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Agriculture is a major contributor to air pollution, the largest environ-
mental risk factor for mortality in the United States and worldwide. It is
largely unknown, however, how individual foods or entire diets affect
human health via poor air quality. We show how food production
negatively impacts human health by increasing atmospheric fine
particulate matter (PM,s), and we identify ways to reduce these
negative impacts of agriculture. We quantify the air quality-related
health damages attributable to 95 agricultural commodities and 67
final food products, which encompass >99% of agricultural produc-
tion in the United States. Agricultural production in the United States
results in 17,900 annual air quality-related deaths, 15,900 of which
are from food production. Of those, 80% are attributable to animal-
based foods, both directly from animal production and indirectly from
growing animal feed. On-farm interventions can reduce PM, s-related
mortality by 50%, including improved livestock waste management
and fertilizer application practices that reduce emissions of ammonia,
a secondary PM, 5 precursor, and improved crop and animal produc-
tion practices that reduce primary PM, 5 emissions from tillage, field
burning, livestock dust, and machinery. Dietary shifts toward more
plant-based foods that maintain protein intake and other nutritional
needs could reduce agricultural air quality-related mortality by 68 to
83%. In sum, improved livestock and fertilization practices, and die-
tary shifts could greatly decrease the health impacts of agriculture
caused by its contribution to reduced air quality.

air quality | agriculture | fine particulate matter | food | pollution

he health and environmental consequences of feeding the
increasingly large and affluent global population are becoming
increasingly apparent. These consequences have spurred interest in
identifying food production practices and diets that improve human
health and reduce environmental harm. Recent work has demon-
strated that many of the opportunities for food producers and
consumers to improve nutritional outcomes also have environmental
benefits, such as reducing greenhouse gas emissions, land and water
use, and eutrophication (1-6). It is largely unknown, however, how
individual foods and diets affect air quality, even though air pollu-
tion is the largest environmental mortality risk factor in the United
States and globally (7, 8), and agriculture is itself known to be a
major contributor to reduced air quality (8, 9). In the United States
alone, atmospheric fine particulate matter (PM,5) from anthropo-
genic sources is responsible for about 100,000 premature deaths
each year, one-fifth of which are linked to agriculture (10, 11).
Here, we show how different foods affect human health by
reducing air quality. We consider the emission of pollutants that
contribute to atmospheric PM, s, the chronic exposure to which
increases the incidence of premature mortality from cardiovascular
disease, cancer, and stroke (12, 13). These pollutants include directly
emitted PM, 5 (primary PM, 5) and PM,; 5 formed in the atmosphere
(secondary PM,;5) from the precursors ammonia (NH3), nitrogen
oxides (NO,), sulfur dioxide (SO,), and nonmethane volatile organic
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compounds (NMVOCs). From a spatially explicit inventory of
emissions of primary PM, s and secondary PM, 5 precursors from
agricultural supply chain activities for commodities in the contiguous
United States (SI Appendix, Figs. S1 and S2) (14, 15) (Materials and
Methods), we estimate increases in atmospheric concentrations of
total (primary + secondary) PM, s attributable to agricultural emis-
sions; total PM, 5 transport, chemistry, and removal; and exposure
of populations to total PM, 5 using an ensemble of three inde-
pendent air quality models (16-19). We describe damages attrib-
utable to 95 agricultural commodities and 67 final food products
(full list in ST Appendix, Table S1), which cover >99% of US ag-
ricultural production (20).

Results

We find that US agriculture results in 17,900 deaths (range across
models: 15,600 to 20,300) per year via reduced air quality (Fig. 1
and SI Appendix, Figs. S3-S7). Damages are driven by NH;
emissions (Fig. 1; “Pollutant”; 12,400 deaths; 69% of total) mainly
from livestock waste and fertilizer application (Fig. 1; “Process”).

Significance

Poor air quality is the largest environmental health risk in the
United States and worldwide, and agriculture is a major source
of air pollution. Nevertheless, air quality has been largely ab-
sent from discussions about the health and environmental
impacts of food. We estimate the air quality-related health
impacts of agriculture in the United States, finding that 80% of
the 15,900 annual deaths that result from food-related fine
particulate matter (PM, s) pollution are attributable to animal-
based foods. By estimating these impacts and exploring how to
reduce them, this work fills a critical knowledge gap. Our re-
sults are relevant to food producers, processors, and distribu-
tors, and to policymakers and members of the public interested
in minimizing the negative consequences of food.
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Primary PM, 5 is also a major contributor (4,800 deaths, 27% of
total), largely from dust from tillage, livestock dust, field burning,
and fuel combustion in agricultural equipment use. NO,, SO,, and
NMVOCs are minor contributors (collective total: 700 deaths; 4%
of total). Areas causing the greatest damages are spatially con-
centrated, with the top 10% of the most damaging counties (308
counties) together responsible for 8,400 deaths per year (47% of
total deaths). These counties are mainly located in California,
Pennsylvania, North Carolina, and along the Upper Midwest Corn
Belt (Fig. 2 and SI Appendix, Fig. S4 and Table S2).

We also attribute total deaths from agricultural supply chain
emissions to the production of specific commodities, which we
combine into 16 groups (Fig. 1; “Commodity”). This analysis
shows that 57% of deaths are from crops and 43% from livestock.
However, a substantial portion of crops is used as animal feed and
nonfood products (Fig. 1; “Product™). In attributing direct damages
to final products, we find that 89% (15,900 deaths) of the total
deaths caused by agriculture are linked to food production, with
the remaining 11% (2,000 deaths) linked to biofuels and other
nonfood products (e.g., plant and animal fibers) (Fig. 1; “Source”).
Of food-related damages, 80% (12,700 deaths) are attributable to
animal-based foods (when impacts of animal feed production are
included) and 20% (3,200) to plant-based foods.

Next, we consider the per-unit damages of 11 food groups (Fig. 3
and SI Appendix, Table S1), taken as the production-weighted
average of the foods in each group, and using four metrics
suited to meet different nutritional needs (per 10° kg, 10° serving,
10° g protein, and 10° keal, each measured as raw edible portion).
We find that red meat dominates in air quality—related health
damages, whether normalized by total mass, serving, protein mass,
or caloric value. Per serving, production-weighted averages of red
meat are 2x greater than those of eggs, 3x greater than those of
dairy products, 7x greater than those of poultry, 10x greater than
those of nuts and seeds, and at least 15x greater than the production-
weighted average of any other plant-based food. Similar trends hold
when these food groups are compared using the other three metrics.
The lowest-impact production of red meat has a greater impact
than the highest-impact production of any other food, absent the
dietarily insignificant comparison of red meat to fruit as measured
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on a per-protein content basis. We observe a wide range of spatial
variation in per-unit damages of major crops and livestock com-
modities (SI Appendix, Fig. S8). Damages vary spatially because
of site-specific production practices, atmospheric chemistry and
transport, and population density (Fig. 2 and SI Appendix, Fig. S4),
consistent with prior studies focused on maize (21) and switchgrass
(22). Limitations of supply chain information (e.g., where the
crops that are fed to animals in a given location are grown) restrict
our understanding of the spatial variation in per-unit damages for
animal-based foods as final products.

We also estimate the air quality-related health benefits that can
be achieved through the actions of food producers and consumers.
We identify interventions that reduce PM, s-related emissions,
focusing on interventions that target the most harmful agricultural
processes, promote dietary shifts, reduce food loss and waste, and
encourage healthy per capita consumption levels (Materials and
Methods). We generate spatially explicit inventories for each in-
tervention scenario and compare them to a baseline scenario for
current production practices and diets (SI Appendix, Fig. S9 and
Table S3), modeling the resulting changes in PM, 5 concentrations
and annual deaths.

We find that improvements in agricultural production, such as
changing livestock feed practices to reduce the amount of excess
protein ingested and therefore excreted as nitrogen, or using fer-
tilizer amendments and inhibitors, can greatly reduce air quality—
related health damages (Fig. 4). Implementing measures to reduce
agricultural emissions across all producers could prevent 7,900
deaths per year (50% of total deaths from food production). The
greatest benefits are from changes in livestock waste management
and fertilizer application practices. Producer-side interventions in
the 10% of counties with the highest mitigation potential alone
could prevent 3,600 deaths per year (22% of total deaths from
food production). Expanding such interventions to the top 50% of
counties would prevent 41% of total PM, s-related deaths linked
to food production.

Our findings suggest that the monetized PM, s-related health
benefits of such interventions could greatly exceed implementa-
tion costs. For example, using a Value of Statistical Life of $10
million (23, 24), we find that the annual monetized damage cost of
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Fig. 1. Annual premature deaths attributed to increased atmospheric PM, s from agriculture. Five alternate categorizations (columns) are shown: pollutant,
process, commodity, product, and source. Pollutants include primary PM; 5 and secondary PM; s formed from precursor gases (NHs, NO,, NMVOCs, and SO,).
The height of each black bar within each column corresponds to the number of attributed deaths; deaths within each column sum to 17,900.
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Fig. 2. Spatial distribution of PM, s-related mortality attributed to US agricul-
tural production. Shown are annual premature deaths per square kilometer
attributed to primary PM, s (Top) and secondary PM, s from NHs (Bottom), which
together comprise 97% of agricultural PM, s-related deaths. Maps for the other
3% of deaths (i.e., from NO,, NMVOGCs, and SO,) are shown in S/ Appendix, Fig.
S4. For each county, the mortality shown is that which occurs somewhere in the
United States as a result of emissions from that county; that is, these maps show
where the impact originates, not necessarily where it is experienced.

PM, s-related deaths from US food production are $159 billion.
The benefits of many of the explored interventions are 1.3 to
14.7x greater than the highest estimated implementation costs,
consistent with the results of coarser resolution global analyses
(25). For instance, the PM, s-related health benefits (range: 33.4
to 42.4 $ - kg~! of NH;) of interventions for nonorganic fertilizer
application, such as improvements in timing, method of application,
use of amendments and inhibitors, and a shift to less emissive fer-
tilizer types, greatly exceed the implementation costs (range: —0.8 to
32$ - kg of NH3).

We also find that nationwide dietary shifts that decrease
consumption of animal-based foods can lead to large decreases
in agricultural PM, s-related death rates, simultaneously reduc-
ing direct damages from livestock waste management and indi-
rect damages from feed production (Fig. 4). Substituting poultry
for red meat could prevent 6,300 annual deaths (40% of total
deaths from food production). Even greater benefits of 10,700 to
13,100 deaths prevented per year (68 to 83%) could be achieved
from more ambitious shifts to vegetarian, vegan, or flexitarian
diets such as the planetary health diet of the EAT-Lancet Com-
mission (2). Other demand-side mitigation strategies, such as de-
creasing caloric intake proportionally across all food groups to be
in line with metabolic requirements and decreasing household
food loss and waste levels, could lead to more modest reductions
in agricultural PM; s-related death rates (range: 700 to 1,200
avoided deaths per year).

Domingo et al.
Air quality-related health damages of food

Many of the food production solutions that could reduce air
quality-related health damages, such as improving nitrogen use
efficiency in crop and livestock production, or decreasing food
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Fig. 3. Annual premature deaths attributed to total PM; 5 per unit of food
production. Annual premature mortality attributed to total PM, 5 per 10° kg,
10° serving, 10° g protein, and 10° kcal, each measured as raw edible portion.
Horizontal lines indicate the range of per-unit damages within the food
group. Food groups are ordered lowest to highest within each panel.
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Fig. 4. Annual premature deaths attributed to total PM, s from food production that could be mitigated by a given intervention or suite of interventions.
Yellow bars correspond to consumer-side interventions, blue bars to producer-side interventions, and green to a combination of the two. Values for percent

decrease in mortality from current mortality are shown.

loss and waste, are likely accompanied by other environmental
benefits, such as decreasing greenhouse gas emissions, nutrient
pollution, and undesirable land-use change (26-28). Further, di-
etary shifts that increase the fraction of kilocalories from plant-
based foods can improve diet-related health outcomes by reducing
the incidence of chronic noncommunicable diseases, such as type
2 diabetes, coronary heart disease, and cancer (29, 30).

This work contributes to a more comprehensive understanding
of the air quality-related health damages of food and identifies
solutions for reducing the negative impacts of food across a diverse
range of diets, production practices, and other site-specific factors.
Current diets and food production practices cause substantial
damages to human health via reduced air quality; however, their
corresponding emissions sources, particularly ammonia, are lightly
regulated compared to other sources of air pollution, such as motor
vehicles and electricity production. This is true despite agriculture
having comparable health damages to these other sources of pol-
lution (10, 31). Meaningful reductions in air quality—related health
damages will likely require simultaneous interventions, such as
dietary shifts and changes in how we manage livestock waste and
apply fertilizer. Although our results are for the United States,
our approach can be applied globally, with mitigation efforts
anticipated to reduce premature deaths substantially. Reductions
should be especially large in regions where PM, 5 concentrations
are sensitive to ammonia emissions, where agricultural burning is
commonly practiced, and in densely populated regions with high
PM, 5 exposure levels (25).

Materials and Methods

We estimated the air quality-related annual deaths attributable to the US
agricultural sector, which includes annual deaths attributable to 95 agricul-
tural commodities that span the entirety of animal production, and cropland
and grassland pastures captured in the 2014 US Department of Agriculture
(USDA) Cropland Data Layer (CDL) (32). We then computed the per-unit an-
nual impacts of 67 final products from 11 food groups. Finally, we estimated
the air quality—related health benefits that could be achieved through pro-
ducer- and consumer-side interventions.

Extraction of Agricultural Emissions. County-level air pollution impacts from
the agricultural sector were estimated by identifying and extracting emissions
data linked to crop and livestock production from the US Environmental
Protection Agency (EPA)’s 2014 National Emissions Inventory v2 (NEI2014) (14).
Emissions from the contiguous 48 states were included, covering >99% of US
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agricultural production. We identified agricultural processes from source
classification codes (SCCs), with the seven agricultural processes listed as fol-
lows: 1) livestock waste (confinement, handling, and storage), 2) tillage, 3)
fertilizer application (synthetic, organic, and manure), 4) field burning, 5) ag-
ricultural equipment fuel combustion, 6) livestock dust, and 7) pesticide ap-
plication (15). As 88% of all ammonia, ammonium nitrate, urea, and other
nitrogen compounds produced in the United States are used as fertilizer, the
same fraction was used to allocate emissions from the production of these
chemicals to a “fertilizer production” category (33). All emissions were used as
published by the NEI2014, with two exceptions. First, NEI2014 estimates of
primary PM, s from tillage and livestock dust do not account for differences in
fugitive dust emissions by land cover, as they depend on dry deposition rates
and wind speeds (15). As a result, county-level transport fractions were applied
to account for local effects (34). Second, we adjusted the estimates of tillage
emissions in NEI2014 using data collected by the USDA in the Agricultural
Resource Management Survey to better reflect the current number of tillage
passes associated with individual crops (35).

Allocation of Emissions. We categorized emissions by pollutant type
(i.e., primary PM;s, NH3, NO,, SO, and NMVOCs), agricultural process (e.g.,
livestock waste and fertilizer application), commodity that is the onsite emis-
sions source (e.g., livestock types such as beef cattle, and crop types such as
corn), and final product (e.g., beef).

Livestock production. Emissions from livestock production come from either
livestock waste management or ancillary livestock dust. These emissions were
attributed to specific animal types using SCCs within the NEI2014 (15). Livestock
waste emissions of 10 major livestock types (beef cattle, dairy cattle, broilers,
layers, swine, turkeys, goats, lambs, horses, and other livestock) were es-
timated separately by different management stages (confinement, handling
and storage, and land application of manure) using the Carnegie Mellon
University (CMU) Farm Emissions Model (36) but were aggregated into a
livestock-specific emissions category in the NEI2014 (15). To allocate emissions
by management stage, we derived the state-level distribution of emissions by
management stage by first running the CMU Ammonia Model on which the
Farm Emissions Model is based (36). Next, we applied that distribution to
emissions published in the NEI2014. All emissions associated with confinement,
handling, and storage were attributed to the livestock commodity. Emissions
associated with land application of manure were attributed to crop produc-
tion and further allocated to a specific crop commodity using crop production
practices data from the USDA Economic Research Service (ERS) (35).

Crop production. In terms of emissions, crop production processes of interest
included fertilizer production, fertilizer application, tillage, agricultural equip-
ment use, field burning, and pesticide application. For fertilizer production and
pesticide application, national-level emissions were distributed according to crop
fertilizer and pesticide use data published by the USDA ERS (37, 38). For tillage
and field burning, SCCs within the NEI2014 were used to allocate emissions to a

Domingo et al.
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specific crop type (15). Because the NEI2014 only includes tillage emissions for
21 crops, we introduced tillage emissions from an additional 71 crops available
in the 2014 CDL by averaging county-level average emissions factors for an-
nual or perennial crops in the NEI2014; we then applied the appropriate
emission factor (annual or perennial) to county-level crop acreage (32).

Emissions from agricultural equipment use and fertilizer application are
not preallocated to crops in the NEI2014 and therefore required additional
allocation. For agricultural equipment use, we allocated county-level emis-
sions to crop commodities using the county-level crop acreage of 92 crops
(including grassland pasture) in the CDL (32). In the case of fertilizer appli-
cation (for synthetic and organic fertilizers but not manure), we allocated
county-level NH3 emissions to specific crops, in proportion to crop acreages
from the CDL (32) paired with crop-specific nitrogen volatilization rates and
irrigation rates obtained from the Environmental Policy Integrated Climate
(EPIC) model (39). However, the EPIC model only includes crop-specific data
for 20 crops, with all other emissions aggregated into an “other_crops”
category. As preliminary results suggested that the total emissions of the
other_crops category were comparable to those of major crops such as corn
and soybean, further resolution in the other_crops category was achieved by
allocating emissions in proportion to the county-level distribution of crop
acreage from the CDL. Emissions from the roughly 1% of counties listed in
the NEI2014 but not included in the EPIC model were conserved and allo-
cated according to the state-level distribution of emissions.

We then allocated emissions from crops to final products (e.g., crop
products, animal products, exports, and biofuel) using production data from
annual Yearbook Data Tables and the 2015 Agricultural Statistics Report (20, 40).
This allowed us to estimate the total annual deaths associated with the pro-
duction of 95 agricultural commodities as well as the per-unit annual deaths
associated with the production of 67 food products (S/ Appendix, Table S2).

Annual Deaths. We input spatially explicit emissions inventory data into three
reduced-complexity chemical transport models (RCMs): Air Pollution Emis-
sion Experiments and Policy v3 (16), EASIUR (Estimating Air pollution Social
Impact Using Regression) (17), and Intervention Model for Air Pollution (18).
All three models include simplified representations of atmospheric chemistry
and physics, which reduce computational demands relative to traditional
chemical transport models, including linearization that omits meteorological
coupling. This enabled us to evaluate a broad range of emissions scenarios.
At the same time, each of the models has a different structure and makes dif-
ferent simplifying assumptions, which reduces the likelihood that all three
models would make the same type of error. We chose these RCMs as they allow
users to distinguish the PM, s-related mortality by emissions source locations and
provide higher resolution than other national-scale RCMs, such as the US EPA
Response Surface Model (19). The RCMs are described in the SI Appendiix.

Because the RCMs only cover counties in the contiguous United States, we
excluded NEI2014 emissions in noncontiguous states from the analysis. The
RCMs are customized to estimate annual deaths according to the American
Cancer Society’s concentration-response function, which averages a 6% in-
crease in annual deaths per 10 pg - m~3 in PM, 5 concentration. Although NO
and volatile organic compounds can react to form tropospheric ozone (O3),
which can also result in premature mortality, we excluded O3 from this analysis
because the resulting air quality-related health impacts are overall greatly
exceeded by those of PM, 5 (8).

Despite key differences between the formulation of the three RCMs, es-
timated marginal social costs per tonne of primary PM, s, NH3, NO,, and SO,
generally fall within a factor of 2-3 for all US counties (19). The agreement
of RCM model predictions is greatest for primary PM, s (Pearson correlation
coefficient = 0.73 to 0.81) for which the atmospheric chemistry that translates
pollutant emissions to changes in PM, s concentrations is relatively straight-
forward. It is weakest for NO, and SO, (Pearson correlation coefficients of 0.35
to 0.49 and 0.07 to 0.54, respectively) for which the atmospheric chemistry is
more complex. Overall, total emission-weighted annual deaths in the United
States vary between 12 to 33% for ground-level sources (19).

Sensitivity Analysis. We evaluated the seasonal sensitivity of annual deaths
using the seasonal social costs per tonne estimated by the EASIUR model.
Specifically, we tested the seasonal sensitivity of NH3 from livestock waste
management and fertilizer application: NHs is the primary driver of agricultural
emissions, and social costs per tonne of NH3 are highest (roughly 2.5x greater)
when seasonal emissions are relatively low (41). The NEI2014 estimates annual
emissions. We obtained monthly NH3 emissions from livestock waste manage-
ment and fertilizer application by applying the monthly distribution of emissions
from Pinder et al. and Goebes et al., respectively (41, 42). Damages using the
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seasonal option in EASIUR were comparable to those using the annual average
option (SI Appendlix, Fig. S6).

Mitigation Interventions. We estimated the air quality-related health benefits
that can be achieved through interventions by producers and consumers,
largely targeting NHj3 as it is a major driver of PM, s-related deaths attribut-
able to food production in the agricultural sector (43). Specifically, we focused
on intervention scenarios that could reduce emissions linked to livestock waste
management, fertilizer application, tillage, field burning, fuel combustion,
dietary shifts, food loss and waste, and per capita consumption levels.

We estimated the air quality-related health benefits of interventions by
comparing health outcomes for an intervention scenario with those for a
baseline scenario in which food producers and consumers behave according to
business as usual. To measure the health outcomes linked to an intervention
scenario, we first estimated the emissions reductions that can be achieved
from a specific intervention and used that information to create a spatially
explicit inventory of reduced emissions. Using the emissions inventory as input
for the RCMs, we then modeled the resulting health outcomes.

We estimated emissions reductions of producer-side intervention sce-
narios by averaging emissions reductions linked to existing interventions as
found in a survey of the literature (S/ Appendix, Table S4). Identified inter-
ventions were grouped by agricultural process such as livestock waste man-
agement and fertilizer application. When possible, they were further grouped
into subcategories such as livestock housing type or fertilizer type. For in-
stance, emissions reductions for interventions targeting dairy cattle at the
confinement stage are estimated by averaging emissions reductions for indi-
vidual interventions, such as installing grooved floor systems with tooth scra-
pers in the confinement facilities or establishing a tree shelterbelt surrounding
confinement facilities.

With regard to consumer-side interventions, we examined two caloric
scenarios: 1) caloric intake is at current US levels (average of 2,590 kilocal-
ories per capita per day), and (2) caloric intake is reduced to a level that
would maintain a body mass index between 20 and 25 for an average person
(average of 2,400 kilocalories per capita per day) (44). In the second scenario,
we assumed that caloric intake was reduced proportionally across all food
groups to achieve the target caloric level. Six isocaloric dietary scenarios
from the EAT-Lancet Commission were considered: 1) business as usual in the
United States, 2) the planetary health diet, 3) the planetary health diet with
high milk consumption, 4) planetary health diet with high red meat con-
sumption, 5) vegetarian, and 6) vegan (2, 3). In modeling alternative diets,
the EAT-Lancet Commission considers national preferences of different food
groups. Because foods can be imported or exported, the composition and
volume of foods produced in the United States do not exactly match those
of foods consumed in the United States, though 87% of food and beverages
purchased in the United States are domestically produced (45).

We considered two options for estimating annual deaths linked to diets
and food production in the United States for the business-as-usual dietary
scenario: 1) we assumed annual deaths in the business-as-usual dietary sce-
nario are equal to annual deaths from the US agricultural sector minus annual
deaths from nonfood production, and 2) we assumed that annual deaths in
the business-as-usual dietary scenario can be computed by matching the per-
kilocalorie annual deaths associated with food groups with the caloric com-
position of the average United States diet from the EAT-Lancet Commission
(2). The EAT-Lancet Commission estimates caloric composition of the baseline
US diet using country-specific food availability data and model equations from
the International Model for Policy Analysis of Agricultural Commodities and
Trade. We found that the estimated annual deaths from both options differed
by 8% (option one: 15,900 deaths per year and option two: 17,200 deaths per
year). We used the results of the first option to analyze mitigation interven-
tions because that option more closely represents current US food production.
We estimated annual deaths linked to alternative scenarios by matching the
per-kilocalorie annual deaths associated with food groups with the caloric
composition of the diet being examined (assuming all food consumed in the
United States is produced domestically). We assumed that the average dam-
age of food groups remained constant with changes in production. More in-
formation on the per-kilocalorie annual deaths attributable to food groups
and the caloric composition of the diets are in S/ Appendix, Tables S2 and S3,
respectively.

We considered two food loss and waste scenarios: food loss and waste at
current US levels (46), and food loss and waste reduced by 50%. We dis-
tinguish food loss and waste by food type and by food supply chain stage
(agricultural production, postharvest handling and storage, processing and
packaging, distribution, and consumption) using estimates for the North
America and Oceana region (46). We also assumed that reductions occur
proportionally across both food loss and waste.
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Finally, we explored the cost effectiveness of selected NHs; mitigation

interventions, including changes in practices related to livestock feed, animal
housing, manure storage, manure application, and synthetic fertilizer application.

Data Availability. All study data are included in the article and/or S/ Appendix.

ACKNOWLEDGMENTS. We thank Jesse Bash, Kimberly Colgan, Ellen Cooter,
Natalie Hunt, and Tesh Rao. We also thank Kristin Harper for providing

N

w

5]

o

~

0o

21.

22.

23.

24.

25.

. J. Poore, T. Nemecek, Reducing food's environmental impacts through producers and
consumers. Science 360, 987-992 (2018).

. W. Willett et al., Food in the Anthropocene: The EAT-Lancet Commission on healthy
diets from sustainable food systems. Lancet 393, 447-492 (2019).

. M. Clark, J. Hill, D. Tilman, The diet, health, and environmental trilemma. Annu. Rev.
Environ. Resour. 43, 109-134 (2018).

. H. C. ). Godfray et al., Meat consumption, health, and the environment. Science 361,
6399 (2018).

. A. Chaudhary, D. Gustafson, A. Mathys, Multi-indicator sustainability assessment of
global food systems. Nat. Commun. 9, 848 (2018).

. P. Behrens et al., Evaluating the environmental impacts of dietary recommendations.
Proc. Natl. Acad. Sci. U.S.A. 114, 13412-13417 (2017).

. J. Stanaway et al; GBD 2017 Risk Factor Collaborators, Global, regional, and national
comparative risk assessment of 84 behavioural, environmental and occupational, and
metabolic risks or clusters of risks for 195 countries and territories, 1990-2017: A systematic
analysis for the global burden of disease study 2017. Lancet 392, 1923-1994 (2018).

. J. Lelieveld, J. S. Evans, M. Fnais, D. Giannadaki, A. Pozzer, The contribution of out-
door air pollution sources to premature mortality on a global scale. Nature 525,
367-371 (2015).

. S. Bauer, K. Tsigaridis, R. Miller, Significant atmospheric aerosol pollution caused by
world food cultivation. Geophys. Res. Lett. 43, 5395-5400 (2016).

. C. W. Tessum et al., Inequity in consumption of goods and services adds to racial-ethnic
disparities in air pollution exposure. Proc. Natl. Acad. Sci. U.S.A. 116, 6001-6006 (2019).

. A. L. Goodkind, C. W. Tessum, J. S. Coggins, J. D. Hill, J. D. Marshall, Fine-scale damage
estimates of particulate matter air pollution reveal opportunities for location-specific
mitigation of emissions. Proc. Natl. Acad. Sci. U.S.A. 116, 8775-8780 (2019).

. C. A. Pope Il et al., Mortality risk and fine particulate air pollution in a large, rep-
resentative cohort of U.S. adults. Environ. Health Perspect. 127, 077007 (2019).

. P. J. Landrigan et al., The Lancet Commission on pollution and health. Lancet 391,
462-512 (2018).

. US Environmental Protection Agency, 2014 National Emissions Inventory (Version 2,
US Environmental Protection Agency, Research Triangle Park, NC, 2017). https:/Avww.
epa.gov/air-emissions-inventories/2014-national-emissions-inventory-nei-data. Accessed 25
June 2019.

. US Environmental Protection Agency, 2014 National Emissions Inventory (Version 2
Technical Support Document, US Environmental Protection Agency, Research Trian-
gle Park, NC, 2018). https://www.epa.gov/sites/production/files/2018-07/documents/
nei2014v2_tsd_05jul2018.pdf. Accessed 25 June 2019.

. N. Muller, R. Mendelsohn, W. Nordhaus, Environmental accounting for pollution in
the United States economy. Am. Econ. Rev. 101, 1649-1675 (2011).

. J. Heo, P. Adams, H. Gao, Reduced-form modeling of public health impacts of inor-
ganic PM, s and precursor emissions. Atmos. Environ. 137, 80-89 (2016).

. C. W. Tessum, J. D. Hill, J. D. Marshall, INMAP: A model for air pollution interventions.
PLoS One 12, e0176131 (2017).

. E. Gilmore et al., Air quality social cost estimates from reduced-complexity models:
Critical review and guide for users. Environ. Res. Lett. 14, 074016 (2019).

. US Department of Agriculture National Agricultural Statistics Service, Agricultural Sta-

tistics 2015 (US Department of Agriculture, Washington, DC, 2015). https:/downloads.

usda.library.cornell.edu/usda-esmis/files/j3860694x/7 p88ck59n/5m60qv80r/Agstat-05-04-

2015.pdf. Accessed 25 June 2019.

J. Hill et al.,, Air-quality-related health damages of maize. Nat. Sustain. 2, 397-403

(2019).

S. Thakrar, A. Goodkind, C. Tessum, J. Marshall, J. Hill, Life cycle air quality impacts on

human health from potential switchgrass production in the United States. Biomass

Bioenergy 114, 73-82 (2018).

US Department of Agriculture Economic Research Service, Value of Statistical Life

(Version June 2019, US Department of Agriculture Economic Research Service,

Washington, DC, 2019). https:/Awww.ers.usda.gov/webdocs/DataFiles/48464/V/SL.xIsx?

v=0. Accessed 30 December 2020.

US Bureau of Labor Statistics, CPI Inflation Calculator. https://data.bls.gov/cgi-bin/

cpicalc.pl. Accessed 30 December 2020.

D. Giannadaki, E. Giannakis, A. Pozzer, J. Lelieveld, Estimating health and economic

benefits of reductions in air pollution from agriculture. Sci. Total Environ. 622-623,

1304-1316 (2018).

60f6 | PNAS

https://doi.org/10.1073/pnas.2013637118

editorial assistance. This publication was developed as part of the Center for

Ai

r, Climate and Energy Solutions, which was supported under Assistance

Agreement No. R835873 awarded by the US EPA. It has not been formally
reviewed by the EPA. The views expressed in this document are solely those

of

the authors and do not necessarily reflect those of the Agency. The EPA

does not endorse any products or commercial services mentioned in this
publication. This research was also supported by the Wellcome Trust, Our
Planet, Our Health (Livestock, Environment, and People-LEAP) Award No.
205212/Z/16/Z and USDA Projects MIN-12-083 and MIN-12-110.

26

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

. V. Eory, C. Topp, B. de Haan, D. Moran, “Co-benefits and trade-offs of between greenhouse
gas and air pollutant emissions for measures reducing ammonia emissions and implications
for costing” in Costs of Ammonia Abatement and the Climate Co-Benefits, M. Sutton,
S. Reis, C. Howard, Eds.(Springer, Netherlands, 2015), pp. 137-168.

J. Gourevitch, B. Keeler, T. Ricketts, Determining optimal rates of nitrogen fertilizer
application. Agric. Ecosyst. Environ. 254, 292-299 (2018).

M. A. Clark, M. Springmann, J. Hill, D. Tilman, Multiple health and environmental
impacts of foods. Proc. Natl. Acad. Sci. U.S.A. 116, 23357-23362 (2019).

M. Berners-Lee, C. Kennelly, R. Watson, C. N. Hewitt, Current global food production
is sufficient to meet human nutritional needs in 2050 provided there is radical societal
adaptation. Elem. Sci. Anth. 6, 52 (2018).

M. Springmann, H. C. J. Godfray, M. Rayner, P. Scarborough, Analysis and valuation of
the health and climate change cobenefits of dietary change. Proc. Natl. Acad. Sci.
U.S.A. 113, 4146-4151 (2016).

P. Tschofen, I. L. Azevedo, N. Z. Muller, Fine particulate matter damages and value
added in the US economy. Proc. Natl. Acad. Sci. U.S.A. 116, 19857-19862 (2019).

US Department of Agriculture National Agricultural Statistics, National 2014 Cropland Data
Layer (Version February 2, 2015, US Department of Agricutture, Washington, DC, 2015). https/
www.nass.usda.gov/Research_and_Science/Cropland/Release/index.php. Accessed 25 June 2019.
US Geological Survey, Nitrogen (Fixed)—Ammonia (Version January 2015, US Geological
Survey, Reston, VA, 2015). https:/s3-us-west-2.amazonaws.com/prd-wret/assets/palladium/
production/mineral-pubs/nitrogen/mcs-2015-nitro.pdf. Accessed 25 June 2019.

T. Pace, Methodology to estimate the transportable fraction (TF) or fugitive dust
emissions for regional and urban scale air quality analyses (Version August 8, 2005, US
Environmental Protection Agency, Research Triangle Park, NC, 2005), https:/www.
nrc.gov/docs/ML1321/ML13213A386.pdf. Accessed 25 June 2019.

US Department of Agriculture Economic Research Service, Agricultural resource
management survey farm financial and crop production practices (Version December
12, 2018, US Department of Agriculture Economic Research Service, Washington, DC,
2019). https://www.ers.usda.gov/data-products/arms-farm-financial-and-crop-production-
practices/. Accessed 25 June 2019.

A. McQuilling, “Ammonia emissions from livestock in the United States: from farm
emissions models to a new national inventory,” Ph.D thesis, Carnegie Mellon Uni-
versity, Pittsburgh, PA (2016).

US Department of Agriculture Economic Research Service, Fertilizer use and price
(Version October 30, 2019, US Department of Agriculture Economic Research Service,
Washington, DC, 2019). https://www.ers.usda.gov/data-products/fertilizer-use-and-
price.aspx. Accessed 30 October 2019.

US Department of Agriculture Economic Research Service, Pesticide use in US Agri-
culture: 21 selected crops 1960-2008 (Version May 2014, US Department of Agricul-
ture Economic Research Service, Washington, DC, 2014). https://www.ers.usda.gov/
webdocs/publications/43854/46734_eib124.pdf?v=8776.3. Accessed 25 June 2019.

E. J. Cooter, O. J. Bash, V. Benson, L. Ran, Linking agricultural crop management and
air quality models for regional to national-scale nitrogen assessments. Biogeosciences
9, 4023-4035 (2012).

US Department of Agriculture Economic Research Service, Yearbook Tables (US De-
partment of Agriculture Economic Research, Washington, DC, 2018). https:/www.ers.
usda.gov/data-products/. Accessed 25 June 2019.

R. Pinder, P. Adams, S. Pandis, A. Gilliland, Temporally resolved ammonia emissions
inventories: Current estimates, evaluation tools, and measurement needs. J. Geophys.
Res. 111, 1-14 (2006).

M. Goebes, R. Strader, C. Davidson, An ammonia emissions inventory for fertilizer
application in the United States. Atmos. Environ. 37, 2539-2550 (2003).

R. W. Pinder, P. J. Adams, S. N. Pandis, Ammonia emission controls as a cost-effective
strategy for reducing atmospheric particulate matter in the eastern United States.
Environ. Sci. Technol. 41, 380-386 (2007).

S. Gerrior, W. Juan, P. Basiotis, An easy approach to calculating estimated energy
requirements. Prev. Chronic Dis. 3, A129 (2006).

US Department of Agriculture Economic Research Service, Close to 90 percent of U.S.
consumers’ food and beverage spending is for domestically produced products (US De-
partment of Agriculture Economic Research Service, Washington, DC, 2018). https:/Amwww.
ers.usda.gov/data-products/chart-gallery/gallery/chart-detail/?chartld=88950. Accessed 30
May 2020.

J. Gustavsson, C. Cederberg, U. Sonesson, R. Van Otterdijk, A. Meybeck, Global food
losses and food waste: Extent, causes, and prevention (FAO, Rome, 2011).

Domingo et al.
Air quality-related health damages of food


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013637118/-/DCSupplemental
https://www.epa.gov/air-emissions-inventories/2014-national-emissions-inventory-nei-data
https://www.epa.gov/air-emissions-inventories/2014-national-emissions-inventory-nei-data
https://www.epa.gov/sites/production/files/2018-07/documents/nei2014v2_tsd_05jul2018.pdf
https://www.epa.gov/sites/production/files/2018-07/documents/nei2014v2_tsd_05jul2018.pdf
https://downloads.usda.library.cornell.edu/usda-esmis/files/j3860694x/7p88ck59n/5m60qv80r/Agstat-05-04-2015.pdf
https://downloads.usda.library.cornell.edu/usda-esmis/files/j3860694x/7p88ck59n/5m60qv80r/Agstat-05-04-2015.pdf
https://downloads.usda.library.cornell.edu/usda-esmis/files/j3860694x/7p88ck59n/5m60qv80r/Agstat-05-04-2015.pdf
https://www.ers.usda.gov/webdocs/DataFiles/48464/VSL.xlsx?v=0
https://www.ers.usda.gov/webdocs/DataFiles/48464/VSL.xlsx?v=0
https://data.bls.gov/cgi-bin/cpicalc.pl
https://data.bls.gov/cgi-bin/cpicalc.pl
https://www.nass.usda.gov/Research_and_Science/Cropland/Release/index.php
https://www.nass.usda.gov/Research_and_Science/Cropland/Release/index.php
https://s3-us-west-2.amazonaws.com/prd-wret/assets/palladium/production/mineral-pubs/nitrogen/mcs-2015-nitro.pdf
https://s3-us-west-2.amazonaws.com/prd-wret/assets/palladium/production/mineral-pubs/nitrogen/mcs-2015-nitro.pdf
https://www.nrc.gov/docs/ML1321/ML13213A386.pdf
https://www.nrc.gov/docs/ML1321/ML13213A386.pdf
https://www.ers.usda.gov/data-products/arms-farm-financial-and-crop-production-practices/
https://www.ers.usda.gov/data-products/arms-farm-financial-and-crop-production-practices/
https://www.ers.usda.gov/data-products/fertilizer-use-and-price.aspx
https://www.ers.usda.gov/data-products/fertilizer-use-and-price.aspx
https://www.ers.usda.gov/webdocs/publications/43854/46734_eib124.pdf?v=8776.3
https://www.ers.usda.gov/webdocs/publications/43854/46734_eib124.pdf?v=8776.3
https://www.ers.usda.gov/data-products/
https://www.ers.usda.gov/data-products/
https://www.ers.usda.gov/data-products/chart-gallery/gallery/chart-detail/?chartId=88950
https://www.ers.usda.gov/data-products/chart-gallery/gallery/chart-detail/?chartId=88950
https://doi.org/10.1073/pnas.2013637118

