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Introduction

Meeting the food demands of the Earth’s growing and increasingly wealthy population without
over-exploiting limited natural resources is one of the most pressing global issues. Overcoming this
challenge will likely require substantial changes to food systems across the world (Godfray et al.,
2010). “Sustainable intensification,” producing more output on land already under cultivation while
reducing environmental impacts, has been emphasized as necessary for ensuring food security in
the coming decades while meeting environmental goals. However, there is widespread disagreement
in the scientific literature over the extent to which sustainable intensification provides meaningful
environmental or productivity benefits (Godfray, 2015; Loos et al., 2014; Gunton et al., 2016;
Mahon et al., 2017). Indeed, it is not obvious that farmers should be able to profitably reduce the
environmental impact of their production.

An important facet of the debate is the limited evidence regarding sustainable intensification
practices as they are employed by farmers at scale. Cassman and Grassini (2020) note that “[...]
there is little research on putting the components together in viable production systems, and in
quantifying [sustainable intensification’s] potential in terms of both production and environmental
performance in farmers’ fields rather than small manicured research plots.” Gunton et al. (2016)

further emphasize the lack of large-scale, long-term studies of the effects of sustainable intensification



technologies and the limited selection of sustainability metrics employed. Estimating the value of
the environmental and production benefits as well as the cost of adoption, both in terms of inducing
diffusion and potential opportunity costs from foregone alternative production methods, is crucial
to determining the extent to which sustainable intensification is a viable approach to improving
food security and environmental outcomes.

In this paper, we study the impacts of the MasAgro Productor program (henceforth MasAgro!),
a large-scale agricultural extension effort in Mexico which was implemented beginning in 2012
with technical backing by the International Maize and Wheat Improvement Center (CIMMYT).
Notably, MasAgro widely promoted conservation agriculture, a sustainable intensification technique
characterized by minimal soil disturbance or zero-tillage, constant soil cover, and crop rotation
(Erenstein, 2002). We measure the diffusion of conservation agriculture over time and space induced
by MasAgro using detailed geographic data collected by extension technicians and the normalized
difference tillage index (NDTI), a satellite imagery-derived proxy for conservation tillage. Variation
in the diffusion process allows us to causally identify the effects of conservation agriculture using
event studies and related research designs which incorporate additional exogenous variation.

We focus on two sets of outcomes: economic and environmental benefits. To measure the
former, we use two data sources. The first is yield and profit data collected from a subset of farms
which implement extension-promoted techniques and business-as-usual management on side-by-side
plots. The second is a satellite imagery-derived proxy of agricultural productivity, namely the yearly
maximum normalized difference vegetation index (NDVI).

The effects of conservation agriculture adoption on profits are not obvious ex-ante. On one hand,
we expect farmers to be profit maximizing, which suggests that inducing a change in technology
would lower profits. On the other, extension technicians provide information and training on the
implementation of conservation agriculture, which may help farmers overcome barriers to adoption.
We provide evidence that profits earned under conservation agriculture are larger than under status

quo production and similar to profits under other technologies promoted via extension using data

IThe broader MasAgro program has four compnents: MasAgro Biodiversidad explores the genetic diversity of
maize and wheat. MasAgro Maiz develops and promotes the diffusion of novel maize varieties. MasAgro Trigo is a
similar program to MasAgro Maiz for wheat. MasAgro Productor is the subject of this study.



from farmer-managed side-by-side demonstration plots. We find that regardless of the technologies
employed, extension plots are almost always more profitable, as supported by a test of first order
stochastic dominance. Across multiple specifications, our results also suggest that extension plots
that employ conservation agriculture are weakly more profitable than extension plots that do not.
These results are supported by event study results which show that the arrival of MasAgro extension
causes a persistent 0.6% increase in yearly maximum NDVI.

Our analysis of environmental impacts of conservation agriculture focuses on air quality. Recent
research has shown that no-till agriculture adoption is associated with reduced fine particulate
matter concentration during periods in the year when tillage would take place (Behrer and Lobell,
2022). Conservation agriculture is also generally incompatible with crop residue burning, which has
been associated with worse birth outcomes (Rangel and Vogl, 2019), increased infant and general
mortality (Pullabhotla et al., 2023; He et al., 2020), and reduced cognitive performance (Graff Zivin
et al., 2020; Lai et al., 2022).

To establish an estimate of the value of environmental benefits generated by conservation agri-
culture, we analyze the effects of its diffusion on PM;( concentration and infant mortality in nearby
urban localities, geographic units roughly comparable to census block groups in the United States.
Our research design combines information on the timing and location of conservation agriculture
adoption with exogenous wind variation to causally identify the effect of diffusion on air quality and
the number of infant deaths. Intuitively, the design uses deviations from wind patterns to isolate
variation in exposure to conservation agriculture, with localities downwind from many plots that
adopted conservation agriculture more exposed than when the wind blows in other directions.

We find that adoption of conservation agriculture in a 0.1° x 0.1° grid cell leads to a 1.3%
reduction in PM;o concentration in downwind localities during the main maize planting and harvest
months. These improvements in air quality translate into meaningful health improvements. Our
estimates suggest that a locality with mean downwind exposure to conservation agriculture in 2019
experienced a 7% reduction in the number of monthly infant deaths as a result of improved air
quality. Using the value of statistical life in Mexico calculated by de Lima (2020) of $211,406 in

2011 USD, this method estimates 11,421.48 estimated deaths averted at a value of $2,414,569,323,



over 31 times the program’s cost of implementation.

Finally, we explore one of the potential channels for these environmental benefits: agricultural
burning. To do so, we combine satellite imagery-derived measures of burning with our measures
of conservation agriculture adoption and use two methods to estimate the effects of adoption on
agricultural burning. First, we use the imputation event study estimator developed by Borusyak
et al. (2021) to assess pre-trends and analyze dynamic treatment effects, finding a slight reduction
in monthly agricultural burning that is highly concentrated in the maize planting and harvest
months. Second, we use a spatial fixed effects design to allow for very local heterogeneous time
trends. Our preferred estimates suggest that the introduction of extension services to 0.1° x 0.1°
grid-cells resulted in 10-20% reductions in the number of agricultural fires in a grid-cell as measured
by satellite imagery during the pre-planting and post-harvest months.

This paper’s main contribution is in providing a causal estimate of the value of an environ-
mental benefit due to conservation agriculture, a topic which has seen limited causal social science
research to begin with. In a 2014 review, Pannell et al. (2014) noted that there was little exper-
imental or quasi-experimental evidence of the impacts of conservation agriculture for small-holder
farmers in developing countries. Tambo and Mockshell (2018) employ a propensity score matching
approach and find that farmers from nine sub-Saharan African countries who adopt conservation
have higher total household income. Deines et al. (2019) estimate a small positive yield benefit of
conservation tillage in the US corn belt using the causal forest estimator on remote sensed mea-
sures of productivity and adoption. Michler et al. (2019) make headway on causal identification by
instrumenting for conservation agriculture adoption with a geographically targeted input subsidy
program in Zimbabwe. They find that effects on yields are typically negligible, or even negative,
except in the presence of exceptional rainfall shocks. A small experimental literature has studied
particular interventions intended to boost adoption of similar technologies (Kondylis et al., 2017;

Beaman et al., 2021; Ward et al., 2021).



1 Background

1.1 Conservation Agriculture

Conservation agriculture — characterized by minimal tillage, constant soil cover, and crop rotation
— is the world’s most widely employed sustainable agriculture production technique, employed on
about 12.5% of global cropland as of 2016 (Pretty et al., 2018; Kassam et al., 2019). Conservation
agriculture has been promoted as a strategy to both improve agricultural productivity and increase
sustainability (Hobbs, 2007). Minimal tillage and soil cover, often achieved through the retention
of crop residues, help to increase the biological and moisture content of soil and prevent erosion,
while crop rotation is often used as a pest management strategy in the absence of tillage. The
techniques at the foundation of conservation agriculture were initially developed to mitigate the
soil degradation experienced by dust bowl farmers in the United States (Friedrich et al., 2017).
However, it was not until the 1970s that adoption of conservation agriculture practices began in
earnest in the United States and around the world.

The rapid adoption of conservation agriculture in the 1970s led to a rush of scientific evaluation.
The primary purported benefits of conservation agriculture, reduction of soil erosion, allowance for
agricultural production on a wider variety of terrains, reduction of energy and water input needs,
and reduction of surface water contamination, have all been found to be valid in experiments and
case studies (Phillips et al., 1980). Other potential benefits that have been identified include in-
creased yields, reduced labor requirements, and carbon sequestration. However, the effectiveness of
conservation agriculture in providing these particular benefits has been contested (See e.g. Powlson
et al. 2014). In particular, the yield benefits of conservation agriculture have been found to vary
substantially among agro-ecological conditions and to be near zero on average (Pittelkow et al.,
2015). However, most of the available evidence on the benefits of conservation agriculture to date
comes from experimental work at research stations or observational work lacking credible causal

inference.



1.2 CIMMYT and MasAgro

We study a portfolio of extension services provided throughout Mexico that receive methodologi-
cal and technical backing from CIMMYT through its integrated development programs. In 2007,
CIMMYT began to form a plan for 12 regional hubs of agri-food system innovation (Camacho-Villa
et al., 2016). These hubs are designed to allow for iterative development of sustainable agriculture
techniques and technologies tailored to a specific region. Researchers experimentally evaluate po-
tential techniques in controlled and farmer-participatory experiments. The most successful of these
techniques are conveyed through a network of extension technicians to farmers whose feedback and
performance data are collected by the technicians to guide further research (Hellin and Camacho,
2017).

In 2010, the Mexican government’s Secretaria de Agricultura, Ganaderia, Desarrollo Rural,
Pesca y Alimentaria (SAGARPA)? and CIMMYT entered into a partnership with the goal of
improving agricultural productivity in Mexico and developing resilience to predicted effects of cli-
mate change. SAGARPA substantially increased the funding allocated to the agri-food innovation
project, now named MasAgro, in 2012 leading to a subsequent acceleration in its development.

The elements of a CIMMYT hub are divided into four categories: research platforms, mod-
ules, extension areas, and impact areas. Research platforms experimentally evaluate production
techniques and technologies in order to identify profitable prescriptions for farmers facing a given
environment. These experimental plots are typically operated by academic institutions or other
agricultural research organizations. Modules are typically set up as side-by-side plots on which a
farmer working with an extension technician employs the best practices identified by the research
platform network on one plot and conventional practices on the other. Modules allow farmers’
knowledge to be integrated with scientific findings from the research platforms to further evaluate
agricultural innovation in their context. Extension areas are plots on which a farmer works with a
technician to implement some of the practices as developed and fine-tuned in local modules. Impact
areas are plots that are known to have adopted techniques or technologies that are locally promoted

on modules or extension areas.

2The name of SAGARPA was changed in 2018 to Secretaria de Agricultura y Desarrollo Rural (SADER).



In order to promote the diffusion of knowledge from research platforms to farmers, as well as
to facilitate the incorporation of feedback from farmers into the studies performed at the research
platforms, CIMMYT forms partnerships with many private and public extension providers. In
addition, CIMMYT hires a relatively small number of technicians who also provide training to
other affiliated technicians. While many locations we consider treated in this study previously had
agricultural extension in some form, CIMMY T-integration provides technicians with training and
knowledge previously unavailable to them. In particular, the sustainable agriculture practices honed
at research platforms tend to be relatively new to technicians and farmers. Furthermore, there is
evidence that the components of conservation agriculture produce significantly greater yields when
used in conjunction than when adopted individually (Pittelkow et al., 2015). Given their novelty,
it seems unlikely that these practices would diffuse to these locations in the absence of CIMMYT
integration.

Due to the logistic difficulties of establishing a hub, such as securing additional funding and
forming partnerships with local research and extension organizations, their development has been
staggered. Hubs that were developed earlier operate in regions where CIMMY T was relatively active
and already had strong partnerships. As such, the timing of adoption of conservation agriculture
techniques is determined, to some extent, by CIMMYT’s operations prior to the beginning of
MasAgro. However, there is substantial variation in adoption timing within hubs. For example,
a number of modules or extension areas may be set up prior to the formal establishment of a
hub to facilitate partnership formation and new partnerships with extension providers may induce
diffusion in areas within a hub that saw no prior adoption. This is the variation we leverage, along
with other exogenous variation such as changes in wind direction, to causally identify the effects of

conservation agriculture adoption.



2 Data

2.1 Extension Service Data

All CIMMYT-affiliated extension services record data in CIMMYT’s administrative extension
database, the Bitdcora Electrénica MasAgro (BEM). Data from modules and extension areas are
recorded about twice each season while plots are receiving extension services and include details re-
garding plot characteristics, inputs used, output produced, prices faced, and technologies adopted,
along with latitude and longitude of the centroid of the plot. Technicians who learn of other plots
on which the technologies they promote are being applied record the data from the plot as an
impact area once, including some very basic data on technologies adopted and the plot’s centroid.
Importantly, the BEM contains the year in which a technician records the impact area, rather than
the year of adoption, meaning impact areas may have adopted technologies prior to their appear-
ance in the data. Similarly, technicians do not record data in locations in which they are no longer
operating, meaning that the diffusion process may continue without measurement in the BEM.
The BEM contains data on 242,655 plots recorded between 2012 and 2019. Of these, 10,638
are modules, 47,789 are extension areas, and 184,228 are impact areas. The share of plots in
each category adopting each of the major promoted technologies is given in table A.2. Notably,
conservation agriculture is the most widely adopted technology, employed by nearly a third of
all plots recorded in the BEM. Other popular technologies include improved output storage and

improved varieties, both adopted by more than a quarter of all impact areas.

2.2 Landsat Satellite Imagery Measures

To get a better sense of conservation agriculture adoption beyond what is recorded in the BEM
we turn to satellite imagery. In particular the yearly minimum normalized difference tillage index
(NDTI) has be very strongly positively correlated with crop residue cover, a practice indicative of

conservation agriculture adoption (Zheng et al., 2012). NDTI is calculated as

SWIR1 — SWIR2
SWIR1 + SWIR?2

NDTI =



where SWIR1 and SWIR2 correspond to a shorter and longer wavelength shortwave infrared
band?.

For every year 2001-2020 we process all available Landsat 5, 7, and 8 imagery covering Mexico to
mask clouds and apply relevant radiance calibrations. We restrict attention to pixels on agricultural
land using the Uso del Suelo IV dataset produced by INEGI, Mexico’s national statistical agency.
We then calculate NDTT in the unmasked portion of each image and take the pixel-level minimum.
Finally, we average these pixel values within each grid cell to obtain our measure of NDTI.

We also measure agricultural productivity using yearly maximum normalized difference vege-
tation index (NDVI). NDVI is a satellite imagery-derived measure that is strongly correlated with
agricultural productivity and has been used as a proxy in previous economics research. NDVT is

defined as

NIR — Red

NDVI] = —————
v NIR+ Red

where NIR refers to the near infrared band and Red refers to the red band. We calculate yearly

maximum NDVI using an analogous procedure to that used to calculate NDTI.

2.3 Locality Sample and Outcomes

To assess impacts of conservation agriculture diffusion on infant mortality outcomes we use a sample
of localities, which are small populated areas roughly analogous to census block groups in the United
States. We form our sample of localities from those that existed in the 2000 census. We focus on
urban localities because the most populous localities have small agricultural employment shares,
suggesting direct effects of extension on infant deaths will be minimal. According to the 2010
Encuesta Nacional de Ocupacion y Empleo, less than 3% of the population in localities with a
population of at least 15,000 were primarily employed in agriculture. As such, any direct benefits
of conservation agriculture adoption for farmers, such as greater profits or more available food,

should not influence infant mortality in this sample.

3For example, the Landsat 5 Thematic Mapper’s sensor captures shortwave infrared at 1.55-1.75um (SWIR1) and
2.08-2.35um (SWIR2).



For the first step of our sample construction we find the set of urban localities that had a
population of at least 15,000 in 2010. Because localities tend to split over time, we find the set
of localities from the 2000 census that contain the first set. Our final sample, shown in figure 1,
consists of the 492 localities that existed in 2000, contain an urban locality that had a population
of at least 15,000 in 2010, and have available death data.

Figure 1: Locality Sample

Notes: Map of localities included in sample. Borders defined according to 2000 Census.

Air Quality
To analyze effects of conservation agriculture diffusion on air quality outcomes, we combine two data

sets?. First, we utilize air quality data from National Air Quality Information System (SINAICA)

4We considered using the ground-level PMz 5 estimates developed by van Donkelaar et al. (2021), which combine
AOD measurements from multiple sensors with a model of chemical transport which is calibrated to approximate
ground-based sensor measurements, as an outcome. However, if the predictions suffer from Berkson error, which is
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monitor stations. SINAICA stations tend to be located in larger cities; only 74 of the localities in
our sample contain a station. These monitors provide measurements of PMg, along with a number
of other pollutants and weather variables. Measurements are taken hourly, though missing values
are fairly common and stations come in and out of service over the course of the study period. We
form an unbalanced locality xmonth-level panel of PM;( by first filtering values greater than 600
pg/m? based on the recommendation from SINAICA, then aggregating first to the stationxday by
taking the maximum, then to station xmonth and locality xmonth by taking means.

Second, we calculate monthly mean aerosol optical depth (AOD) as measured by the Moder-
ate Resolution Imaging Spectroradiometer (MODIS) aboard NASA’s Terra and Aqua satellites.
MODIS data are available daily beginning in February 2000. AOD is a measure of the amount of
light diffused between the top of the atmosphere and the surface of the Earth, and has been used in
previous studies as a proxy for particulate matter concentration (Zou, 2021; Gendron-Carrier et al.,
2022). The main advantage of AOD over air pollution monitor data is spatial coverage. While on
a given day, AOD can only be calculated for a relatively small number of 1kmx1km pixels, we find

that in practice very few locality xmonths have no observations at all.

Infant Deaths

We calculate the number of infant deaths in each locality using publicly available administrative
data on all recorded deaths in Mexico from INEGI. To do so, we map the locality of residence listed
in the data to its corresponding locality in 2000. We then take the sum of deaths of individuals who
were aged less than one year old at the time of death in each locality-month to construct our panel.
We also construct a mortality rate by dividing the number of deaths by the living population under
one year old at the beginning of the period. Unfortunately, locality information only appear in the
publicly available birth data starting in 2013. As such, we limit analyses using infant mortality rate

to 2014 and later.

typical of values fitted from a regression, this would tend to attenuate coefficient estimates (Ratledge et al., 2022).
Indeed, we document that Berkson error does appear to be present empirically. The slope of the relationship between
predicted and observed PMs 5 is significantly less than one and the range of predicted values is only about 13% of
that of observed values. As expected, estimates using the van Donkelaar et al. (2021) data as outcomes are generally
close to zero. Given these results, we focus on observed PMg and AOD.
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2.4 Wind Data

We determine the daily wind direction in each grid-cell using the ERA5 Reanalysis, which combines
data from on-the-ground weather stations with a general climate model to produce daily estimates
of a number of weather variables at a 0.25° x 0.25° resolution (Hersbach et al., 2020). Wind data
from ERAS are represented as u- and v-components at 10m height, which correspond to west-to-east

and south-to-north components of the wind direction vector.

2.5 Agricultural Burning Data

To construct measures of agricultural burning within cells, we use satellite imagery from MODIS.
In particular, we utilize the Thermal Anomalies and Fire Version 6 Daily product (MOD14A1),
which classifies 1 km x 1 km pixels as containing active fires or not based on measured radiance
in the 4-, 11-, and 12-pm channels of MODIS imagery while masking non-land pixels (Giglio et al.,
2016). While in principle the cause of a given fire cannot be determined in the MODIS active fire
data, we label fires “agricultural” if they occur over land marked as used in agriculture, pasture, or
forestry in the Uso del Suelo IV dataset.

We aggregate these data to the grid-cell xmonth-level by summing the number of active fire pixels
contained within the cell. As such, this measure specifically records the number of agricultural fire
pixels, and may underestimate the number of agricultural fires if there are multiple at the same
time within a single 1 kmx1 km pixel®. For brevity, we refer to this measure as “agricultural fires.”
In robustness checks we also sum the confidence score assigned by the fire detection algorithm to
down-weight relatively uncertain fires.

Figure 2 shows the monthly total number of agricultural fires for grid cells containing at least
one plot ever observed in the BEM in each of the years before the introduction of MasAgro. There is
strong seasonality in agricultural burning. In general, burning occurs November through June, the
period between when maize is generally harvested and planted, with a prominent peak in May. As

may be expected, burning plummets during the core of the growing season (July through October).

5This measure may also overestimate the number of fires if a single fire spans multiple pixels, although it is very
rare to find contiguous fire pixels on the same day in the data.
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Figure 2: Cell-Level Burning Seasonality
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Notes: This figure displays distribution of annual agricultural fires between 2002 and 2011 by month.

However, there is heterogeneity in the timing of burning over space, as shown by figure A.1. Fires
are also fairly concentrated geographically, as evidenced by figure 3. Most cells average less than
one agricultural fire per year, but a small number experience dozens or even hundreds of fires in an

average year.

3 Diffusion of Conservation Agriculture

We build the diffusion measures used in this study on a grid of 0.1° x 0.1° cells® covering the extent
of Mexico. This size was chosen to capture the spatial heterogeneity in the roll-out of extension
services while yielding a manageable number of cells.

We consider two measures of the extent of conservation agriculture diffusion. The first and more

60.1° is approximately 11 Km.
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Figure 3: Cell-Level Burning Prevalence
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Notes: Each 0.1° x 0.1° is colored according to its mean number of agricultural fire pixels. Means are constructed
using data from 2001-2011. Grey pixels have no agricultural fires between 2001 and 2011.

coarse measure is whether or not a cell contains any plot that has appeared in the BEM and is
recorded as adopting conservation agriculture. To facilitate brevity later on, we introduce notation
to define our measures. Let f(i) denote the first year that plot ¢ appears in the BEM as having
adopted conservation agriculture”. We define BEM, = 1{3>",.. 1{t > f(i)} > 0}, an indicator for
cell ¢ containing at least one plot in the BEM that has adopted conservation agriculture by year ¢.
It will also be useful to keep track of the set of cells that see any conservation agriculture adoption.
To this end, we define FEver.; = 1{23212%12 BEM,; > 0}, an indicator for the cell containing a plot
that ever appears in the BEM as having adopted conservation agriculture.

Figure 4 shows the resulting grid of year assignments. Note that there is substantial heterogene-

7Only the year and agricultural cycle (spring-summer or autumn-winter) is recorded. As such, we simply assign
treatment at the year level, rather than a finer temporal scale.
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ity in treatment timing even over small areas. This variation will be combined with wind direction
to identify the causal effect of conservation agriculture adoption on locality level outcomes. It will
also serve as the basis for an event study exploring the effects of conservation agriculture adoption
on our mechanism of interest, agricultural burning.

The second diffusion measure incorporates information on the area of plots. Let area(i) be the
area of plot i. We define BEM Areac; = ;.. 1{t > f(i)} x area(i), the area of plots in the BEM

that have adopted conservation agriculture.

Figure 4: Cell Treatment Timing

Notes: 0.1° x 0.1° grid cells colored by the first year a plot within their extent received CIMMY T-affiliated extension
services. Gray cells did not receive extension between 2012 and 2019.

To measure diffusion at the locality level, we assign grid cells within 50km of a locality’s centroid
to that locality. In particular, for a locality I, we define N (1) to be the set of grid cells within 50km of
I’s centroid and construct the variables Near BEM;; = ZceN(l) BEM,.; and Near BEM Area;; =

D oee ~n@ BEM Areact. Note that any given cell can be assigned to multiple localities.
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Because data recorded in the BEM is limited to locations where extension technicians are cur-
rently operating it may not capture the full extent of conservation agriculture diffusion. The dif-
fusion process may continue after technicians leave an area or end their affiliation with CIMMYT.
Similarly, conservation agriculture may diffuse to a location prior to the arrival of extension and
only be recorded later. To get a sense of how our diffusion measures correspond to the level of
conservation agriculture adoption we turn to our panel of NDTI observations.

To estimate the effects of conservation agriculture adoption on NDTI we employ an event study
design. Due to noted issues with two-way fixed effect (TWFE) estimators (Goodman-Bacon, 2021;
Sun and Abraham, 2021), we implement the imputation estimation procedure outlined by Borusyak
et al. (2021). We posit a model of the untreated potential outcome for cell i located in state s() in
year t

NDTI(O)” = w; + 5s(i)t + F/Xit + &4t (1)

which is estimated using observed outcomes for cells that have not yet received extension, or never
do. Xj; is a vector of controls, namely total precipitation and average temperature for each month of
the year. We then predict untreated potential outcomes and estimate observation-specific treatment

effects for cells that have received extension as 7,3 = NDTI(1);; — NDTI(0);;. Dynamic treatment

effects are estimated as

k_ 1 Tit
= [{it : t — f(i) = k}| it:t_fz(:i):k ! .

where f(i) denotes the first year that plot ¢ appears in the BEM as having adopted conservation
agriculture. As shown by Borusyak et al. (2021), this estimator is consistent even under staggered
treatment roll-out and unrestricted treatment effect heterogeneity, which is not the case for the
TWFE estimator.

To analyze pre-trends, we augment equation (1) with pre-treatment event time indicators, omit-

ting the 10 years pre-treatment indicator as it is the first pre-treatment indicator shared by all
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Figure 5: Effect of MasAgro on Conservation Tillage
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Notes: This figure shows the effect of conservation agriculture adoption on NDTI. The sample is composed of 8,300
grid cells with at least 5% agricultural land coverage observed for each year 2002-2019 to produce a dataset of 149,400
observations. The are 119 observations with missing NDTI measurement due limited imagery availability. The x-axis
denotes the number of years since conservation agriculture adoption in the grid cell, with negative values indicating
years prior to adoption. Pre-trends, shown in green, are estimated using the specification given by equation (3)
and 95% confidence intervals are constructed from standard errors clustered at the grid cell level. Post-treatment
estimates, shown in orange, are calculated according to equation (2) and 95% confidence intervals are constructed
from conservative estimates of standard errors clustered at the grid cell level following Borusyak et al. (2021). The

orange bar in the post-period is the difference-in-differences estimate and its 95% confidence interval is given by the
orange shaded rectangle.

ever-treated cells. The pre-trend specification is given by

NDTI(0)ir = o + Gyiipe + »_ Bel{t — f(i) = k} + "Xt + Eime (3)
keQpre
where QP"¢ = {-18,-17,...,—11,—-9, -8, ..., —1}.

Figure 5 displays the event study estimation results. Reassuringly, most pretrend coefficient
estimates are relatively small in magnitude and statistically insignificant. There is a statistically
significant increase two years before the arrival of MasAgro, though the following year sees a sub-
sequent decrease and the effect is no longer statistically significant. In the year of conservation

adoption as measured by the BEM there is a large and statistically significant increase in NDTT of
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0.0029, or about 2% of the mean. Subsequent years see further increases, leveling off three years
after conservation agriculture adoption. Based on the linear relationship estimated by Zheng et al.
(2012), the difference-in-difference estimate suggests that crop residue cover increases by 2.8% after
conservation agriculture adoption is recorded in the BEM.

These results demonstrate that conservation agriculture adoption as recorded by the BEM
corresponds to a discrete increase in NDTI, a proxy for crop residue cover and conservation tillage
that is observable in satellite imagery. The diffusion process appears to continue up to three years
after the arrival of MasAgro extension. The lack of notable pre-trends lends credibility to the

interpretation that conservation agriculture adoption causes the increase in NDTT.

4 Economic Impacts of Conservation Agriculture Adoption

4.1 Profits

We first explore farmer profits by analyzing the BEM data for modules. Recall that modules consist
of a business-as-usual plot and a plot operated by the same farmer that employs technologies
suggested by an extension technician. While it is unlikely that there is no selection into which
modules employ conservation agriculture, we suspect there is minimal selection into which plot
employs the MasAgro technologies, although it was not explicitly randomized.

We assess the profitability of plots employing conservation agriculture and other promoted
technologies to the business-as-usual plots by comparing the empirical cumulative density functions
for profits per hectare, plotted in figure 6. Extension plots have greater profits at almost every point
in the distribution and a Kolmogorov-Smirnov test supports the hypothesis that extension plots first
order stochastically dominate conventional plots at the 1% level for plots that employ conservation
agriculture. The first order stochastic dominance test statistic is not significant for non-conservation
agriculture technologies, but this appears to be driven by the tails of the distribution. As such, all
MasAgro technologies seem to be substantial improvements over the status quo in terms of farmers’
profits.

We also perform a simple test of the relative profitability of extension plots that do and do not
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Figure 6: Profit Distribution by Technology
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Notes: Plot-level empirical cumulative density functions of profit per hectare by treatment status and technologies
adopted. P-values reported are for a Kolmogorov-Smirnov test of the null hypothesis that the Extension distribution
does not first order stochastically dominate the Conventional distribution.

employ conservation agriculture with the following regression.
profityp = ayp + BEExtensionp + BCAEsctensionp x CAf +ep (4)

In equation (4), p indexes plots, f indexes modules (or equivalently, producers), ¢ indexes years,
Extension is an indicator for the plot employing MasAgro-promoted technologies, and C'A is an
indicator for conservation agriculture being employed on the module’s extension plot. We Win-
sorize the top and bottom 2.5% of profit observations because of the presence of implausibly large
magnitudes.

Estimates of equation (4) are shown in Table 1. Our estimate of 3F is 1,738 pesos per hectare,
or 0.41 in logs, and is statistically significant at the 1% level, reinforcing the finding above that
extension plots are more profitable. Our estimate of 34 is 585 pesos, and is also significant at the

1% level, implying that farmers who employ conservation agriculture earn more than farmers who
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Table 1: Effects Conservation Agriculture on Profits

Outcome Profit/ha log(Profit/ha)
(1) 2)
Extension 1737.7 0.407
(58.8) (0.012)
[<0.01] [<0.01]
Extension x CA Module 584.8 0.020
(111.3) (0.022)
[<0.01] [0.36]
Observations 24098 17700

Notes: Profits are top and bottom Winsorized at 2.5%. All regressions
include field fixed effects. Standard errors clustered at the producer-
level are in parentheses. P-values are in brackets.

do not. The magnitude of the effect is also substantial, our estimates suggest that conservation
agriculture plots earn about 33% greater profits than plots employing other technologies promoted
by extension. However, when we use log profit per hectare as the outcome we estimate a very small
and statistically insignificant 34. This difference in results may be due to the sample restriction to
plots with positive profits. Together, these results suggest that MasAgro technologies substantially
increase the profits earned by farmers, and that at worst conservation agriculture does not appear

to lower profitability.

4.2 Agricultural Productivity

While the profit analysis above suggests that conservation agriculture is profitable in the short
run, it cannot speak to longer term effects on agricultural productivity. To that end we turn to
our NDVI dataset, which allows us to observe a continuous time series of proxy for agricultural
productivity.

We implement the same imputation event study estimator as was used in the previous section
to study the effects of conservation agriculture adoption on NDVI. The results of this estimation
procedure are shown in figure 7. Pre-trend estimates are generally close to 0 and statistically

insignificant. There does appear to be a slight anticipation effect in the year prior to conservation
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Figure 7: Event Study of the Effects of Conservation Agriculture on Agricultural Productivity

0.010+

0.005{ | !

NDVI
lo———
—o0—

0.000 B i TT T -

-0.005+

-18-17-16-15-14-13-12-11-10-9 -8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7
Years Since Conservation Agriculture Adoption

Notes: This figure shows the effect of conservation agriculture adoption on NDVI. The sample is composed of 8,300
grid cells with at least 5% agricultural land use observed for each year 2002-2019 to produce a dataset of 149,400
observations. The are 119 observations with missing NDVI measurement due limited imagery availability. The x-axis
denotes the number of years since conservation agriculture adoption in the grid cell, with negative values indicating
years prior to adoption. Pre-trends, shown in green, are estimated using the specification given by equation (3)
and 95% confidence intervals are constructed from standard errors clustered at the grid cell level. Post-treatment
estimates, shown in orange, are calculated according to equation (2) and 95% confidence intervals are constructed
from conservative estimates of standard errors clustered at the grid cell level following Borusyak et al. (2021). The
orange bar in the post-period is the difference-in-differences estimate and its 95% confidence interval is given by the
orange shaded rectangle.

21



agriculture adoption. This may occur because some cells adopt other promoted technologies prior
to adopting conservation agriculture.

There is a notable increase in NDVT after conservation agriculture adoption however. All post-
adoption estimates are positive and range from 0.002-0.006, or 0.3-0.9% of the pre-2012 mean NDVI.
Estimates for the year of adoption and six following years are all statistically significant at the 5%
level. While the estimates for the seventh year after adoption is not statistically significant this may
be due to limited statistical power given the relatively small sample the estimate is identified from.
The difference-in-difference estimate suggests that NDVI increases by about 0.6% of the pre-2012
mean after the adoption of conservation agriculture.

The results on NDVI suggest that conservation agriculture adoption leads to an increase in
agricultural productivity. Furthermore, this increase is persistent, with estimates out to five years
post-adoption of similar magnitude and statistically significant. The large economic benefits of
conservation agriculture adoption suggest that a market friction, most likely imperfect information,

inhibits adoption prior to the arrival of extension.

5 Effects of Conservation Agriculture Diffusion on Urban

Air Pollution and Infant Mortality

Our identification strategy relies on exogenous changes in exposure to conservation agriculture due
to wind variation. For a given locality, we consider the set of cells within 50 km. The locality
is designated “downwind” from a grid cell on a given day if the locality’s centroid is within the
45° cone with vertex at the cell’s centroid pointing in the direction of the wind vector in the cell®.
Figure 8 shows this visually, with the smaller locality in the bottom-left being “downwind” from
the white cell. This measure is based on the direction of the wind in the location of emission, rather
than the location of outcome measurement as is typical, which may reduce measurement error. The

indicator for “downwind” is interacted with BEM_.; and the sum is taken over cell xdays associated

8More explicitly, if 6 represents the angle between the vector pointing from the cell’s centroid to the locality’s
centroid and the vector pointing from the cell’s centroid in the wind direction then a locality is downwind if cos(6) >
cos(m/8).
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Figure 8: Hlustration of “Downwind” Definition

Upwind

Downwind

Notes: This figure illustrates how localities, shown in black, are determined to be downwind from a cell. The white
grid lines correspond to cell boundaries. The arrow points in the direction of the prevailing wind direction in the
white cell. The green cone extending in the direction of the wind vector is “downwind,” while the purple cone
extending in the opposite direction is “upwind.” The small locality just below the white cell is “downwind”, while
the large locality to the right is “lateral” to the white cell.

with the locality xmonth. Finally, we normalize this sum by the total number of days to make a
measure of downwind locality-months.
Concretely, let Downwindegm: indicate that locality [ is downwind of cell ¢ on day d of month

m of year t. The measure described above is defined as

1
Downwind BEMj, = ———— Z Z Downwind.gm: X Near BEM,;

‘{d < m}‘ ceN(l)dem

A value of 1 for this measure means that on an average day in the month the locality’s centroid
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was downwind from one grid-cell within 50km containing at least one plot that has adopted con-
servation agriculture. Similar measures are constructed for the locality being upwind from cells
and being neither upwind nor downwind (which we refer to as “lateral”), as well as using the area-
based diffusion measure and the indicator for a cell containing a plot that ever adopts conservation
agriculture.

Our first specification is inspired by the one utilized by Rangel and Vogl (2019) to measure
the effects of agricultural burning on birth outcomes. We compare the effect of a locality being
downwind from cells which contain a plot that has adopted conservation agriculture before and

after adoption. In particular, we estimate

Yitm = aym + 01 + fDownwind BE My, + v1 Near BEMy; + vo Downwind Everyy, + €ppm (D)

where Y is a measure of air quality or infant mortality rate and Downwind BEM is defined
above. Locality xmonth («;,,,) and year (d;) fixed effects are included to isolate plausibly exogenous
variation due to wind realizations. When the number of infant deaths is used as an outcome we
estimate an analogous Poisson regression with an exponential link function given that the outcome
is a count variable with many zeros and a long right tail and improvements in air quality likely
cause reductions in the number of infant deaths proportional to population.

Controlling for the number of cells within 50km that have adopted conservation agriculture,
Near BE M, is important because localities with greater conservation agriculture adoption nearby
may be on different trends than localities with less nearby adoption. Put in the language of
design-based inference, we need to condition on the number of cells that have adopted conservation
agriculture to isolate exogenous variation in the number of those cells the locality is downwind from.

Including the number of cells within 50km that ever adopt conservation agriculture that the
locality is downwind from, Downwind Every,,, allows cells that adopt conservation agriculture
to differentially affect the outcome. Omitting this control may induce omitted variable bias if,
for example, cells that adopt conservation agriculture have higher baseline levels of agricultural

burning, which is empirically true. Heuristically, the specification in equation (5) compares the
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effect of being downwind from a cell that adopts conservation agriculture before adoption to after
adoption.
To explore seasonality in these effects, we estimate a similar specification in which the effects of

cells are allowed to vary by month of year

12
Yitm:alm“i’at‘i’zl{m:n}x[

n=1

Bzow"Downwind BE M+
YoP Downwind Everi,,|+

~™" Near BEM;; + €14m.- (6)

Because the independent variable of interest is measured on a 50km radius around localities’
centroids, it is especially important to account for spatial autocorrelation when conducting sta-
tistical inference. To this end, we default to using heteroskedasticity and autocorrelation robust
standard errors with a 100km uniform spatial kernel (Conley, 1999). This will tend to produce
more conservative standard error estimates than clustering at the locality level.

Table 2 presents the estimated coefficients of equation (5). Notably, Downwind BEM has a
negative effect on both PM;y and the number of infant deaths. A locality spending one month
downwind from one additional cell containing a plot that has adopted conservation agriculture
is estimated to reduce PMig concentration by 1.3%, aerosol optical depth by 0.895, or about
4.96% of the mean. The difference in relative magnitudes of these estimates may be because
SINAICA monitors are mostly located in larger cities, where a smaller share of air pollution may
be attributable to distant agricultural sources.

Air quality improvements generated by conservation agriculture diffusion appear to translate
into sizeable reductions in infant mortality. A one unit increase in Downwind BEM reduces the
number of infant deaths by 1.29% and the infant mortality rate by 21.3 deaths per 10,000 living.
These effects are large, though not out of line with past research. Arceo et al. (2016) estimate that

a 1 pg/m3 increase in weekly PMio concentration increases infant mortality by 2.31 deaths per
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100,000 living in Mexico City. We estimate that a one unit increase in Downwind BEM causes
a 1.3% decrease in monthly mean PMjy concentration, which corresponds to about 1.5 ug/m3.
Given the estimates of Arceo et al. (2016), this would imply an increase of about 13.9 infant deaths
per 100,000 living, about two-thirds of the effect we estimate. However, we cannot reject the null
hypothesis that our estimates are the same®.

We also run a placebo version of equation (5) using Upwind BEM in place of Downwind BEM
and Upwind Fver in place of Downwind Ever. Reassuringly, the resulting coefficient estimates for
Upwind BEM are comparatively small in magnitude (except in the case of PMjy), of the opposite
sign, and not statistically significant at conventional levels. This suggests that the wind variation
is capturing meaningful variation in the transport of air pollution. The placebo test also suggests
that our results are not due solely to localities with greater conservation adoption potentially being
selected on more rapidly improving air quality. Rather, the differences in estimates depending on
the wind direction analyzed are indicative of greater exposure to conservation agriculture causing
improvements in air quality and, subsequently, infant health.

Panel B of Table 2 presents estimates using BEM Area as the diffusion measure. Results are
qualitatively similar, though less precisely estimated. Notably, the estimated effects on PM;y and
infant mortality rate are no longer statistically significant. When using Upwind BEM Area as
the diffusion measure the estimated coefficients are again generally insignificant. This may be due
to the limited capacity of technicians to observe and record all adoption, especially after outreach
ceases in an area. Given that the total area cultivated under conservation agriculture is likely noisily
measured, it is perhaps unsurprising that precision suffers.

We next explore the seasonality of the effects of Downwind BEM on PM;jg concentration
and infant deaths. Panel A of Figure 9 shows that there are relatively large reductions in PM;g
concentration during the months of March through June, and October. All of those months’
estimated coefficients are on the order of a 2% reduction and statistically significant at the 5% level,

except May, which is significant at the 10% level. This pattern of effects generally corresponds to

9We also estimate an analogous IV and obtain a point estimate of -454.75 which is statistically significant at the
10% level, though the first stage F-statistic is quite low at 2.05. Again, we cannot reject that this is different from the
estimate of Arceo et al. (2016), though these results should be interpreted with caution given the lack of statistical
precision.
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Table 2: Effects of Conservation Agriculture Diffusion on Infant Deaths by Wind Direction

Outcome log(PM19) AOD  Infant Deaths Infant Mortality
(%) Rate
(1) (2) 3) (4)

Panel A: BEM

Downwind -0.013 -0.895 -1.286 -21.352
(0.006)  (0.307) (0.311) (8.911)
0.02]  [<0.01] [<0.01] [0.02]

Upwind 0.023 0.429 0.264 5.326
(0.018)  (0.319) (0.749) (6.978)
[0.20] [0.18] 0.72] [0.45]

Panel B: BEM Area

Downwind -0.002 -0.424 -0.921 -1.472
(0.008) (0.121) (0.233) (2.230)

[0.76] [<0.01] [<0.01] [0.51]

Upwind 0.029 0.138 -0.047 -0.999
(0.022) (0.086) (0.423) (2.624)

[0.20] [0.11] [0.91] [0.70]
Mean Outcome 4.623 257.741 277.874 198.416
Observations 8929 87675 106200 21495

Note: Each coefficient and standard error estimate corresponds to a separate esti-
mation of a variant of equation (5). PMjg is available for localities with SINAICA
stations and is an unbalanced panel. AOD is also an unbalanced panel, with
missing observations for locality-months where no cloud-fee images are available.
Coefficients in the Infant Deaths column are estimated via Poisson regression. In-
fant Mortality Rate is in deaths per 10,000 living and is only available from 2013
onward. Conley (1999) standard errors with a uniform spatial kernel of 100km in
parentheses.
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what we would expect given that conservation agriculture is likely to reduce air pollution during
periods of land management. June is at the end of planting period for the spring-summer maize
cycle and October is at the beginning of the harvest period.

Infant mortality does not display the same seasonality. Rather, reductions in infant mortality are
consistently experienced throughout the year. Other than the estimated coefficient for May, which
is significant at the 10% level, all effects are significant at the 1% level and range from about 1-2.5%
reductions in the number of infant deaths. The largest reductions are seen in December through
February. This pattern of results may be due to temporal autocorrelation in Downwind BEM
leading to the estimated coefficients incorporating the effects of improvements in air quality in
previous months. For example, the estimate for December may be especially large in magnitude
thanks to the reductions in PM;( in October. Results using hectares of plots that have adopted
conservation agriculture as the diffusion measure are qualitatively similar, but less precise (see
Figure A.4).

We test this hypothesis of autocorrelation using a collection of specifications which include
temporal lags of Downwind BEM. These results are shown in Appendix Table A.5. We find that
across all specifications, effects are concentrated on the month before observing the infant mortality
outcome. There is also some evidence of an effect from the fifth month prior to observation, though
this effect is not statistically significant when we include 12 month lags. To summarize, our results
suggest that conservation agriculture adoption led to declines in infant mortality in nearby localities
via reduced air pollution. Our most preferred estimate suggests that absent conservation agriculture,
the average locality in the sample would have experienced 7.06% more infant deaths in 2019. As
previous studies have found adverse health consequences in the general population associated with
air pollution in general (Schlenker and Walker, 2016) and with agricultural burning in particular
(He et al., 2020), the true benefits of conservation agriculture are likely much greater than we have

considered.
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Figure 9: Seasonality of the Effects of Conservation Agriculture Diffusion
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Notes: Coefficient estimates from equation (6) (all point estimates and confidence intervals are from one regression
except for “Overall,” which comes from equation (5)). Confidence intervals are calculated from Conley (1999)
heteroskedasticity and autocorrelation robust standard errors with a uniform spatial kernel of 100 Km radius. Table
A4 displays point estimates and standard errors.

5.1 Monthly Deaths Averted and Program Costs

To compare estimated benefits to the costs of implementation, we only consider benefits due to
reduced infant mortality. Note that there are many other potential benefits due to reduced air
pollution produced by crop residue burning, as well as the benefits to farmers suggested by our
profit analysis above, that we omit. Because our estimates cannot tell us how much longer babies
live compared to the counterfactual with no extension, calculating an estimate of the number of
infant deaths averted requires additional assumptions.

We opt for a set of simple back-of-the-envelope calculations. In the first, we assume that each

averted death is unique and that all infants whose deaths were averted live to adulthood. While
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admittedly an optimistic set of assumptions, this will allow us to approximate the benefits of
reduced infant mortality based on our estimate in table 2. Using the value of statistical life in
Mexico calculated by de Lima (2020) in 2011 USD of $211,406, this method values the 11,959.09
estimated deaths averted at $2,528,222,421, over 33 times the program’s cost. Alternatively, we
calculate the share of the number of implied infant deaths averted that would have to be converted
into adult lives saved for the program to “break even” and find that only 3% of these deaths recover

the entire cost of the program.

6 Mechanism: Agricultural Burning

In this section, we describe the research designs we use to estimate the effects of conservation
agriculture diffusion on agricultural burning and present results of the estimation. In this section
we focus on the presence of plots in the BEM that are recorded as employing conservation agriculture

as our adoption measure of interest.

6.1 Event Study and Difference-in-Differences

To estimate the effects of the diffusion of MasAgro-promoted technologies on agricultural burning,
we again employ the imputation event study estimator.

Results for equations 2-3 are shown in figure 10. While there appears to be a slight reduction
in agricultural burning in the year before any plot appears in the BEM, no pre-event coefficient
estimates are significant at the 5% level. This may be due to the nature of adoption measurement
in impact areas, which constitute the majority of observations in the BEM and are necessarily
observed with some delay in adoption. All post-adoption estimates are negative and fairly close to
-0.5, but only the coefficient for the year of adoption is statistically significant. The exception is the
final event time coefficient, which is notably larger in magnitude but still statistically insignificant.
The difference-in-differences estimate suggests that monthly agricultural fires declined by 0.5 and
is significant at the 10% level.

Because of the strong seasonality of agricultural burning, we are also interested in evaluating the
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Figure 10: Year-Level Agricultural Fire Event Study
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Notes: 95% confidence intervals for pre-treatment event time coefficients are constructed from standard errors clus-
tered at the cell. 95% confidence intervals for post-treatment event time coefficients are constructed from conservative
standard error estimates clustered at the cell level following Borusyak et al. (2021). The horizontal line across the
post period is the difference-in-differences estimate and the shaded box is its 95% confidence interval constructed
from conservative standard error estimates clustered at the cell level following Borusyak et al. (2021). The sample
includes all cells that have at least 20% of their area dedicated to agricultural land and adopt conservation agriculture
or do not contain a plot which appears in the BEM.

effects in particular months. To do so, we re-estimate the imputation event study at the cell-month

level, rather than cell-year level, and average observation-specific treatment effect estimates within

months.
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We also estimate a spatial fixed effects (SFE) specification (Goldstein and Udry, 2008; Conley
and Udry, 2010; Magruder, 2012). This specification allows for very fine differential trends in

burning by comparing a grid cell to those immediately surrounding it. Concretely, let N (i) denote
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the set of cells in the 7 x 7 grid of cells centered on cell i!°. We estimate the specification
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which accounts for local time trends by subtracting off the mean outcome in a cell’s immediate
vicinity. Intuitively, as long as the unobserved time trends are similar in cell ¢ and N (7), differencing
within time periods removes these effects.

While this method can control for local time trends it does suffer from issues that are less salient
in the BJS estimation procedure. First, the negative weighting issues associated with TWFE also
arise with SFE when already-treated cells serve as “controls” for cells becoming treated. Second,
spatial spillovers loom large in this setting, as cells are only compared to their immediate neighbors.
We suspect that the most likely source of spillovers is unobserved technology diffusion, which
would tend to bias our results towards zero. Third, differencing off the outcomes of nearby cells
mechanically introduces spatial dependence in the error terms. To deal with this last issue, we
utilize the standard error estimator introduced by Conley (1999), allowing errors to be correlated
up to a 100km radius.

The month-specific difference-in-difference estimates of equation 7 are shown in panel A of Figure
11. Reductions in burning appear to be especially concentrated in June and November, which all
experience declines of greater than 1 agricultural fire after the introduction of promoted technologies.
July and December also see marginally significant reductions in the number of agricultural fires.
All other months experience non-significant changes. Notably, this pattern of results aligns well
with the reductions in downwind locality PMs 5 concentration shown in Figure 9.

The estimates of the SFE specification are shown in panel B of Figure 11. The results are

10Tn practice, some neighborhoods are do not contain all 49 cells because they lie close to the edge of the country’s
boundary.
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Figure 11: Effects of Conservation Agriculture on Agricultural Fires by Month
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Notes: Coefficient estimates and 95% confidence intervals from equation 7 are shown in Panel A. Standard errors
in Panel A are conservative estimates clustered at the cell level following Borusyak et al. (2021). The sample in
Panel A includes all cells that have a median number of agricultural fires per year greater than zero prior to 2012.
Coefficient estimates and 95% confidence intervals from equation 8 are shown in Panel B. Confidence intervals in
Panel B are constructed using heteroskedasticity and autocorrelation robust standard error estimates with a 100km
uniform spatial kernel following Conley (1999). The sample in Panel B is all cells have strictly positive agricultural
land area according to the Soil Use Map Version IV.

qualitatively and quantitatively similar to the results in Panel A, with statistically significant de-
clines observed in May, June, and December and a marginally significant decline in July. Again,
these results suggest that reductions in crop residue burning may be partially responsible for the
downwind improvements in air quality and infant health observed in the main results.

As a robustness check, we estimate the same specifications using fires that occur off of agricul-

tural land as the outcome. Given that conservation agriculture adoption should only affect burning
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through the use of crop residues, we would not expect meaningful results off of agricultural land.
Figure A.6 shows that the post adoption level of non-agricultural burning is not statistically dif-
ferent at conventional levels. We also do not estimate meaningful reductions in non-agricultural

burning in any month, but do find slight increases in March (Figure A.7).

7 Conclusion

In this paper, we evaluated the economic and environmental impacts of the diffusion of conservation
agriculture, the world’s most widely practiced sustainable intensification technique. Using data
collected by extension technicians on the location and timing of conservation agriculture adoption,
we first showed that adoption causes a statistically significant increase in NDTI, a satellite observed
proxy for conservation tillage and crop residue cover. Using prior estimates from the remote sensing
literature suggests that crop residue cover in a 0.1° x 01° grid cell increases by 2.8% after a plot
within the cell adopts conservation agriculture.

Contrary to popular belief, we find that conservation agriculture adoption is immediately prof-
itable when we compare side-by-side extension-advised and business-as-usual plots. This may be
due to the more tailored suggestions afforded by receiving extension assistance along with the adop-
tion of additional, complimentary technologies such as improved varieties. Notably, conservation
agriculture also appears to be weakly more profitable that other technology packages promoted
by MasAgro. We also find evidence of an increase in agricultural productivity as measured by
satellite imagery after conservation agriculture adoption using a totally distinct research design.
These results suggest the existence of substantial information frictions which limit the adoption
and diffusion of conservation agriculture in the absence of extension.

In addition to the positive economic effects of conservation agriculture adoption there are very
large environmental benefits. Using variation in the amount of land employing conservation agri-
culture a locality is downwind from, we find that the diffusion of conservation agriculture translates
to large reductions in particulate matter concentration and infant deaths. In terms of mechanisms,

we find large decreases in agricultural burning during planting and harvest months, consistent with
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the timing of air quality improvements in downwind localities.

Viewed as a policy to reduce infant mortality, we find the extension programs studied have been
cost effective. Our preferred estimates imply that CIMMY T-backed extension led to a reduction
of 11,421.48 infant deaths over the 2012-2019 period. Multiplying this reduction by the value
of statistical life in Mexico suggests that the benefits of the program in terms of reduced infant
mortality are an order of magnitude greater than its cost of implementation. The fact that the
promoted technologies were not intended to abate air pollution in urban areas coupled with the
geographic and temporal concentration of agricultural burning suggests that a well-targeted policy
may prove even more cost effective.

Conservation agriculture extension appears to be a rare win-win environmental policy in the
Mexican context. This study suggests that there may be large environmental benefits to sustainable

intensification, in this case many times greater than the costs of promoting adoption.
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Table A.1: Locality Descriptive Statistics

Minimum Median Mean Maximum Standard N
Deviation
Panel A: Localities
BEM (cells) 0.00 43.00 38.01 82.00 25.01 492
BEM Area (ha) 0.00 22.07 30.64 213.60 35.54 492
Panel B: Locality-Months
Infant Deaths 0.00 1.00 2.78 85.00 5.49 106272
Infant Mortality Rate (per 10,000) 6.86 106.38  198.42  30000.00 539.29 21495
PM;g (/,Lg/m3) 0.00 104.06  115.51 533.78 56.37 8950
AOD 49.15 241.45  257.74 2418.54 111.98 87675
Note: Descriptive statistics for locality sample. The variable “BEM (cells)” is the number of
0.1° grid cells within 50km of the locality’s centroid that contain at least one plot recorded in
the BEM as adopting conservation agriculture. The variable “BEM Area (ha)” is analogous,
but counts the total hectares within 50km rather than cells. There are four locality-months
with infant mortality rates greater than 1.
Table A.2: Technology adoption shares by plot type

Technology Modules Extension Areas Impact Areas

Biofertilizers 0.38 0.25 0.17

Conservation Agriculture 0.33 0.28 0.32

Improved and Adapted Varieties 0.39 0.34 0.26

Improved Storage 0.23 0.18 0.30

Infrared-optimized Fertilizer 0.01 0.01 0.01

New Crop Rotation 0.07 0.05 0.05

Non-fertilizer Soil Improvement 0.11 0.07 0.07

Soil Analysis 0.16 0.09 0.04

Other 0.34 0.28 0.26

Note: Shares of Modules, Extension Areas, and Impact Areas adopting technologies promoted
by CIMMY T-backed extension between 2012 and 2019. Plots that appear in the BEM under
multiple types (N=5) are assigned according to the priority order Module, Extension Area,
Impact Area. Plots can adopt multiple technologies, hence, columns do not sum to 1.
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Table A.3: Grid Cell Characteristics

Variable Mean SD  Minimum Maximum N
Night Lights 0.55 2.65 0.05 136.39 18,374
Elevation (m) 1,000.8 812.01 —4.39 3,910.89 18,363
Maize Suitability 3.48 2.71 —0.01 8.58 18,346
Wheat Suitability 1.24 1.47 —0.01 5.79 18,346
Population 3.81 25.28 0 971.74 18,374
Agricultural Land 0 0 0 0.01 18,374
Ever Treated 0.29 0.46 0 1 18,374
Monthly Agricultural Fires 0.11 0.94 0 228 4,189,272
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Table A.4: Effects of Conservation Agriculture on
Air Quality and Infant Mortality by Wind Direction

PM, 5 Infant Deaths (%)
Month Downwind BEM Upwind BEM Downwind BEM  Upwind BEM
January -0.129 0.547 -1.722 -0.072
(0.133) (0.367) (0.414) (0.652)
February -0.502 0.003 -1.624 0.041
(0.137) (0.430) (0.387) (0.688)
March -0.104 1.155 -1.252 0.038
(0.329) (1.168) (0.404) (0.708)
April 0.142 1.298 -1.278 0.373
(0.315) (0.839) (0.417) (0.778)
May -0.080 1.554 -0.783 1.798
(0.127) (1.155) (0.462) (0.815)
June -0.399 -0.341 -1.152 0.292
(0.109) (0.405) (0.446) (0.727)
July 0.015 0.751 -0.970 0.992
(0.099) (0.315) (0.423) (0.668)
August -0.132 0.348 -1.346 0.628
(0.103) (0.287) (0.366) (0.616)
September -0.121 0.320 -1.120 0.913
(0.105) (0.269) (0.475) (0.670)
October -0.598 -0.291 -1.398 0.052
(0.131) (0.265) (0.468) (0.613)
November -0.386 0.147 -1.573 0.360
(0.125) (0.298) (0.395) (0.656)
December -0.552 -0.254 -2.440 -1.055
(0.123) (0.406) (0.441) (0.839)
Overall -0.167 0.017 -1.286 0.264
(0.097) (0.218) (0.265) (0.436)
Observations 4746 4746 106200 106200
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Table A.5: IV Estimate of PMs 5 on Infant Mortality

Infant Morality
Rate (per 10,000)

PMay 5 0.820
(0.424)
1st Stage F-Stat 1.923
p-value 0.004
Observations 2856

Instruments include Upwind BEM and Upwind Ever interacted with month in-
dicators. Heteroskedasticity and autocorrelation robust standard errors with a
100km uniform spatial kernel constructed following Conley (1999) in parenthe-
ses.
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Figure A.1: Cell-Level Burning Seasonality

Peak Burning Month

Jan
Feb
Mar

Notes: Each 0.1° x 0.1° is colored according to the month of the year in which agricultural burning tends to peak.
Means are constructed using data from 2001-2011.
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Figure A.2: Seasonality of the Effects of Conservation Agriculture Diffusion: Upwind
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Notes: Coefficient estimates from equation (6) (all point estimates and confidence intervals are
from one regression except for “Overall,” which comes from equation (5)). Confidence intervals are
calculated from Conley (1999) heteroskedasticity and autocorrelation robust standard errors with
a uniform spatial kernel of 100 Km radius. Table A.4 displays point estimates and standard errors.
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Notes: Coefficient estimates from equation (6) (all point estimates and confidence intervals are from one regression
except for “Overall,” which comes from equation (5)). Confidence intervals are calculated from Conley (1999)

heteroskedasticity and autocorrelation robust standard errors with a uniform spatial kernel of 100 Km radius.
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Figure A.3: Effects of Conservation Agriculture on AOD and GWR PM; 5
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Figure A.4: Effects of Conservation Agriculture Adoption by Hectares
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Notes: Coeflicient estimates from equation (6) using BEM Area as the diffusion measure (all point estimates and confidence intervals are from one
regression except for “Overall,” which comes from equation (5)). Confidence intervals are calculated from Conley (1999) heteroskedasticity and
autocorrelation robust standard errors with a uniform spatial kernel of 100 Km radius.



Figure A.5: Temporal Lags of Effects of Conservation Agriculture Exposure on Infant Mortality
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Figure A.6: Non-Agricultural Fire Event Study
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Notes: 95% confidence intervals for pre-treatment event time coefficients are constructed from standard errors clus-
tered at the cell. 95% confidence intervals for post-treatment event time coefficients are constructed from conservative
standard error estimates clustered at the cell level following Borusyak et al. (2021). The horizontal line across the
post period is the difference-in-differences estimate and the shaded box is its 95% confidence interval constructed
from conservative standard error estimates clustered at the cell level following Borusyak et al. (2021). The sample
includes all cells that have a median number of agricultural fires per year greater than zero prior to 2012.
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Figure A.7: Effects of Conservation Agriculture Adoption on Non-Agricultural Fires by Month
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Notes: Coefficient estimates and 95% confidence intervals from equation 7 are shown in Panel A. Standard errors
in Panel A are conservative estimates clustered at the cell level following Borusyak et al. (2021). The sample in
Panel A includes all cells that have a median number of agricultural fires per year greater than zero prior to 2012.
Coefficient estimates and 95% confidence intervals from equation 8 are shown in Panel B. Confidence intervals in
Panel B are constructed using heteroskedasticity and autocorrelation robust standard error estimates with a 100km
uniform spatial kernel following Conley (1999). The sample in Panel B is all cells have strictly positive agricultural
land area according to the Soil Use Map Version IV.

51



