index

Head educational
attainment est4

Available Zn (ppm) -0.00939 -0.0294 0.134 -2.60e-17
(0.0159) (0.0557) (0.161) (5.48e-17)

Observations 3655 3655 3655 3655
R2 0.043 0.475 0.469 1.000
Adjusted R2 0.034 0.470 0.463 1.000

Treatment variable: Available Zn.

Outcomes: Maternal pregnancy termination, household wealth index,

household head educational attainment.

Observations unique by household, not child.

Controls in all specifications as listed under Table 4.

Year, district and child age cohort fixed effects.

Standard errors clustered at DHS cluster.
∗ p < .1, ∗∗ p < .05, ∗∗∗ p < .01
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Table A8: ACDE of Soil Zn Availability on Child HAZ, Demediating by Yields Pathway

Mediator: Wealth index Mediator: Food deficit

(1) (2) (3) (4) (5) (6) (7) (8)

Baseline
Including

M
Including
M and Z ACDE Baseline

Including
M

Including
M and Z ACDE

Available Zn (ppm) 0.0774∗∗ 0.0867∗∗ 0.0747∗∗ 0.0834∗∗ 0.123∗∗ 0.0988 0.0562 0.0741
(0.0371) (0.0381) (0.0379) (0.0375) (0.0508) (0.0614) (0.0565) (0.0525)

Observations 4452 4452 4141 4452 2076 2079 1932 2081
R2 0.265 0.274 0.284 0.246 0.226 0.196 0.206 0.159
Adjusted R2 0.256 0.265 0.273 0.237 0.206 0.177 0.187 0.144

Treatment variable: Available Zn. Outcome: Height-for-age z-score (HAZ).

Columns 5-8 estimated with DHS rounds 2011 and 2016 only, as food deficit is only available in those rounds.

Year, district and child age cohort fixed effects. Standard errors clustered at DHS cluster.

Baseline specification identical to that of Table 4, Column 2. Columns 2 and 6 additionally control for mediator M.

Columns 3 and 7 additionally control for mediator M and potentially confounding covariates Z.

Columns 4 and 8 give ACDE estimates, following the procedure laid out in Acharya, Blackwell, and Sen (2016).
∗ p < .1, ∗∗ p < .05, ∗∗∗ p < .01

Table A9: ACDE of Soil Zn Availability on Child HAZ, Demediating by Mother Health Pathway

Mediator: Mother stunting

(1) (2) (3) (4)

Baseline
Including

M
Including
M and Z ACDE

Available Zn (ppm) 0.0761∗ 0.0774∗∗ 0.0643∗ 0.0773∗∗

(0.0389) (0.0371) (0.0371) (0.0373)

Observations 4457 4452 4141 4452
R2 0.235 0.265 0.281 0.231
Adjusted R2 0.226 0.256 0.271 0.222

Treatment variable: Available Zn. Outcome: Height-for-age z-score (HAZ).

Year, district and child age cohort fixed effects.

Standard errors clustered at DHS cluster.

Baseline specification as in Table 4, Column 2, but excluding maternal

stunting. Column 2 additionally controls for mediator M, and Column 3 adds

potentially confounding covariates Z. Column 4 gives ACDE estimates, following

the procedure laid out in Acharya, Blackwell, and Sen (2016).
∗ p < .1, ∗∗ p < .05, ∗∗∗ p < .01
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Table A10: Heterogeneity in Average Treatment Effect

(1) (2) (3) (4)
HAZ HAZ HAZ HAZ

Available Zn (ppm) 0.129∗∗ 0.110 0.115∗∗ 0.00968
(0.0517) (0.978) (0.0486) (0.0760)

Animal sourced food consumption (%) 0.276∗∗∗

(0.0799)

Available Zn (ppm) × Animal sourced food consumption (%) -0.108
(0.0833)

Dist to Kathmandu (log km) -0.411
(0.354)

Available Zn (ppm) × Dist to Kathmandu (log km) -0.00554
(0.185)

Nightlight (log light) 0.0292
(0.0181)

Available Zn (ppm) × Nightlight (log light) -0.0164
(0.0132)

Owns arable land (%) -0.119∗

(0.0715)

Available Zn (ppm) × Owns arable land (%) 0.0906
(0.0768)

Observations 3007 4452 4452 4452
R2 0.332 0.265 0.265 0.265
Adjusted R2 0.319 0.256 0.256 0.256

Treatment variable: Available Zn. Outcome: Height-for-age.

Controls in all specifications: Child (age, age square, sex is male, whether twin, season of birth, birth order, birth size)

household (number of children, head educational attainment, area of residence), maternal controls (age, stunting).

Year, district and child age cohort fixed effects. Standard errors clustered at DHS cluster.
∗ p < .1, ∗∗ p < .05, ∗∗∗ p < .01
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Table A11: Weather Shocks and Average Treatment Effect

(1) (2) (3)
HAZ HAZ HAZ

Available Zn (ppm) 0.132∗∗ 0.209∗∗ 0.214∗∗

(0.0586) (0.0854) (0.0829)

Monsoon rainfall x temperature (avg mm/day x avg GGD) -0.0759∗ -0.0804∗ -0.0764∗

(0.0406) (0.0415) (0.0407)

Available Zn × Monsoon rainfall x temperature 0.0521∗ 0.0741∗ 0.0314
(0.0301) (0.0412) (0.0341)

Nightlight (log light) 0.0338∗ 0.0363∗

(0.0188) (0.0194)

Available Zn × Nightlight -0.0289 -0.0310∗

(0.0184) (0.0181)

Available Zn × Monsoon rainfall x temperature × Nightlight -0.00581
(0.00940)

Low nightlights × Available Zn × Monsoon rainfall x temperature 0.0449
(0.0367)

No nightlights × Available Zn × Monsoon rainfall x temperature 0.0388
(0.0450)

Observations 4452 4452 4452
R2 0.265 0.266 0.266
Adjusted R2 0.256 0.256 0.256

Treatment variable: Available Zn. Outcome: Height-for-age.

Controls in all specifications: Child (age, age square, sex is male, whether twin, season of birth, birth order, birth size)

household (number of children, head educational attainment, area of residence), maternal controls (age, stunting).

Year, development region and child age cohort fixed effects. Standard errors clustered at DHS cluster.
∗ p < .1, ∗∗ p < .05, ∗∗∗ p < .01
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Appendix C Econometric Implications of

Measurement Error in Gridded

Data

Define the true generating process as:

Y = βX∗ + ω (1)

The variable X is measured with error υ.

X = X∗ + υ (2)

Measurement error υ may be correlated with X∗, though it also has a random
(classical) component ε.

υ = α0 + αX∗ + ε (3)

When Y is estimated as a function of the gridded data product X, the coefficient

estimated is given by:

β̂ =
Cov(Y,X)

V ar(X)
(4)

=
Cov(βX∗ + ω,X∗ + α0 + αX∗ + ε)

V ar(X∗ + α0 + αX∗ + ε)
(5)

Because ω is orthogonal to X∗ and because ε is orthogonal to both X∗ and ω:

=
Cov(βX∗, X∗ + αX∗)

V ar(X∗ + αX∗ + ε)
(6)

=
βV ar(X∗)(1 + α)

(1 + α)2V ar(X∗) + V ar(εl)
(7)

Equations 6 and 7 are equivalent to the generalization of the reliability formula
first specified by Bound and Krueger (1991). If α = 0 then Equation 7 produces
the well-known attenuation bias under classical measurement error.

More generally (when α 6= 0) we can also write Equation 7 as in Equation 8.

β̂ = β
(1 + α)

(1 + α)2 + V ar(ε)
V ar(X∗)

(8)

If α > 0 then (1 + α)2 > (1 + α), and the denominator of the multiplicative bias
term in Equation 8 is necessarily greater than the numerator, creating an
attenuation bias that is generally — thought not always – stronger than that
which exists under α = 0. In fact, if V ar(εl) ≤ V ar(X∗

l ), then the attenuation
bias under α > 0 will always be greater than the attenuation bias under α = 0.
When V ar(εl)/V ar(X

∗
l ) > 1 then the attenuation bias first rises as α climbs

above 0 and later falls.
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If α < 0 then the numerator of the multiplicative bias term in Equation 8 is first
positive (when α > −1) and then negative (when α < −1). When α is close to
−1, bias is close to 0. As α moves away from 0, the absolute value of the bias
first becomes large, and then falls. The magnitude of the (positive or negative)
bias, for any given α value, depends on V ar(εl)/V ar(X

∗
l ).

If we restrict our attention to the realistic range −1 < α < 1, then Equation 8
illustrate two key points. First, 0 > α < 1 produces attenuation bias, which is
generally — and always for V ar(ε) ≤ V ar(X∗) — worsens as α rises closer to 1.

Second, −1 < α < 0 may produce attenuation bias ors lead to over-estimation of
β, depending on the precise values of α and V ar(ε)/V ar(X∗). If V ar(ε) is fairly
large relative to V ar(X∗) then attenuation bias will exist, and will generally fall
as α gets closer to −1. If, however, if V ar(ε) is fairly small relative to V ar(X∗),
then for most of the range −1 < α < 0 measurement error will lead to an
over-estimation of the treatment effect, and only for α very close to −1 will
attenuation bias exist.
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