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Abstract
Global food systems must be a part of strategies for greenhouse gas (GHG) mitigation, optimal
water use, and nitrogen pollution reduction. Insights from research in these areas can inform
policies to build sustainable food systems yet limited work has been done to build understanding
around whether or not sustainability efforts compete with supply chain resilience. This study
explores the interplay between food supply resilience and environmental impacts in US cities,
within the context of global food systems’ contributions to GHG emissions, water use, and
nitrogen pollution. Utilizing county-level agricultural data, we assess the water use, GHG
emissions, and nitrogen losses of urban food systems across the US, and juxtapose these against
food supply resilience, represented by supply chain diversity. Our results highlight that supply
chain resilience and sustainability can simultaneously exist and are not necessarily in competition
with each other. We also found a significant per capita footprint in the environmental domains
across Southern cities, specifically those along the Gulf Coast and southern Great Plains. Food
supply chain resilience scores ranged from 0.18 to 0.69, with lower scores in the southwest and
Great Plains, while northeastern and Midwestern regions demonstrated higher resilience. We
found several cities with high supply chain resilience and moderate or low environmental impacts
as well as areas with high impacts and low resilience. This study provides insights into potential
trade-offs and opportunities for creating sustainable urban food systems in the US, underscoring
the need for strategies that consider both resilience and environmental implications.

1. Introduction

The global food system accounts for a large pro-
portion of global greenhouse gas (GHG) emissions
(Crippa et al 2021), blue water use (Mekonnen
and Hoekstra 2020), and nitrogen pollution (Zhang
et al 2021) with 5.2 billion tons of CO2 emissions,
1810 km3 of blue water use, and 104 tera-grams of
nitrogen applied (Springmann et al 2018). Enhancing
the efficiency of food systems in terms of resource
use and environmental emissions is essential to meet
several sustainable development targets (Springmann
et al 2018, Gerten and Kummu 2021). However,
food systems face growing environmental challenges,
as shown by the rising frequency of climate-related
food shocks in recent years (Cottrell et al 2019,

Nyström et al 2019). Resilient food systems that can
cope with environmental stressors are key to mitig-
ate the impacts on human populations of food sup-
ply disruptions, food price fluctuations, and food
quality reductions (Davis et al 2021). Urban pop-
ulations, which comprise 55% of the world’s pop-
ulation and consume 75% of the world’s natural
resources (UN Department of Economic and Social
Affairs 2018), are particularly vulnerable to food
shocks because they rely on imports from other
regions to satisfy local food demand (Davies 2018,
Dermody et al 2018). Therefore, building resilient
and sustainable food systems for urban areas is cru-
cial to ensure food security, lower environmental
impacts, and enhance human well-being (Elmqvist
et al 2019).
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Measuring the environmental impacts of food
systems has the potential to show differences across
geographies and time scales and track progress
towards certain sustainability goals (Fanzo et al 2021).
While studies on the environmental impacts of food
systems at the global scale can help us understand
how these systems contribute to GHG emissions and
planetary resource use (Oita et al 2016, Clark et al
2020, Rosa et al 2020, Crippa et al 2021, Gephart et al
2021, Xu et al 2021), this scale does not allow for deep
understanding around the intranational variability
of several technological, economic, ecological, and
social factors that affect food production and asso-
ciated environmental emissions. Intranational envir-
onmental emission patterns can vary substantially in
large countries like the United States (US) (Ahams
et al 2017, Mahjabin et al 2018, 2021, Marston et al
2018, Wang et al 2022). Therefore, intranational
estimates of environmental impacts could help to
inform policies aimed at reducing the environmental
impacts of food production.

Environmental extremes and year-to-year envir-
onmental variations are both drivers of shocks to
food production systems (Cottrell et al 2019, Davis
et al 2021). Motivated by ecological theory, studies
have shown that biodiversity increases ecosystempro-
ductivity, resulting in more stable crop yields over
time (Renard and Tilman 2019). Research has also
found that the structure of the global food trade net-
work is linked to the system’s ability to respond to
food consumption supply shocks. Specifically, when
the network’s modularity decreases this ability of the
system to respond to shocks is reduced (Puma et al
2015, Tu et al 2019). The increase in the connectiv-
ity of the global food trade network have led to
a higher shock transmission, meaning that a shock
starting in one country can affect other countries that
depend on that county’s food exports to meet their
domestic food demands (Bren D’Amour et al 2016,
Fader et al 2016, Marchand et al 2016, Gephart et al
2016b, Distefano et al 2018). Further, supply diversity
in terms of food products and trading partners has
been reported to increase the resilience of national
food supply systems (Kummu et al 2020).

Intranational studies investigating food produc-
tion networks found that landscape diversity and
complexity can increase crop productivity and yield
(Abson et al 2013, Rotz and Fraser 2015, Burchfield
et al 2019, Nelson and Burchfield 2021). Similarly,
cities with diverse food supply chains are less likely
to experience shocks because they possess a func-
tional redundancy of trading partners where a city
has multiple trading partners within several func-
tional groups (Gomez et al 2021). However, this
may pose a trade-off between resilience and environ-
mental impacts of cities’ food systems because hav-
ing multiple trading partners may result in increased
GHGemissions related to food transportation, higher

water consumption from trading partners with irrig-
ation systems, N and P loss due to spatial differ-
ences in the application of fertilizers for crop and feed
production.

Resilience and sustainability are complementary
but not interchangeable concepts (Elmqvist et al
2019). The focus of sustainability efforts is on avoid-
ing inefficiencies through the optimization of exist-
ing infrastructure and resources, which in some
cases means reducing redundancy, a key charac-
teristic of resilient systems (Walker et al 2004,
Elmqvist et al 2019). Resilience does not neces-
sarily imply sustainability, and in some cases, it
can even undermine it. For example, a resilient
city may persist in an unsustainable state by out-
sourcing food production to other regions with inef-
ficient resource use and large environmental emis-
sions. Thus, it is key to consider both these char-
acteristics to assess the suitability of urban food
systems.

The objective of this study is to explore the rela-
tionship between resilience and the environmental
impacts of major US cities. Resilience and envir-
onmental impacts are not necessarily independent
from each other, because the resilience of a city may
depend on its ability to cope with external shocks
and stresses that affect its food supply, such as envir-
onmental extreme events or geopolitical conflicts. In
putting safeguards in place to adapt to such shocks
and stresses, cities may also incur in unsustainable
practices with potentially large environmental con-
sequences, such as increasing the carbon or water
footprints of their food supply chains. Therefore, we
argue that a resilient city should not only be able to
maintain its food supply in the face of disturbances,
but also minimize its environmental footprint and
contribute to the sustainability of the global food sys-
tem. To support this argument, we develop a frame-
work that integrates indicators of food supply resi-
lience and environmental impacts, and apply it to
69 cities in the United States. We address the fol-
lowing research questions: (1) what cities and food
sectors are responsible for the largest food-related
environmental impacts in the United States? (2) Does
food supply resilience relate to higher food consump-
tion related environmental impacts? (3) What cit-
ies exhibit a high food supply resilience while main-
taining low environmental impacts, or conversely
what cities achieve resilience through increased envir-
onmental emissions? To evaluate the environmental
impact of US urban food systems, we compare the
water use for irrigation, GHG emissions, and N losses
using county-level agricultural production data. To
assess the resilience of cities to food supply chocks, we
leverage supply chain diversity (Gomez et al 2021) as
a surrogate for food supply resilience. By examining
the relationship between food supply resilience and
environmental impacts, we aim to identify potential
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trade-offs and opportunities for sustainable food sys-
tems in US cities.

2. Methods

2.1. Food flow networks
We use annual food flow data at the subnational scale
to build food flow networks for 69 major US cities
and 3 food sectors. To build the networks, we use data
from the Freight Analysis Framework (FAF) version 4
(Hwang et al 2016) which provides annual commod-
ity flows for 132 geographic areas in the US during
the 2012–2015 period (figure S27). We use commod-
ity flows to build sectoral food flow networks where
nodes represent geographic areas, and the weighted
links represent annual food flows for each food sector
during 2012–2015 (figure S1). In total, we work with
a total of 16 food flow networks (one network for each
economic sector and year pair).

2.2. Environmental impacts of food systems
2.2.1. Footprints of production
To assess the environmental impacts of domestic
food production we combine county and commod-
ity level production data with environmental foot-
print factors related to water use, GHGs emissions,
and nitrogen leaching.We obtain the state-level water
use coefficients [m3 tons−1] for individual crops
and livestock from (Mekonnen and Hoekstra 2011)
and (Mubako 2011). We use life cycle GHG emis-
sion coefficients [kg CO2eq/kg] for individual crops
which are obtained from a meta-analysis of pub-
lished literature (Petersson et al 2021). GHG emis-
sion coefficients for North America and for different
live animals are adopted from the Global Livestock
Environmental Assessment Model version 2.0 from
the Food and Agriculture Organization (FAO 2018).
GHG emission coefficients account for CO2, N2O,
and CH4 emissions. Nitrogen loss coefficients [kg
N lost/kg] from crop and livestock production in
the US are obtained from (Gephart et al 2016a).
In our analysis, commodity-specific environmental
coefficients for GHG emissions and nitrogen loss do
not vary spatially which is similar to other national
level studies (Leach et al 2012, Gephart et al 2016a).
This assumption is justifiable as the use of fertil-
izer and other inputs do not vary widely within
many industrialized countries (Leach et al 2012, FAO
2018). Environmental footprint factors and addi-
tional processing methods for calculating county
level data from the FAF framework are shown in
the supplementary information (figures S2–S19 and
tables S1–S7).

We calculate water (WFP), carbon (CFP), and
nitrogen (NFP) footprints for a county i and sector
c as

WFPi,c =WCj,c × Pi,c

CFPi,c = CCc × Pi,c

WFPi,c = NCc × Pi,c

where Pi,c is the production of commodity c at county
i, WFj,c is the water use coefficient for commodity c at
state j, CCc is the carbon emission coefficient for com-
modity c, andNCc is nitrogen lost coefficient for com-
modity c. Environmental footprints for cereal grains,
feed, and meat sectors are calculated by aggregating
commodity-specific footprints at each county as

FPi,s =
∑
c∈s

FPi,c

where FPi,s is an environmental footprint (WFP, CFP
or NFP) for county i and sector s, FPi,c is an envir-
onmental footprint for county i and commodity c.
Maps of county- and sector-level WFP, CFP, and NFP
are shown in the supplementary information.We fur-
ther aggregate footprints to the FAF scale by summing
county-level footprints to FAF zones as

FPk,s =
∑
i∈k

FPi,s

where FPk,s is an environmental footprint (WFP, CFP
or NFP) for FAF zone k and sector s. Maps of FAF-
and sector-level WFP, CFP, and NFP are shown in the
supplementary information.

2.2.2. Footprints of consumption
To calculate footprints of consumption we use
food flow networks to distribute the environmental
impacts of food production to places where food is
transferred for consumption.We calculate water foot-
print of consumption (WFC) for FAF zone k and sec-
tor s as

WFCk,s =
∑
o

WFPo,s ×
Lo→k,s

Tk,s
× Sk,s

whereWFPk,s is the water footprint of production for
origin FAF zone o and sector s, Lo→k,s is a food flow
link between origin FAF zone o and destination FAF
zone k, and Tk,s is the total outflow for FAF zone k
and sector s. Sk,s is the share of the total production in
sector s in FAF zone k that is transferred domestically.
We use FAF data to calculate Sk,s and is calculated as
the ratio of domestic production to total production
(including exports) for sector s in FAF zone k. We cal-
culate the carbon footprint of consumption (CFC) for
FAF zone k and sector s in a similar way, but we add
a term to the equation to account for GHG emissions
involved in the transportation of food products as

CFCk,s =
∑
o

CFPo,s ×
Lo→k,s

Tk,s
× Sk,s +

∑
o,l

TCIl

×TKo→k,s

whereCFPk,s is the carbon footprint of production for
origin FAF zone o and sector s. TCIl is the transporta-
tionGHGemission intensity for transportationmode
l (table S7) and TKo→k,s is the tonne-km of freight
transportation for sector s fromorigin FAF zone o and
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destination FAF zone k. Tonne-km data is provided
in the FAF data. Our method to calculate CFC builds
on a previous carbon footprint study (Xu et al 2021).
Lastly, the nitrogen footprint of consumption (NFC)
of FAF zone k and sector s is calculated as

NFCk,s =
∑
o

NFPo,s ×
Lo→k,s

Tk,s
× Sk,s

where NFPo,s is the nitrogen footprint of production
for origin FAF zone o and sector s. Ourmethod to cal-
culate consumption footprint accounts for the spatial
variation of food production and its environmental
impacts, as well as the outsourcing patterns of cit-
ies. The water, GHG, and N production footprints of
food products vary across regions, depending on the
type and intensity of food production (figures S12,
S15 and S18). Different regions specialize in differ-
ent food commodities, which have different emission
factors and water requirements. Thus, the environ-
mental consumption footprints of cities depend not
only on the trade data, but also on the environmental
footprint of the source regions.

2.3. Food supply resilience
We use the approach in (Gomez et al 2021) to calcu-
late the food supply resilience of 69 major US cities.
In this study, we use supply chain diversity as a proxy
for resilience because a higher supply chain diversity
relates to a lower probability of experiencing food
supply shocks of increasing intensity (Gomez et al
2021). Thus, we are using the definition of resilience
from the social-ecological system literature, which is
‘resilience is the capacity of a social-ecological sys-
tem to absorb or withstand perturbations and other
stressors such that the system remains within the
same regime, essentiallymaintaining its structure and
functions.’ (Holling 1973,Walker et al 2004). To com-
pute food supply resilience, we analyze separately the
annual food supply subnetwork of each city and food
sector. For each subnetwork, we calculate the dis-
tance between node i (city under analysis) and all
neighbors j in the functional space constituted by
five functional indicators: physical distance, climate
correlation, urban classification, economic specializ-
ation, and network modularity. The functional dis-
tance drij between nodes i and j for each indicator
r is then normalized from 0 to 1 such that drij = 1
indicates that nodes i and j are the most dissimilar in
the network in terms of distance indicator r. To cap-
ture a global measure of functional distance between
a pair of nodes, we calculate a composite functional
distance indicator dij as the arithmetic average across
all five indicators. Then, we calculate the food sup-
ply resilience Rt

i,c of city i, food sector c, and year t as
the Shannon entropy of the discrete distribution of
food inflows by average functional distance category.
The discrete distribution of city i is constructed by

ordering trading partners j into bins of ascending dij
and calculating the proportion of total food inflows
from trading partners in each bin. The steps for cal-
culating food supply resilience are summarized in the
figure S20.

2.4. Composite environmental impact index
We create a single indicator for the environmental
impact of food consumption in cities by equally
weighting the three footprints of crop and meat con-
sumption. To do so, we normalize (Muthusamy et al
2016) and standardize the footprints from 0 to 1
where a value of 1 means that the city has the highest
environmental impact for that footprint type and
food sector and a value of 0means the lowest environ-
mental impact.We consider crop andmeat footprints
separately in the calculations to consider relative dif-
ferences. These standardized footprints are averaged
to get a composite indicator. A high value implies
that the city has, on average, a large WFC, CFC, and
NFC across both crops andmeat sector. Note that, we
do not consider feed footprints in the calculation of
the composite index to avoid double counting of the
environmental impacts of meat consumption.

3. Results

3.1. Environmental impacts of food production in
the US
Our findings revealed that meat production had
higher environmental impacts than crop production
across all three environmental domains, with corn,
hay, and beef production contributing the most to
these impacts (figure 1). These results align with pre-
vious studies that have highlighted the significant
environmental footprint of beef production (Capper
2011, Rotz et al 2019). Specifically, the US agri-
cultural sector (crop and meat production) emitted
725.7 million tons of carbon dioxide (Mt CO2eq) in
GHG emissions; used 307.7 cubic kilometers (km3)
of blue water—surface water and groundwater used
for irrigation; and had a nitrogen loss of 8.97 mil-
lion tons of reactive nitrogen (Mt N). Across all
three environmental domains, meat production had
higher environmental impacts than crop production
(figure 1). Specifically, meat production generated
460.6 Mt CO2eq whereas crop production emissions
were 265.1 Mt CO2eq. Similarly, for the other two
domains, the water and nitrogen footprints of meat
production were 237.6 km3 and 5.6 Mt N while for
crop production these are 69.4 km3 and 3.4 Mt N.

Corn, hay, and beef production had the highest
impacts across all three environmental domains
(figure 1). Corn production alone was responsible for
18.4 km3 of blue water use; 132.9 Mt CO2eq in GHG
emissions; and 0.78 Mt N of nitrogen loss. These
footprints of corn production correspond to 27%,
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Figure 1. Total environmental footprints of crops, feed, and meat sectors for (a) water, (b) carbon, and (c) nitrogen
environmental domains.

Figure 2. Spatial distribution of environmental footprints of production for crops, feed, and meat sectors.

50%, and 23%of the total water, carbon, and nitrogen
footprints of the crops sector.

By examining the spatial distribution of environ-
mental impacts, we found regional patterns in water,
carbon, and nitrogen footprints, with some areas
experiencing higher impacts than others (figure 2).
These regional patterns reflect the varying agricul-
tural production systems and resource use across the
US (Capper 2011) where irrigated crops primarily
reside west of the Mississippi and meat production is
dominant in the central US. These findings affirm the
need for region-specific strategies to understand the
environmental impacts of food systems, especially in
the context of adaptation to climate change (Capper

2011,Mahjabin et al 2021). These results demonstrate
variation across indicators which implies that mul-
tiple indicators are needed to evaluate the sustainab-
ility of agricultural production systems.

3.2. Environmental footprints of US urban food
systems
Our study focuses on the environmental impacts of
food consumption inUS cities because cities consume
more food than they produce and also account for
a large proportion of the food consumed nationally.
Food consumption in the 69 cities considered in the
study accounts for 277.4 Mt CO2eq in GHG emis-
sions, 129.4 km3 of blue water consumption, and a
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Figure 3. Environmental footprints of consumption for (a)
water, (b) carbon, and (c) nitrogen environmental domains.

nitrogen loss of 3.50 Mt N which correspond to 41%,
46%, 42% of the national footprint of consumption
of crops and meat.

By combining crop and meat impacts we ana-
lyzed the total agricultural consumption footprints
for water, carbon, and nitrogen in US cities (figure 3).
We do not consider feed impacts when calculating the
footprint of agricultural production to avoid double
counting. While it is true that food systems contain
more food categories, crop and meat products make
up nearly 60% of the total food produced in the US.

Southern cities, particularly those along the Gulf
Coast and southern Great Plains, generally have
higher per capita footprints across all three envir-
onmental domains. Among the top 20 cities with
the highest water, carbon, and nitrogen footprints,
a significant proportion are in the southern US (18,
11, and 14 respectively; figure S23). Interestingly,
the contribution of the meat sector to the total
agricultural footprint of production varies among
environmental domains (figure S23). For instance,
for most cities the meat sector accounts for a larger

share of the total water footprint of production than
the crop sector but that trend is not universal and
there are several places where crop production dom-
inates (figures S23 and S24). Moreover, within the
carbon and nitrogen footprints of production, crop
and meat sectors have a comparable contribution to
the total footprint of production of cities (figures S23
and S24). Southern cities again show high footprints
of consumption across all environmental domains.
Among the top 20 cities in terms of footprints of
consumption, 17, 13 and 13 cities are located in the
south for water, carbon and nitrogen footprints of
consumption, respectively (figure S23). As expected,
the share of the meat sector in the total footprint of
consumption of cities is larger than the share for the
crop sector across all environmental domains (figures
S23 and S24).

3.3. Food supply resilience of US cities
The food supply resilience scores for cities range from
0.18 to 0.69 with an average resilience of 0.46 and
standard deviation of 0.12 (figure 4). Cities in the
southwest have the lowest food supply resilience of
all regions, with an average resilience of 0.39, fol-
lowed by the Great Plains at 0.41. In contrast, the
regions with the highest average resilience are the
northeast and Midwest regions, with scores of 0.55
and 0.50, respectively. Among the 69 cities studied,
New York City, Kansas City, Atlanta, Richmond, and
Philadelphia have the largest food supply resilience.
Except for Kansas City all these cities are located in the
eastern US. In fact, of the top 25 most resilient cities,
19 are located in the East. On the other hand, cities
with the lowest resilience, including Tucson, Corpus
Christi, Lake Charles, Beaumont, and Las Vegas, are
predominantly located in the western US.

3.4. Environmental impacts and resilience of US
cities
To answer our second research question, we invest-
igate the relationship between the resilience of sup-
ply chains and the environmental impacts embed-
ded in US cities food supplies. Food supply resilience
positively relates to the number of trading partners
(figure S25) which makes it possible that resilient cit-
ies also have larger environmental impacts. However,
we find no relationship between food supply resili-
ence and environmental footprints across all environ-
mental domains and food sectors (figure 5). Thus, it
is possible for resilient cities to exhibit low and high
environmental footprints.

We relate the environmental impact indicator to
food supply resilience to assess potential tradeoffs
where a city might have a resilient food supply at the
cost of higher environmental impacts or conversely
achieve a high resilience with relatively low environ-
mental impacts (figure 6).

We find that large cities such as New York City,
Philadelphia, and Los Angeles exhibit relatively low
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Figure 4. Food supply resilience of US cities. Climate regions (shown in green) are: Northeast (NE), Southeast (SE), Midwest
(MW), Great Plains (GP), Northwest (NW), and Southwest (SW).

Figure 5. Relationship between environmental footprints and resilience of US cities food supplies across water (a)–(c), carbon
(d)–(f), and nitrogen (g)–(i) environmental domains for crops (a), (d), (g), feed (b), (e), (h), and meat (c), (f), (i) sectors. The
linear fit to each relationship is shown in black.

environmental impacts with a high food supply resi-
lience. The high economic power of these large
cities allows them to outsource food to a more
diverse set of trading partners increasing their food

supply resilience (Bingham et al 2022). In addition,
large cities often demonstrate lower consumption
footprints per capita across all three environmental
domains compared tomid-to small size cities (figures
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Figure 6. Relationship between food supply resilience and environmental impacts of US cities for crops, feed, and meat sectors.

S25 and S26). Cities in the southeast and south-
ern Great Plains regions such as Atlanta, Kansas
City, New Orleans, Oklahoma City, and Omaha
show a high food supply resilience accompanied
by high environmental impacts. The southeast and
southern Great Plains regions are characterized by
a high environmental impact across all three envir-
onmental domains. Medium-to-small sized cities in
the Southern Great Plains region such as Wichita,
Fresno, and Corpus Christi show large environmental
impacts with a low resilience to food supply shocks.
For this group of cities, a diversification of trading
partners might be beneficial to, both, increase their
resilience and decrease their environmental impacts.
Lastly, cities in the southwest region such as Tucson,
San Diego, and Las Vegas show a low environmental
impact and a low food supply resilience.

Part of these finding, the relationship between
population and environmental impact efficiency,
supports previous research that has demonstrated
the potential for large cities to achieve greater effi-
ciency in terms of consumption footprints per cap-
ita (Bettencourt et al 2007, 2010, Mahjabin et al
2018). However, we expected to see a relationship
between high food supply resilience, and thus higher
numbers of trading partners, and higher environ-
mental impacts in the carbon and nitrogen footprint
because of the impacts associated with transporta-
tion of goods. We did not find that relationship to be
present in our work. Thus, this suggests that a higher
diversity of trading partners can serve two goals, both
reducing environmental impacts and increasing food
system resilience.

In summary, our investigation of the resilience of
US cities to food supply shocks we found that cit-
ies in the southwest had the lowest average resili-
ence, while the northeast and Midwest regions had
the highest average resilience. This is important to
highlight in the context of providing interventions to
improve food supply resilience in regions with lower
resilience scores, such as diversifying trading partners
(Gomez et al 2021).

3.5. Limitations
In considering limitations, it is important to note that
our study investigated the principle of food supply
resilience and environmental impacts at an intrana-
tional scale thus further research would be necessary
to see if the findings would remain true at the global
scale where larger environmental impacts are associ-
ated with the transport of goods. Beyond this general
limitation, several limitations exist within our meth-
odological framework. First, our work utilized annual
trade data from the FAF framework thus our con-
ceptualization of resilience is tied to annual times-
cales. Future work in this area could also explore how
major disruption events, such as the COVID-19 pan-
demic, mirror resilience of supplies by geographic
area by using smaller time interval and higher product
resolution information. Additionally, given data lim-
itations for calculating each environmental foot-
print, we only utilized four Standard Classification
of Transported Goods (SCTG) commodity groups
for this research leaving out three additional food
product groups. Thus we did not calculate the entire
food supply chain environmental footprints. Further,
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we considered water, carbon, and nitrogen footprints
in this study but further work could elucidate the
relationship between resilience and sustainability for
other environmental impacts such as land use and
biodiversity loss. Land use in particular will remain
an important area of consideration for sustainab-
ility with competing uses across water, food, and
energy systems only growing with expanded deploy-
ment of renewable energy and increasing stress on
water supplies.

4. Conclusion

Understanding the relationship between cities food
supply resilience and environmental impact enables
us to build broader context in which to ground
discussions of sustainability and resilience. Our
study builds understanding around the relationship
between food supply resilience and the environ-
mental impacts of urban food systems in US cities,
a previously underexplored scale. Our findings high-
light the possibility that increasing the number of
trading partners a city utilizes might serve two dual
purposes- reducing environmental impacts of food
systems and improve the food supply resilience across
different cities. This work is crucial to informing the
development of sustainable urban food systems that
can support a growing population while mitigating
the environmental impacts of food supply systems.

Data availability statement

All data that support the findings of this study are
included within the article (and any supplementary
files).

Acknowledgments

The authors would like to acknowledge the National
Science Foundation Grant #1941657 and #2244715,
and the George Washington University for providing
support for this work.

ORCID iD

Caitlin Grady https://orcid.org/0000-0002-9151-
6664

References

Abson D J, Fraser E D G and Benton T G 2013 Landscape diversity
and the resilience of agricultural returns: a portfolio analysis
of land-use patterns and economic returns from lowland
agriculture Agric. Food Secur. 2 1–15

Ahams I C, Paterson W, Garcia S, Rushforth R, Ruddell B L and
Mejia A 2017 Water footprint of 65 mid- to large-sized U.S.
cities and their metropolitan areas J. Am. Water Resour.
Assoc. 53 1147–63

Bettencourt L M A, Lobo J, Helbing D, Kühnert C and West G B
2007 Growth, innovation, scaling, and the pace of life in
cities Proc. Natl Acad. Sci. USA 104 7301–6

Bettencourt L M A, Lobo J, Strumsky D and West G B 2010
Urban scaling and its deviations: revealing the structure
of wealth, innovation and crime across cities PLoS One
5 20–22

Bingham D R R and Ruddell B 2022 Local food self-sufficiency in
the U.S. and the tradeoffs for food system resilience Appl.
Geogr. 143 102687

Bren D’Amour C, Wenz L, Kalkuhl M, Christoph Steckel J and
Creutzig F 2016 Teleconnected food supply shocks Environ.
Res. Lett. 11 035007

Burchfield E K, Nelson K S and Spangler K 2019 The impact of
agricultural landscape diversification on U.S. crop
production Agric. Ecosyst. Environ. 285 106615

Capper J L 2011 The environmental impact of beef production in
the United States: 1977 compared with 2007 J. Anim. Sci.
89 4249–61

Clark M A, Domingo N G G, Colgan K, Thakrar S K, Tilman D,
Lynch J, Azevedo I L and Hill J D 2020 Global food system
emissions could preclude achieving the 1.5◦ and 2 ◦C
climate change targets Science 370 705–8

Cottrell R S et al 2019 Food production shocks across land and sea
Nat. Sustain. 2 130–7

Crippa M, Solazzo E, Guizzardi D, Monforti-Ferrario F,
Tubiello F N and Leip A 2021 Food systems are responsible
for a third of global anthropogenic GHG emissions Nat.
Food 2 198–209

Davies E G R 2018 Cities drive food and water security Nat.
Sustain. 1 120–1

Davis K F, Downs S and Gephart J A 2021 Towards food supply
chain resilience to environmental shocks Nat. Food
2 54–65

Dermody B J, Sivapalan M, Stehfest E, van Vuuren D P,
Wassen M J, Bierkens M F P and Dekker S C 2018 A
framework for modelling the complexities of food
and water security under globalization Earth Syst. Dyn.
9 103–18

Distefano T, Laio F, Ridolfi L and Schiavo S 2018 Shock
transmission in the international food trade network PLoS
One 13 1–15

Elmqvist T, Andersson E, Frantzeskaki N, McPhearshon T,
Olsson P, Gaffney O, Takeuchi K and Folke C 2019
Sustainability and resilience for transformation in the urban
century Nat. Sustain. 2 267–73

Fader M et al 2016 Past and present biophysical redundancy of
countries as a buffer to changes in food supply Environ. Res.
Lett. 11 055008

Fanzo J et al 2021 Viewpoint: rigorous monitoring is necessary to
guide food system transformation in the countdown to the
2030 global goals Food Policy 104 102163

FAO 2018 Global livestock environmental assessment
model—model description (version 2.0) (available at: www.
fao.org/gleam/resources/en/) (Accessed 6 November 2023)

Gephart J A et al 2021 Environmental performance of blue foods
Nature 597 360–5

Gephart J A, Davis K F, Emery K A, Leach A M, Galloway J N and
Pace M L 2016a The environmental cost of subsistence:
optimizing diets to minimize footprints Sci. Total Environ.
553 120–7

Gephart J A, Rovenskaya E, Dieckmann U, Pace M L and
Brännström Å 2016b Vulnerability to shocks in the global
seafood trade network Environ. Res. Lett. 11 035008

Gerten D and KummuM 2021 Feeding the world in a narrowing
safe operating space One Earth 4 1193–6

Gomez M, Mejia A, Ruddell B L and Rushforth R R 2021 Supply
chain diversity buffers cities against food shocks Nature
595 1–17

Holling C S 1973 Resilience and stability of ecological systems
Annu. Rev. Ecol. Syst. 4 1–23

Hwang H-L, Hargrove S, Chin S-M, Wilson D, Lim H, Chen J,
Taylor R, Peterson B and Davidson D 2016 The freight
analysis framework version 4 (FAF4) vol ORNL/TM–20
(available at: www.bts.gov/faf/faf4) (Accessed 6 November
2023)

9

https://orcid.org/0000-0002-9151-6664
https://orcid.org/0000-0002-9151-6664
https://orcid.org/0000-0002-9151-6664
https://doi.org/10.1186/2048-7010-2-2
https://doi.org/10.1186/2048-7010-2-2
https://doi.org/10.1111/1752-1688.12563
https://doi.org/10.1111/1752-1688.12563
https://doi.org/10.1073/pnas.0610172104
https://doi.org/10.1073/pnas.0610172104
https://doi.org/10.1371/journal.pone.0013541
https://doi.org/10.1371/journal.pone.0013541
https://doi.org/10.1016/j.apgeog.2022.102687
https://doi.org/10.1016/j.apgeog.2022.102687
https://doi.org/10.1088/1748-9326/11/3/035007
https://doi.org/10.1088/1748-9326/11/3/035007
https://doi.org/10.1016/j.agee.2019.106615
https://doi.org/10.1016/j.agee.2019.106615
https://doi.org/10.2527/jas.2010-3784
https://doi.org/10.2527/jas.2010-3784
https://doi.org/10.1126/science.aba7357
https://doi.org/10.1126/science.aba7357
https://doi.org/10.1038/s41893-018-0210-1
https://doi.org/10.1038/s41893-018-0210-1
https://doi.org/10.1038/s43016-021-00225-9
https://doi.org/10.1038/s43016-021-00225-9
https://doi.org/10.1038/s41893-018-0038-8
https://doi.org/10.1038/s41893-018-0038-8
https://doi.org/10.1038/s43016-020-00196-3
https://doi.org/10.1038/s43016-020-00196-3
https://doi.org/10.5194/esd-9-103-2018
https://doi.org/10.5194/esd-9-103-2018
https://doi.org/10.1371/journal.pone.0200639
https://doi.org/10.1371/journal.pone.0200639
https://doi.org/10.1038/s41893-019-0250-1
https://doi.org/10.1038/s41893-019-0250-1
https://doi.org/10.1088/1748-9326/11/5/055008
https://doi.org/10.1088/1748-9326/11/5/055008
https://doi.org/10.1016/j.foodpol.2021.102163
https://doi.org/10.1016/j.foodpol.2021.102163
https://www.fao.org/gleam/resources/en/
https://www.fao.org/gleam/resources/en/
https://doi.org/10.1038/s41586-021-03889-2
https://doi.org/10.1038/s41586-021-03889-2
https://doi.org/10.1016/j.scitotenv.2016.02.050
https://doi.org/10.1016/j.scitotenv.2016.02.050
https://doi.org/10.1088/1748-9326/11/3/035008
https://doi.org/10.1088/1748-9326/11/3/035008
https://doi.org/10.1016/j.oneear.2021.08.020
https://doi.org/10.1016/j.oneear.2021.08.020
https://doi.org/10.1038/s41586-021-03621-0
https://doi.org/10.1038/s41586-021-03621-0
https://doi.org/10.1146/annurev.es.04.110173.000245
https://doi.org/10.1146/annurev.es.04.110173.000245
https://www.bts.gov/faf/faf4


Environ. Res. Lett. 18 (2023) 124022 M Gomez and C Grady

KummuM, Kinnunen P, Lehikoinen E, Porkka M, Queiroz C,
Röös E, Troell M and Weil C 2020 Interplay of trade and
food system resilience: gains on supply diversity over
time at the cost of trade independency Glob. Food Secur.
24 100360

Leach A M, Galloway J N, Bleeker A, Erisman J W, Kohn R and
Kitzes J 2012 A nitrogen footprint model to help consumers
understand their role in nitrogen losses to the environment
Environ. Dev. 1 40–66

Mahjabin T, Garcia S, Grady C and Mejia A 2018 Large cities get
more for less: water footprint efficiency across the US PLoS
One 13 1–17

Mahjabin T, Mejia A and Grady C 2021 Virtual nitrogen and
virtual water transfers embedded in food trade networks
across the US Environ. Res. Lett. 16 045015

Marchand P et al 2016 Reserves and trade jointly determine
exposure to food supply shocks Environ. Res. Lett.
11 095009

Marston L, Ao Y, Konar M, Mekonnen MM and Hoekstra A Y
2018 High-resolution water footprints of production of the
United StatesWater Resour. Res. 54 1–29

Mekonnen MM and Hoekstra A Y 2011 The green, blue and grey
water footprint of crops and derived crop products Hydrol.
Earth Syst. Sci. 15 1577–600

Mekonnen MM and Hoekstra A Y 2020 Blue water footprint
linked to national consumption and international trade is
unsustainable Nat. Food 1 792–800

Mubako S 2011 Frameworks for estimating virtual water flows
among U.S. States Dissertation p 341 (available at: https://
opensiuc.lib.siu.edu/cgi/viewcontent.cgi?article=1341&
context=dissertations)

Muthusamy M, Godiksen P N and Madsen H 2016 Comparison
of different configurations of quantile regression in
estimating predictive hydrological uncertainty Proc. Eng.
154 513–20

Nelson K S and Burchfield E K 2021 Landscape complexity and
US crop production Nat. Food 2 330–8

Nyström M, Jouffray J-B, Norström A V, Crona B, Søgaard
Jørgensen P, Carpenter S R, Bodin Ö, Galaz V and Folke C
2019 Anatomy and resilience of the global production
ecosystem Nature 575 98–108

Oita A, Malik A, Kanemoto K, Geschke A, Nishijima S and
Lenzen M 2016 Substantial nitrogen pollution embedded in
international trade Nat. Geosci. 9 111–5

Petersson T, Secondi L, Magnani A, Antonelli M, Dembska K,
Valentini R, Varotto A and Castaldi S 2021 A multilevel
carbon and water footprint dataset of food commodities Sci.
Data 8 1–12

Puma M J, Bose S, Chon S Y and Cook B I 2015 Assessing the
evolving fragility of the global food system Environ. Res. Lett.
10 024007

Renard D and Tilman D 2019 National food production stabilized
by crop diversity Nature 571 257–60

Rosa L, Chiarelli D D, Rulli M C, Dell’Angelo J and D’Odorico P
2020 Global agricultural economic water scarcity Sci. Adv.
6 1–11

Rotz C A, Asem-Hiablie S, Place S and Thoma G 2019
Environmental footprints of beef cattle production in the
United States Agric. Syst. 169 1–13

Rotz S and Fraser E D G 2015 Resilience and the industrial food
system: analyzing the impacts of agricultural
industrialization on food system vulnerability J. Environ.
Stud. Sci. 5 459–73

Springmann M et al 2018 Options for keeping the food system
within environmental limits Nature 562 519–25

Tu C, Suweis S and D’Odorico P 2019 Impact of globalization on
the resilience and sustainability of natural resources Nat.
Sustain. 2 283–9

UN Department of Economic and Social Affairs 2018World
Urbanization Prospects vol 12 (The 2018 Revision)

Walker B, Holling C S, Carpenter S R and Kinzig A 2004
Resilience, adaptability and transformability in
social-ecological systems Ecol. Soc. 9 5

Wang J, Karakoc D B and Konar M 2022 The carbon footprint of
cold chain food flows in the United States Environ. Res.:
Infrastruct. Sustain. 2 021002

Xu X, Sharma P, Shu S, Lin T S, Ciais P, Tubiello F N, Smith P,
Campbell N and Jain A K 2021 Global greenhouse gas
emissions from animal-based foods are twice those of
plant-based foods Nat. Food 2 724–32

Zhang X et al 2021 Quantification of global and national nitrogen
budgets for crop production Nat. Food 2 529–40

10

https://doi.org/10.1016/j.gfs.2020.100360
https://doi.org/10.1016/j.gfs.2020.100360
https://doi.org/10.1016/j.envdev.2011.12.005
https://doi.org/10.1016/j.envdev.2011.12.005
https://doi.org/10.1371/journal.pone.0202301
https://doi.org/10.1371/journal.pone.0202301
https://doi.org/10.1088/1748-9326/abe06f
https://doi.org/10.1088/1748-9326/abe06f
https://doi.org/10.1088/1748-9326/11/9/095009
https://doi.org/10.1088/1748-9326/11/9/095009
https://doi.org/10.1002/2017WR021923
https://doi.org/10.1002/2017WR021923
https://doi.org/10.5194/hess-15-1577-2011
https://doi.org/10.5194/hess-15-1577-2011
https://doi.org/10.1038/s43016-020-00198-1
https://doi.org/10.1038/s43016-020-00198-1
https://opensiuc.lib.siu.edu/cgi/viewcontent.cgi?article=1341&context=dissertations
https://opensiuc.lib.siu.edu/cgi/viewcontent.cgi?article=1341&context=dissertations
https://opensiuc.lib.siu.edu/cgi/viewcontent.cgi?article=1341&context=dissertations
https://doi.org/10.1016/j.proeng.2016.07.546
https://doi.org/10.1016/j.proeng.2016.07.546
https://doi.org/10.1038/s43016-021-00281-1
https://doi.org/10.1038/s43016-021-00281-1
https://doi.org/10.1038/s41586-019-1712-3
https://doi.org/10.1038/s41586-019-1712-3
https://doi.org/10.1038/ngeo2635
https://doi.org/10.1038/ngeo2635
https://doi.org/10.1038/s41597-021-00909-8
https://doi.org/10.1038/s41597-021-00909-8
https://doi.org/10.1088/1748-9326/10/2/024007
https://doi.org/10.1088/1748-9326/10/2/024007
https://doi.org/10.1038/s41586-019-1316-y
https://doi.org/10.1038/s41586-019-1316-y
https://doi.org/10.1126/sciadv.aaz6031
https://doi.org/10.1126/sciadv.aaz6031
https://doi.org/10.1016/j.agsy.2018.11.005
https://doi.org/10.1016/j.agsy.2018.11.005
https://doi.org/10.1007/s13412-015-0277-1
https://doi.org/10.1007/s13412-015-0277-1
https://doi.org/10.1038/s41586-018-0594-0
https://doi.org/10.1038/s41586-018-0594-0
https://doi.org/10.1038/s41893-019-0260-z
https://doi.org/10.1038/s41893-019-0260-z
https://doi.org/10.5751/ES-00650-090205
https://doi.org/10.5751/ES-00650-090205
https://doi.org/10.1088/2634-4505/ac676d
https://doi.org/10.1088/2634-4505/ac676d
https://doi.org/10.1038/s43016-021-00358-x
https://doi.org/10.1038/s43016-021-00358-x
https://doi.org/10.1038/s43016-021-00318-5
https://doi.org/10.1038/s43016-021-00318-5

	A balancing act: the interplay of food supply chain resilience and environmental sustainability in American cities
	1. Introduction
	2. Methods
	2.1. Food flow networks
	2.2. Environmental impacts of food systems
	2.2.1. Footprints of production
	2.2.2. Footprints of consumption

	2.3. Food supply resilience
	2.4. Composite environmental impact index

	3. Results
	3.1. Environmental impacts of food production in the US
	3.2. Environmental footprints of US urban food systems
	3.3. Food supply resilience of US cities
	3.4. Environmental impacts and resilience of US cities
	3.5. Limitations

	4. Conclusion
	References


