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Agricultural and food supply chains in the United States are essential for
both global and local food security, yet the transportation of agri-food
commodities has received little attention despite being an essential

feature for connecting production to consumption. Here we map the US
agri-food distribution onto real-world highways, railways and waterways
and also quantify the trade-offs between cost, path redundancy and carbon
emissions of agri-food transit across transportation modes. Highways show
the greatest path redundancy; relative to waterways, highways also cost 3
orders of magnitude more and emit 60 times more carbon. On the contrary,
waterways show the lowest cost and emission levels, but path redundancy
against transportation disturbances is 80% lower than for highways.
Railways offer amiddle ground on path redundancy, carbon emission

and cost concerns compared to highways and waterways. Our findings
caninform efforts to balance affordability, resilience and sustainability in
agri-food transportation.

The United States is central to well-connected global food supply
chains'. The United States is the largest exporter of cereal grains and
anetimporter of vegetables and fruits®>. Domesticinfrastructure ena-
bles the United States to provide stable, affordable and accessible
national and global food supplies®*. The US Government also actively
leads food security initiatives at both local and global scales, such as
the Protecting America’s Food and Agriculture Act’ and Global Food
Security Strategy®. Therefore, detailed information onagri-food move-
ments forimport, export and domestic consumption within the United
States is essential not just for national” but also for global policies®’
regarding food supply chain resilience.

The majority of food supply chain resilience studies focus on
agricultural production in light of production shocks'*"2. However,
growing threats, such as pandemics™'* and cyber-terrorist attacks''®,
could impose substantial perturbations within the distribution step
of agri-food supply chains. Yet, existing studies of agri-food transit
resilience do not include flows along the real-world transportation
infrastructure’ . Evaluating transport by mode would enable an

assessment of the cost and efficiency of transit***, aswell as an under-

standing of the relationship between efficiency and resilience?. Thus,
assessing real-world agri-food transit by mode within one of the largest
trade powers—the United States—would fillanimportant research gap.

So far, logistics researchers have modelled how food flows from
producers to consumers in the United States at a fine spatial scale”,
with consideration of time*, and for specific agri-food commodi-
ties”. However, these models are waiting to be mapped over real-world
infrastructures. It is worth noting that studies have not yet examined
how different transportation modes support agri-food transit for
export, importand domestic consumption. Government reports have
highlighted the contribution of railways to moving grain®® and of high-
ways toall freight”. These reports also indicate how barges move large
quantities of bulk commodities at arelatively low cost?®. However, there
hasnotyetbeenacoherentand consistent study for all agri-food com-
modities onall transportation modes (highways, railways, waterways)
for all flow types (domestic, import, export) for an entire country.
Therefore, assessing the contribution of each transportation mode to
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Fig.1|Base maps of transportation modes. a-c, Highways (a), railways (b)
and waterways (c) in the CONUS with their corresponding FAF regions. Spatial
dataof transportation infrastructure are obtained from the US Department

of Transportation*, and spatial data of FAF geographic regions are obtained
from the US Census Bureau®. Grey circles indicate geographic centroids of FAF
regions.

Fig. 2| Our scope of our agri-food re-distribution within the United States.
a-c,Sampleillustrations of agri-food re-distribution within the United States
for domestic (a), export (b) and import (c) flows across transportation modes.
Our scope is mapping by mode movement of locally produced commodities for

local consumption (a), locally produced commodities to US port of exit to be
consumed abroad (b) and finally non-locally produced commodities from US
portofentry tobeconsumed locally (c).

the entire agri-food supply chain, including their efficiency, resilience
and sustainability characteristics, would improve our understanding
of US food supply chains, for both local and global food security.

The goal of this study is to comprehensively quantify the con-
tribution of transportation infrastructure to the agri-food supply
chain of the continental United States (CONUS); that is, Alaska and
Hawaii are notincluded”. Through developing a unified framework of
data analytics, network science and geographic information science
techniques, we map the agri-food load to real-world highway, rail-
way and waterway networks. Based on our findings, we then quantify
the trade-off between economic efficiency, resilience and sustain-
ability for agri-food transit across these transportation modes. In
this Article, we define the total cost of transit as the economic effi-
ciency, total carbon dioxide emission as the sustainability, and transit
re-routing capacity as the resilience for each transportation mode. The
research questions that guide this study of mapping agri-food flows
onmulti-modal transportation infrastructure inthe United States are
the following: (1) How are agri-food flows distributed across trans-
portation modes? (2) How do transportation modes support domes-
tic, import and export flows of agri-food? (3) What is the trade-off
between economic efficiency, resilience and sustainability across
transportation modes?

Results

Agri-food flows across transportation modes

Theindividual modal networks that we generate and map the agri-food
flows on are illustrated in Fig. 1. These highways, railways and water-
ways correspond to the transportation infrastructure-specific
paths between every Freight Analysis Framework (FAF)* region to
re-distribute agri-food commodities within the US origins and destina-
tions. As summarized in Fig. 2, we only focus on the agri-food move-
ment that takes place on inland highways, railways and waterways

of the United States for each flow type (domestic, export, import).
Thus, we do not consider the international trade part of the import
and export flows.

Thetotal agri-food movementsare2.94 x 10° tons (1 ton =1,000 kg)
on the highways, 3.27 x 108 tons on the railways and 1.42 x 10® tons on
the waterways. In Fig. 3, we evaluate the total mass flux on each trans-
portation modal network across flow types (that is, domestic, import
and export) and commodities, which are listed in Table 1. The total
mass flux of domestically produced and consumed agri-food com-
modities within the United States is the highest, 3.08 x10° tons. It is
followed by export flows which represent the domestically produced
agri-food commodities within the United States that are being deliv-
eredtothe US port of exit. Fromthere, they will be exported abroad for
consumption. The total mass flux of exported agri-food commodities
is 2.42 x 10® tons. The lowest total mass across flow types is forimport
flows, which is 7.95 x 10” tons. Imported agri-food commodities are
produced abroad, brought to US ports of entry and thenre-distributed
within the United States for consumption. These findings are con-
sistent across transportation modes where the highest food transit
fraction on each transportation mode (that is, highways, railways
and waterways) is for domestic flows. Then, it is followed by export
and import flows.

Figure 3 shows that highways carry the most agri-food mass across
all commodities and flow types. However, the proportion of cereal
grains (Standard Classification of Transported Goods (SCTG) 02) along
the railways and waterways is higher than it is on the highways. For
example, 57.99% and 51.61% of all agri-food movement is cereal grains
along the railways and waterways, respectively. For the highways, this
valueis 34.74%. Furthermore, the proportion of agricultural products
(SCTG 03) over the total mass of agri-food transitis higher in waterways
thanitis in railways and highways. About 37.75% of all waterway food
transit is SCTG 03, which contains soy*, and can be explained by the
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Fig. 3| Breakdown of empirical agri-food flows data. a-d, FAF scale agri-food
flow across transportation modes by SCTG group (a,b) and flow type (c,d). Both
total mass in million tons (a,c), and fraction of total mass in percentage (b,d) are
plotted. The 2017 empirical data for FAF-scale agri-food flows are obtained from
OakRidge National Laboratory*’. SCTG 01, live animals; SCTG 02, cereal grains;

SCTG 03, agricultural products; SCTG 04, animal origin products; SCTG 05,
meats and their preparations; SCTG 06, milled grain products; SCTG 07, other
prepared foodstuff. For a detailed explanation of SCTG commodity groups, refer
toTablel.

Table 1] List of the considered food commodity groups,
according to the SCTG

SCTG Food commodity

01 Live animal and fish

02 Cereal grains

03 Agricultural products (includes fruits and vegetables,
as well as soy)

04 Animal feed, eggs, honey and other products of
animal origin

05 Meat, poultry, fish, seafood and their preparations

06 Milled grain products and preparations and bakery
products

o7 Other prepared foodstuffs, fats and oils

More detailed commodity breakdowns are available in the US Census Bureau®.

export flows of soy through the Mississippi River, helping the United
States remain competitive in global soy markets®. On the contrary,
certain agri-food commodities that need ventilation (that is, SCTG
01-live animals) or temperature control (that is, SCTG 05—meat and
their preparations) are not distributed through railways or waterways
atall during the region-to-region transit.

Agri-food flow types across transportation modes

The total mass flux of agri-food for each FAF region across transporta-
tionmodes and flow typesis showninFig.4.Figure 4a-cillustratesthe
total mass flux (inflows and outflows aggregated) along highways for
domestic, export and import flows, respectively. For domestic flows,
FAF regions located in the Midwest, especially in the Corn Belt, have
the highest total mass flux by highways. For export flows, New Orleans,

Louisiana, Los Angeles, California, and Seattle, Washington FAF regions
are highlighted with the highest total mass flux by highways. Lastly,
for import flows, FAF regions on the US-Mexican and US-Canadian
borders are observed toin-take and out-take the highest total agri-food
flux by highways.

Similar trends are observed for total agri-food flux by railways
within the CONUS. Particularly for railways, domestic flows are accu-
mulated around the Midwest, export flows are the highest in Texas FAF
regions, and finally, majority of the agri-food flux isimported through
the Northern FAF regions onthe US-Canadian border as seeninFig.4d-
f, respectively. Waterways show the most variable spatial trendsin the
transportof agri-food. The highest total mass flux occurs along the Mis-
sissippi River and East Coast FAF regions for domestically produced and
consumed food commodities. The highest total mass flux for exports
islocatedinNew Orleans, LA, and Texas FAF regions. Lastly, California,
Florida, Buffalo, NY and New Orleans, LA, FAF regions have the highest
total mass flux for the imported agri-food commodities.

Furthermore, we map agri-food flows to the real-world transpor-
tation infrastructure in Fig. 5. In Fig. 5, the top 100 mass movements
between origin and destination FAF regions are mapped on highways,
railways and waterways across flow types. It is worth noting that the
mass flux has been scaled across transport modes for easy visual
comparison. We observe that inland waterways dominate as the main
domesticagri-food transit corridor in terms of top 100 mass, especially
the Mississippi River, as seen in Fig. 5a. Railways generally transport
the major domestic agri-food flows between the East Coast and West
Coast. By contrast, domestic mass movement along the highways takes
place between nearby locations that are generally around the Midwest
and Californian FAF regions.

For the export flows, the top 100 mass movement is seenin Fig. 5b.
In particular, highways that connect the CONUS to the Port of New
Orleans represent the major pathways of agri-food export. Highways
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Fig. 4| Heat maps of total agri-food mass flux (kg) across transportation modes by flow type at FAF scale. a-c, Agri-food mass flux by highways, d-f, agri-food mass
flux by railways and g-i, agri-food mass flux by waterways. Domestic agri-food mass flux (a,d,g), export agri-food mass flux (b,e,h) and import agri-food mass flux
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Fig. 5| Agri-food flows by mode and flow type. a-c, Domestic (a), export (b) and
import (c) agri-food flows through highways, railways and waterways within the
CONUS. Top 100 mass movements (except the self-loops) are plotted for each
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mode and flow type combination. Darker and thicker purple, green and blue
links represent higher food flux (kilotons) transport through inland highways,
railways and waterways, respectively.

along the US-Canadian border and California FAF regions are also
important for export flows. Railway distribution of major export flows
mainly connects the Midwest to the West Coast—collecting agri-food
commodities from the supply locations and delivering them to
destination ports that will further transport to final consumption
points abroad. However, waterways do not contribute to the collec-
tion of agri-food commodities within the United States for export as
much as highways and railways. Note that this finding is only for the
re-distribution of locally produced agri-food within the United States
beforeitis further exported abroad.

Lastly, highways are the main transportation mode for imports
thatare produced abroad and re-distributed within the United States.
Highways that are located on the US-Mexican and US-Canadian bor-
ders, thatis, within California, Texas, New Mexico, Arizona and Upstate
New York FAF regions, move the top 100 imported mass. Similarly,
railways that are close to the US-Canadian border, as well as located
in California and Midwest FAF regions, carry the heaviest agri-food
imports. Waterways are used less forimports than exports, whichis also
substantially less thanthe domestic flows. Thisis due to the fact that the
Port of New Orleans isamajor destination for domestically consumed
and exported commodities rather than an origin for imported com-
modities, as commodities are brought there through the Mississippi
River. Forimported commodities, the major ports of entry are located
along the US land borders.

These findings highlight the importance of each FAF region
and their corresponding ports for different flow types. Our results
particularly emphasize the criticality of the Port of New Orleans for
all agri-food transit—domestic, export and import—agnostic to its
connecting transportation mode. Furthermore, we draw a spatially
detailed picture of theimportance of each transportation infrastruc-
ture for the movement of agri-food commodities across flow types
(refer to the Supplementary Information for our analysis broken down
by each agri-food commodity group individually). Inlight of our results,
futureresearch and policy could propose more tailored infrastructure
investments to ensure resilient and secure food supply chains within
the United States.

Trade-off across transportation modes

We quantify the economic efficiency, resilience and sustainability
characteristics of each agri-food transit network. As seenin Table 2,
highways move agri-food commodities at the highest total cost and
carbonemissions. Thisis due to the fact that highways carry the highest
total mass at the highest unit cost and the highest unit CO, emission
per ton-mile (1 ton-mile is the equivalent of shipping 1 ton of prod-
uct, 1 mile). Highways are followed by railways and then waterways in
descending order of total cost and carbon emissions. This is expected
since railways carry a larger total mass of agri-food commodities at a
higher unit cost and unit CO, emission than waterways.
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Table 2 | Total cost of agri-food transport, path redundancy of the transportation network, evenness of the agri-food flow
and total carbon emission of the agri-food transit within the transportation network, per mode, m

Mode Unit cost (US$) Total mass (tons) Total cost (US$) Redundancy Evenness Unit CO, (g) Total CO,
emission (tons)
Highways 3.880 2.94x10° 2.65x10" 4.06 2.52 140.70 9.59x10’
Railways 0.050 3.27x10° 1.21x10™ 3.35 2.38 2157 5.20x10°
Waterways 0.016 1.42x108 1.70x10° 219 1.54 15.08 1.60x10°

The total cost (US$) accounts for the economic efficiency, E™; redundancy accounts for the existence of alternative paths, R™; H™ accounts for the evenness of mass flow; and total CO,
emissions (tons), S™, account for the sustainability. Higher E” represents more costly (less efficient) agri-food distribution. Higher R™ and H” represent higher redundancy and evenness (more

resilient). Higher S™ represents more carbon emission (less sustainable).
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Fig. 6 | Trade-offbetween efficiency, resilience and sustainability by
transportation mode. a-d, Economic efficiency is represented through the total
cost of food transit (US$) (at log scale for clear visualization) (a,b); for resilience,
path redundancy represents the existence of alternative routes to connect any
originand destinationin case of disruption along the network (a,c), and evenness
represents the homogeneously contributed agri-food flow between multiple
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originand destination pairs (b,d). Lastly, sustainability is represented through
the total CO, emission of food transit (tons) (at log scale for clear visualization)
(c,d).Inaandb, higher y-axis values denote lower economic efficiency; however,
higher x-axis values denote higher path redundancy and evenness.Incandd,
higher y-axis values denote a less sustainable form of transit; however, higher
x-axis values denote higher path redundancy and evenness.

For theresilience of agri-food transit networks, highways have the
highest number of alternative routes, that is, capacity for re-routing
flows, between any origin and destination pairs. With higher redun-
dancy—existence of multiple paths between any supply and demand
points—highways are moreresilient against a disturbance on one of the
connecting roads, as alternative paths exist. The path redundancy of
railways is calculated to be lower than highways, and waterways have
the lowest redundancy.

For the evenness of agri-food transit per mode, in highways mul-
tiple origins provide commodities to multiple destinations in similar
amounts. Thus, agri-food transit is more evenly distributed between
FAF regions. Inrailways, evenness decreases, which means that alower
number of FAF regions participate in agri-food transit throughrail lines;
that is, the food flow concentration among the FAF regions is not as
homogeneous asitis on highways. Finally, waterways have the lowest
evenness as monopoly in contribution to food flow per FAF regionisthe

highest. Thisis mainly caused by natural constraints, thatis, not every
FAF region has access toinland waterways, and cereal grain production
is concentrated in the US Midwest™.

Thus, our results reveal that economic efficiency and resilience, as
wellas sustainability and resilience, are competing goals across trans-
portation modes for agri-food transit, as seenin Fig. 6. The real-world
distribution by mode indicates that reach and ease of transit may be a
higher priority than cost or emission concerns. However, this is partly
due to the characteristics of certain food commodities that require
temperature-controlled or ventilated transportation, making transit
through railways or waterways infeasible.

Discussion

Itwillbe increasingly important to balance affordability, resilience and
sustainability inagri-food transit going forward. Following the COVID-
19 pandemic, food price inflation soared, serving as areminder of the
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importance of maintaining affordable food supplies for domesticand
international food security**. Restoration, expansion and moderniza-
tion investments in infrastructure, and strategic policy choices are
needed to ensure that agri-food transportation continues to be safe,
secure and affordable.

Investments in waterways infrastructure, such as modernizing
locks, restoring dams and ports and deepening crucial waterway choke-
points (for example, Locks 52 and 53 on the Mississippi River) can
improve cargo flow and increase the ability for agricultural shippers
to use waterways to their full capacity®. Food spoilage in refrigerated
trucking may be exacerbated with theincrease in the ambient tempera-
ture dueto climate changein the future. Investing in greeninnovations
for refrigerated trucks would help to address food safety and security
concerns inlight of sustainability goals®, also reducing food loss and
waste. Railroads operate on an expansive nationwide network that is
exposed to increasingly frequent climate-driven natural disasters**.
Investments in rail networks, such as digital integration, new and
higher-capacity equipment, implementation of additional double
tracks, and extended yard tracks to move load faster can enhance the
reliability of railroads for agri-food transit going forward™.

Even though transport emissions make up a relatively small por-
tion of the carbon footprint of the entire food system*’, it isimportant
to evaluate all opportunities to reduce carbon emissions along these
essential supply chains**2, This is especially critical within the United
States, as emissions from all agri-food transport in the United States
total over 100 million tons*. This is more than the total annual emis-
sions of some countries, such as Colombia and Belgium**. As efforts
intensify to decarbonize the economy, including the food systems,
there is a need to determine opportunities to enhance sustainability
throughout all aspects of agri-food supply chains—including their
transit—without sacrificing resilience or affordability (refer to the
Supplementary Information for amore detailed discussion).

Conclusion

In this study, we map agri-food flows onto real-world transportation
infrastructure within the United States. We observe that the majority
of the total mass flux moves along the highways, agnostic to the food
commodity and flow type. For domestic agri-food flows, inland water-
ways shift the bulk of food, with the Mississippi River as the backbone
of transit. For exported agri-food, highways connecting the interior
United Statesto the Port of New Orleans carry the largest flow masses;
however, for imported agri-food, highways located within California
and along the US-Mexicanborder carry the greatest bulk of agri-food
goods.

We also quantify the relationship between economic efficiency,
resilience and sustainability across transportation modes. Waterways
ensure the lowest total cost and carbon emissions of agri-food transit
buthave the lowest ability tore-route in case of a disruption. On the con-
trary, highways provide the highest re-routing ability but at the highest
total cost and carbon emissions. Future research and decision-making
can consider these trade-offs between economic efficiency, resilience
and sustainability in supply chain transportation for achieving food
security objectives.

Methods

Here we explain our input data, approach to mapping agri-food flows
on transportation infrastructure within the CONUS and economic
efficiency versus path redundancy versus carbon emission trade-off
analysisacross modes. See the Supplementary Information foramore
detailed explanation.

Input data

Thisstudy has two sets of input data: 2017 agri-food flows at FAF-scale
and 2015 transportation infrastructure shapefiles within the United
States. FAF datafor 2017 are the most up-to-date empirical datathat are

created through a partnership between the US Bureau of Transporta-
tion Statistics and the Federal Highway Administration®®. FAF-scale data
provide information onthe domestic and international transfer of com-
modities by the SCTG, as listed in Table 1, for the US FAF regions along
highways, railways and waterways individually. We use FAF-scale data
for re-distribution of the (1) domestically produced and consumed, (2)
imported and (3) exported agri-food commodities per transportation
mode within the United States. Note that the import flows indicate
‘agri-food movement within the United States after the commodities
enter the domestic port’. Similarly, the export flows indicate ‘agri-food
movement within the United States before the commodities exit the
domestic port’. Thus, we always focus on the agri-food re-distribution
withinthe United States. Lastly, FAF datado notinclude last-mile deliv-
ery. These are region-to-region agri-food transit information.

For the second set of data, we use the shapefiles of CONUS high-
ways, railways and waterways from the National Transportation Atlas
Database (NTAD) developed by the US Department of Transportation,
Bureau of Transportation Statistics*. The 2015 NTAD, the most up to
date, isanationwide geographic dataset of transportation infrastruc-
ture. This dataset includes spatial information for transportation
modal networks, as well as the related attributes for these features
such as distances in miles. We limit our NTAD data for (1) interstate
and non-interstate highways, (2) Class I-1I-Ill rail lines and (3) inland
waterways to be consistent with the Bureau of Transportation Statis-
tics’ reports*.

Mapping agri-food flows on transportation modes
We convert shapefile datasets into transportation networks through
acrosswalk between GIS software (QGIS) version 3.28.2 and network
analysis software (RStudio) version 4.0.2. We generate an individual
network for each transportation mode, where each spatial line rep-
resents a network link and the connection point of two adjacent links
represents anetwork node. The distance informationin miles foreach
spatial line is captured as the network link weight. For each transpor-
tation mode, we identify the network node that is closest to the geo-
graphic centroid of each FAF region. These network nodes—closest
to FAF geographic centroids—are adopted as the FAF region-specific
origin and destination points. Thus, the mode-specific networks are
reduced to 129 nodes, each one representing a unique FAF region.
Oncethe transportation mode-specific networks are created, we
then proceed with computing the shortest paths between every origin
and destination pair along the real-world infrastructure, according to
the real-world distance in miles. We assume that agri-food flows per
transportation mode move along the minimum total distance, whichis
reasonable as thisis typically the most cost-effective path. Finally, the
empirical agri-food flows between FAF regions per SCTG commodity
areaccumulated to compute the aggregated flow of all agri-food com-
modities between each FAF origin-destination pair.

Efficiency, resilience and sustainability trade-off

We develop efficiency, resilience and sustainability measures to spe-
cifically account for the transportation of agri-food commodities. We
calculate the total cost toaccount for the efficiency of agri-food transit
on each real-world transportation network. The mode-specific total
cost of agri-food transit, £, is formulated as in equation (1) where m
isthetransportation mode (thatis, highways/railways/waterways), W
is the mass flux (tons) and D is the real-world distance (miles) between
each FAF-scale originiand destinationj pair. Finally, cis the unit cost of
transit per ton-mile specific to each mode. The most up-to-date (that s,
2015) unit cost per mode values are derived from previous literature”,
and we define the higher total cost of transit (US$) to be economically
less efficient*®,
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To quantify the resilience of mode-specific real-world networks
for agri-food transit, we compute the path redundancy between every
origin and destination pair. The redundancy metric refers to the rep-
lication of pathways which enhances the fault tolerance of the network.
Incaseadisturbance or shock occurs on one of the paths that connect
an origin-destination pair, the existence of alternative paths—addi-
tional redundancy—permits the transit of goods to continue®. The
formula for mode-specific redundancy of agri-food transit networks,
R",isadopted fromtheliterature*’, as seeninequation (2). Here, a dot
inthe place of anindex represents the summation of thatindex, and In
represents natural logarithm. Networks with higher values of redun-
dancy metric, R™, are defined to be moreresilient, in case of perturba-
tions (refer to the Supplementary Information for a detailed
interpretation of redundancy metric, R™).
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Forresilience, we also compute the Shannon diversity index, H™, of
the mode-specific empirical agri-food transit networks as seenin equa-
tion (3). Similar to equation (2), the proportion of the mass contribution
of flow fromoriginito destinationjrelative to the total mass movement
in the network is used here. The Shannon diversity index quantifies
how evenly the agri-food flow between origin and destination pairs
is distributed, as well as the homogeneity of the proportion of mass
contribution. Higher values of H" indicate more evenly distributed flow
contributions across the network components®, which also indicates
moreresilient networks against disruptions.

wm wm
s ij
HM = W’" IH(WT) 3)

Lastly, we quantify the total carbon emissions associated with
agri-food transportation for each transportation mode. Total carbon
emissions of agri-food transit for each mode, §”, is formulated in equa-
tion (4), whichis similar to the total transit cost calculations (equation
(1)). But now eis the CO, emission coefficient per unit ton-mile specific
to each mode. Mode-specific unit CO, emission coefficients are col-
lected from the literature® where higher total carbon emissions (tons
of CO,) represent less sustainable modes of transit.

mzzwé?’xDZ‘xe'" “4)
i

The goal of the trade-off analysis is to quantify how different
transportation modes balanceresilience, efficiency and sustainability
concerns. Therefore, all the measures are calculated individually for
highways, railways and waterways to determine how these different
objectives of agri-food transit vary by mode.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Alldatasources are listed in the Methods section of the paper and are
freely available online. FAF-scale food flows data are collected from
https://faf.ornl.gov/faf5/Default.aspx. The spatially located shapefiles
of US highways, railways and waterways are collected from https://
rosap.ntl.bts.gov/view/dot/7547.

Code availability

Code for mapping the agri-food movement onto real-world transpor-
tation infrastructure and analysing the trade-off between efficiency,
resilience and sustainability among the transportation modes in this

study is developed in QGIS version 3.28.2 and RStudio version 4.0.2.
Allcode willbe made available upon reasonable request fromthe cor-
responding author.
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