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ABSTRACT. Regional social, environmental, and economic systems form a rich web of connections that both create opportunities and
pose risks. Regional economies, characterized by their interconnectedness across jurisdictional boundaries, might be better managed at
a transboundary scale because they can leverage a broad resource pool and greater economic diversity compared to a single jurisdiction
alone. The technical challenge is to identify which economies are connected and could be managed collectively to better mitigate, absorb,
and recover from disruptions. Economic risk management often occurs at the state level, but network approaches can identify groups that
interact with one another based on actual commodity flows, capturing important features of the system that are not currently coordinated.
One such approach, based on ecological theory, is to identify economic metacommunities. We use theories and methods from
metacommunity ecology to identify overarching structures in the Western U.S. trade network. Specifically, we construct commodity flow
networks for 25 metro and rural areas, then assess these using the ecological concepts of interaction strength, diversity, clusters, and
sources and sinks to identify five economic metacommunities. Based on metacommunity membership, we answer the question: Which
regions in the Western USA are interdependent, and are interdependent regions spatially proximate or not? These results are useful in
economic development and infrastructure planning for developing redundancy, targeting vulnerable interdependencies, and understanding

potential risks from adverse policy exposure.
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INTRODUCTION

Sustainability and resilience are essential concepts that shape the
long-term economic development, stability, and security of regional
economies. Regional sustainability can be defined as the ability of
a regional economy to sustain the current socioeconomic and
environmental conditions while maintaining possibilities for long-
term development (Smetana et al. 2015). Achieving sustainability
ensures that regional economies can continue to exist without
depleting ecosystem services and natural resources and
compromising the ability of future generations to meet their own
needs (WCED 1987). Regional economic resilience (RER) is the
ability of regional economies to resist disruptions or recover from
them to achieve pre-disruption economic performance, either by
adapting or transforming themselves (Sutton et al. 2023). Greater
RER indicates that economies are less likely to have their long-term
growth trajectories drastically altered (Fingleton et al. 2012, Sutton
and Arku 2022).

Although this study does not directly examine the resilience or
sustainability of regional economies, it introduces a novel theoretical
framework to assess the structure of trade relationships, which
underlies both economic resilience and economic sustainability
(Kharrazi et al. 2017). Trade connections lead to greater
diversification of resources and potential supplies, but also make a
region vulnerable to disruptions from those suppliers; some
economic network structures have been shown to be more resilient
than others (Gomez et al. 2021). Multiple transboundary factors
affect RER, including infrastructure such as transportation routes
alongside trade relationships or agreements both domestically and
internationally (North 1955, Lemke et al. 2023, Sutton et al. 2023).
As aregion’s limited natural resources are increasingly shared across
borders, understanding how system-level stressors, such as natural
and human-made disasters, can lead to overdependence and
overconsumption of resources is vital because these factors can
negatively impact the sustainability of regional economies (Kharrazi
et al. 2013, Gephart et al. 2016).

Existing literature highlights the need for system-based
approaches to understand the dynamic interactions between
agents in complex regional economies (Tamayo and Vargas 2019,
Sutton and Arku 2022). By investigating the structure of
interregional trade flows and relationships, we can identify
clusters or “communities” of regions closely linked through trade,
sharing dependencies that shape their collective economic
resilience and sustainability. This approach can help resolve
questions around the conceptualization and determinants of
RER by identifying factors that impact resilience, including
interdependencies within regional economic networks and the
impact of past behavior on trade network evolution (Simmie and
Martin 2010, Evenhuis and Dawley 2017, Cainelli et al. 2019).
RER literature has often viewed regions as fixed, self-contained
spatial units defined by predefined administrative boundaries and
available geo-location data. This conventional RER approach
does not account for complex socio-spatial relations and their
influence on regional economies (Lemke et al. 2023). To address
this methodological gap, this study introduces an adapted
metacommunity ecology approach, which applies principles from
ecology to analyze regional economic interactions within the
broader Western U.S. (WUSA) trade network (Martin et al. 2016,
Evenhuis and Dawley 2017, Feng et al. 2023). Metacommunity
ecology studies groups of interacting communities across
different spatial scales, focusing on how species move, interact,
and adapt across regions (Mouquet and Loreau 2003, Leibold et
al. 2004). By incorporating complex multi-scalar spatial
interactions of regional economies, this study provides insights
into how the inter-regional interconnections and interdependencies
can shape RER and regional sustainability (Bristow and Healy
2020, Lemke et al. 2023). This study aims to identify the emergent
economic metacommunities of the WUSA and the structural
interdependencies of their trade networks.

Prior studies across a broad range of research domains have made
efforts to investigate the complex networks that constitute
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regional economies and the diversity of their interactions. These
studies have covered topics such as water availability networks
(Rushforth and Ruddell 2018, Garcia and Meija 2019), food
supply networks (Lin et al. 2019, Davis et al. 2021, Gomez et al.
2021), carbon emissions (de Chalendar et al. 2019, Moiz 2022),
energy footprints (Liu and Kontou 2022, Raimi et al. 2022), and
environmental footprints (Lant et al. 2023, Paudel et al. 2023).
Although these studies occasionally identified interacting regions
within networks, they did not quantitatively interrogate
community interdependence or how it has evolved over time, an
aspect central to the adapted metacommunity approach, which
captures the interdependence between regions.

Other studies have focused on identifying community structure
but have not leveraged economic networks. For example, prior
studies identified “megaregions” in the U.S. based on the clusters
of dense populations and economically integrated areas,
proposing these as the appropriate scale for metropolitan
infrastructure planning (Gottmann 1957, Hagler 2009,
Filipovitch 2023). U.S. megaregions have been identified several
ways, e.g., by weighting regional characteristics (Hagler 2009),
commuting flow estimates with network science algorithms
(Nelson and Rae 2016, Zhang and Lan 2022), earth observation
tracking of urban sprawl patterns (Taubenbock and Wiesner
2015), and the clustering of employment statistics (He et al. 2020).
Megaregions are one step toward identifying the collective but
uncoordinated factors that have long been acknowledged to
influence sustainability and resilience in the RER literature
(Lemke et al. 2023, Sutton et al. 2023). However, unlike
megaregions, which have been defined by geographic or economic
integration at large scales, the metacommunity approach focuses
on the interdependencies between regions, emphasizing the
spatial interactions that drive resilience and adaptation across
multiple spatial scales.

Linking ecologic and economic systems

By applying a social-ecological network lens, we can analyze
regional economic trade networks as complex systems (Holland
1992). This approach allows us to draw biomimetic analogies
between economic and ecological network solutions for WUSA
trade network organization, resilience, and sustainability (Gruner
and Power 2017, Helmrich et al. 2020). Industrial ecologists have
long been making these connections, framing trade networks as
ecological systems focused on the flow of materials, energy,
sustainability, and information (Graedel 1996, Erkman 1997,
Pickett et al. 2001). A key advantage of this approach is that we
can apply the same mathematical models used to study
interactions and dynamics in ecological systems to economic
systems, leading to unique economic insights. For example,
ecology theory and methods have provided insights into how
supply chains evolve (Simmie and Martin 2010), how diversity
impacts trade networks resilience (Gomez et al. 2021), and how
to manage trade networks for sustainability and resilience
(Kharrazi et al. 2013, Gruner and Power 2017, Helmrich et al.
2020). These promising avenues demonstrate the potential for
using metacommunity models and theory to better understand
the structure and resilience of regional economies, offering a proof
of concept for this study.

To explore parallels and extend concepts between regional
economic trade networks and ecological systems, it is important
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first to understand how natural ecosystems function as complex,
interconnected networks. Ecosystems are complex systems that
consist of interacting biotic organisms and their abiotic
environments, which regulate population dynamics, species
interactions, and resource availability (Chapin et al. 2002). Key
ecological mechanisms such as predation, competition,
reproduction, and mortality act as either positive or negative
feedback loops that determine species’ populations and habitat
community compositions (Barabaset al. 2017). For example, high
mortality rates can cause a positive feedback loop, where
increasing deaths weaken the population and lead to further
mortality. However, in a negative feedback loop, high mortality
reduces competition for resources, improving the survival chances
of the remaining population and stabilizing numbers. Biodiversity
and structural connectivity are important aspects that maintain
ecosystem stability and resilience, as diverse ecosystems possess
greater redundancy and adaptability in response to disturbances
(Walker et al. 1999, Wagg et al. 2022). A high level of biodiversity
enhances the ability of ecosystems to absorb potential disruption
impacts. At the same time, strong structural connectivity between
habitats ensures the flow of species and resources, promoting
recovery and long-term sustainability.

Community ecology, a sub-discipline of ecology, focuses on the
interactions between species within a specific area and how these
interactions shape ecosystem community structure and functions
(Mittelbach and McGill 2019). Metacommunity ecology is an
expansion of community ecology that studies groups of
interacting communities across spatially heterogeneous
landscapes, focusing on how species disperse, interact, and adapt
across regions (Mouquet and Loreau 2003, Leibold et al. 2004).
Both these theoretical and methodological frameworks allow for
the investigation of the structure and dynamics of communities
within ecosystems, providing insights into spatial distribution,
resource flow, and resilience (Mittelbach and McGill 2019).

Several metacommunity concepts apply to studying regional
economic structure and relationships. The “mass effect” in
ecology describes how species that struggle to survive in one area
can still maintain thriving populations in that area through
continual immigration from more favorable “source areas” within
ametacommunity (Shmida and Wilson 1985, Leibold et al. 2004).
By analogy, in trade networks, strong production and business
activity in one area of the metacommunity (sources) can support
the economies of less active areas within the metacommunity
(sinks) via trade. “Source-sink dynamics” describe areas where
species thrive, reproduce, and generate excess populations
(source), which then disperse to and support populations in less
favorable areas (sink; Holt 1985, Pulliam 1988, Leibold et al.
2004). In trade networks, this equates to regions with excess
production (source) supplying goods to areas with production
deficits (sink), demonstrating a similar interdependence and
specialization among regions. Although both the “mass effect”
and “source-sink dynamics” represent the movement of
individuals or goods from more favorable to less favorable areas,
the key difference lies in their mechanisms: the “mass effect”
emphasizes continuous dispersal that allows struggling
populations or regions to persist through steady support, whereas
“source-sink dynamics” focus on the surplus production in source
areas that specifically sustains less viable sink areas over time.
Finally, “species sorting” highlights how resource gradients affect
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species’ demographics and interactions within patches,
emphasizing the role of dispersal in adapting to environmental
changes (Leibold et al. 2004). For trade networks, the resource
gradient represents the varying economic conditions across
regions, where the movement of goods or people is crucial for
balancing these differences. Goods disperse across this gradient
to align resource availability with market demand, while people,
such as workers with specialized skills, may move to regions where
their expertise is needed. These concepts provide a foundation for
analyzing how economic metacommunities interact and how
commodities disperse across the trade network, with the ultimate
goal of illuminating how these patterns impact RER (Heino et
al. 2015, Leibold and Chase 2018).

In our formulation of the WUSA economic network, distinct
commodities correspond to a “species,” and local economic
activities correspond to “local community effects.” In community
ecology, “local community effects” refers to how species
interactions, population dynamics, and environmental conditions
at a small, localized scale impact regional or landscape-level
community structure and function. In terms of economies, these
local economic activities are influenced by and exert influence on
broader-scale economic processes. A key feature of these nested
scales in ecosystems is their diversity, which provides latent
adaptive capacity in the face of disturbance (MacArthur 1955,
Holling 1973, Moore 1993, Legenvre et al. 2022, Wieland et al.
2023). Engineering diversity across scales can also be useful for
trade networks (Turken et al. 2020), but previous studies do not
address this multi-scalar component. Metacommunity ecology
provides a novel, multi-scalar, and integrative approach to
understanding complicated, heterogeneous economic connections
and interdependencies in regional economies.

The WUSA region comprises the U.S. States of Arizona,
California, Colorado, Idaho, Nevada, New Mexico, Montana,
Oregon, Texas, Utah, Washington, and Wyoming (see Fig. 1).
Because of its mountainous and semiarid desert terrain and
historic economic specialization in mining and irrigated
agriculture, it is characterized by large urban centers separated
by vast, lightly populated, and semiarid expanses. Freight
corridors are the main infrastructural and economic linkages
between urban-rural, urban-urban, and rural-rural trading pairs
(Wilmsmeier et al. 2011). Cities and towns in the WUSA are
impacted by the accessibility and capacity of these freight
corridors and other critical infrastructure (Simonson 2023). Even
minimal disruptions to freight corridors can render some isolated
communities vulnerable to social impacts, especially if the
disruption occurs at points that link the WUSA region to the
global economy, such as seaports and transborder crossings with
Mexico and Canada (Cedillo-Campos et al. 2014, Verschuur et
al. 2022). This sensitivity to trade connectivity across spatial scales
creates an imperative to identify and understand the regional
economic community structure and interactions and makes the
WUSA an ideal case study (Dogan et al. 2023).

Using a metacommunity approach, this study answers the
question: Which regions in the WUSA are interdependent, and
are interdependent regions spatially proximate or not? We break
this main research question into two distinct components. First,
how do commodity flows organize the metacommunity structure
and membership? Second, what are commodities’ source and sink
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Fig. 1. The 25 Western USA Freight Analysis Framework
(FAF) regions (turquoise polygons) and geographical centroids
(orange pentagons), along with the boundary of this region
(gray gridded region), urban areas (red regions), railways (black
continuous line with intermittent dashes, pipelines (dashed gray
lines), and roads (yellow continuous lines). IMW =
Intermountain West.

Vancouver >
o -

Nige

020503
QR
9%,
': Al
o9

o0
2L

0%

SN

0%
o
XX

S
25

098
00088
0K
oo%s

XN
o%
o

Great-Plail

%

%

XXX

%%
29598

o2
G
3
Lo
O ILIINNS
RRRRIRRIRES STATEY
e e e o 3
RN =
resatesatotete%esitets RIS
RRRRIKIIRKKY LARRKS
BRIRIIRKALLA] eSS erepoteteteti
O o8 S99 RTINS
% L0550 RRRILIIRISIET
S95008.s! L
—— Roads \ / S d
=\ Qz:zd’v & <
-—-- Pipelines % ’ (ES
—— Railways L5
O FAF Centroids
[ FAF Regions
(XA 1MW Region
[ urban Areas

0 75150 300 Miles

Esri, TomTom, Garmin, FAO, NOAR, USGS, EPA, USFWS, Esri, USGS

effects within metacommunities? In answering these questions,
we provide a proof of concept for a method that will be useful
for identifying multi-scalar structures within trade networks to
improve coordinated planning for infrastructure and business
investment, sustainability, and RER.

METHODS

Commodity flow data

This study uses the Freight Analysis Framework (FAF) version
5.5.1 to construct the trade network of 42 unique commodities
in the WUSA region. FAF is a trade flow dataset produced by
the U.S. Bureau of Transportation Statistics and the Federal
Highway Administration, which combines several distinct federal
trade and transportation datasets (Hwang et al. 2021). Version 5
constitutes observed and modeled data for 2017 and modeled
trade flow volumes and values from 2018 to 2022. This study uses
the observed 2017 trade flow volumes as a temporal snapshot to
apply the model, in addition to not including potential
inaccuracies from the modeled trade flows of 2018 to 2022. FAF
covers the contiguous U.S., but this study focuses on the states
that are either entirely in or partially in the WUSA: Arizona,
California, Colorado, Idaho, Nevada, New Mexico, Montana,
Oregon, Texas, Utah, Washington, and Wyoming (Fig. 1). The
WUSA is divided by FAF into 25 local areas: 14 metropolitan
areas, 7 rural remainders of a state, and 4 largely rural states.
Figure 1 displays the Western States of the U.S. divided into 25
FAF regions, each with a geographical centroid corresponding to
a “local” economic area within the region. The Intermountain
West (IMW) subregion is denoted in hatched lines along urban
areas and critical infrastructure such as railway, pipeline, and road
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networks; this inland and largely rural subregion depends on west
coast ports including the large ports of Seattle, WA, Portland,
OR, San Francisco, CA, Los Angeles, CA, and San Diego, CA
for access to the global economy, in addition to land borders with
Canada and Mexico and transcontinental land routes to the
Eastern U.S. via Denver, CO, El Paso, NM, and Albuquerque,
NM.

Adapting metacommunity methods to economic networks

To delineate an economic metacommunity according to our
chosen method (below), we must first define the metacommunities
within the WUSA trade network. One common network science
method used to do this is community detection based on network
modularity. Network modularity is defined as a function of the
total number of connections within a network set that lie entirely
within a proposed community boundary rather than across
community boundaries (Newman and Girvan 2004). This
modularity metric tests intra-community connections against
random alignments of communities, with values of 0 indicating
the allocations of nodes into communities as “no better than
random” and with values of 1 inferring “networks of strong
community structure” (Newman 2006). By treating the FAF
dataset as a network that consists of nodes (FAF regions) and
edges (imports and exports of commodities) we can apply the
Louvain community detection algorithm, which uses network
modularity (Blondel et al. 2008).

The Louvain community detection algorithm is a robust method
used to identify communities within larger networks by
optimizing the modularity value (Blondel et al. 2008). The
algorithm first assigns each node in the network (in this study,
each FAF region in the WUSA trade network) to its own
community. Then it iteratively merges communities by moving
nodes between them to maximize the number of connections
within a community while minimizing the connections between
different communities. This step allows the algorithm to find the
clusters of FAF regions that are more interconnected through
their commodity flows, creating a network structure of
economically independent regions. The Louvain algorithm is
effective for analyzing large networks because it is
computationally efficient and capable of revealing communities
without the need for predefined spatial or geographic
assumptions, making it well-suited to investigate trade networks
across spatial scales (Blondel et al. 2008). The network community
and modularity mathematical equations, expressed using
adjacency matrices, are comprehensively presented in Zhang and
Lan (2022). We have chosen not to reproduce them here to avoid
redundancy and to maintain the focus on the application of these
methods. The code and data used to run the Louvain algorithms
is located in the GitHub repository provided in the data
availability statement.

This study uses the Louvian community detection algorithm with
a modularity value of 1 to identify emergent economic
metacommunities based on the strength and frequency of trade
flows to discern distinct trade communities within the WUSA
trade network. The modularity value of 1 ensures that the
identified metacommunities are strong, distinct communities
based on their commodity flows that are not random in structure
(Newman 2006). This method aligns with the mass effect and
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source-sink dynamics metacommunity principles by examining
how external flows can influence local populations. Defining
trade network communities in this manner does not assume that
communities are spatially linked or neighboring (as is often
assumed in ecosystems). Previous studies show that trade
relationships (and the resource use displacement they generate)
do not always follow expected spatial patterns (Garcia et al.
2020). Grouping regional economies based on the flow of
commodities highlights the economic dependencies and
synergies that may not be apparent by just considering
geographic distance. This approach reflects the realities of the
global economy, where the impacts of market dynamics,
economic policies, industrial characteristics, labor, and
migration often transcend the barrier of geographic distance
(Brei and von Peter 2018, Boulatoff et al. 2022).

Metacommunity source-sink model

In this study, we introduce a novel approach by applying the
metapopulation concept, as initially proposed by Levins (1969),
to analyze trade networks within the WUSA.. In this model, the
WUSA serves as the regional ecosystem in 2017, with each FAF
region representing a community where multiple commodities
(i.e., species) reside. The rationale for treating commodities as
species in this model is their interregional flows and interactions
with local economic conditions, influenced by production,
consumption, and trade dynamics. This analogy allows the
model to explore how commodities move through
interconnected regions, similar to species distribution patterns
across regional ecosystems, thereby enabling a deeper
understanding of trade networks and economic interdependencies.
As the first application of this adapted method, we sum all the
commodity flows into a “total commodities” value for model
simplicity. However, this model framework can distinguish
individual commodities’ source and sink regions. Because the
commodities flow through multiple local regions (communities),
this mirrors the ecological dynamics of species distribution and
interaction within metapopulations, offering a novel perspective
to understand the complex interdependencies and flows within
regional trade networks.

In adapting ecological models to industrial and economic
systems, we must acknowledge several gaps. First, not all
commodities possess ecological niches as species do; however,
exceptions such as extractive sectors like mining, or the primary
sector of the economy, tend to be geographically constrained
(Kenessey 1987). Commodities such as water and energy that
are spatially abundant are unlike species with precise
reproductive rates and habitats in traditional ecology.
Additionally, trade networks’ temporal and spatial boundaries,
driven by market demands, production lead times, infrastructure
limitations, and policies, differ substantially from ecological
systems’ natural cycles and migration patterns. These differences
underscore the complexities of applying ecological models to
industrial and economic systems. Therefore, it is important to
carefully consider the unique characteristics of commodities and
human-driven factors when adapting ecological frameworks to
these contexts. However, despite its simplicity, this model
demonstrates that such adaptations are feasible and can offer
insights into the dynamics of trade networks and economic
interdependencies, showing potential for more refined future
applications.
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To detect source and sink regions of commodities in the WUSA,
we adopt the source-sink metacommunity model by Mouquet
and Loreau (Equation 2; 2003) that is composed of three
hierarchical levels: local, regional, and metacommunity. Here, our
hierarchical levels correspond to (first) the 25 FAF areas and
(second) the several emergent economic metacommunities as
identified by the Louvian community detection algorithm.

6Py
ot

= [0 + (7 = a)cic Py ]Vige — M Py 6]

At the local level P, is defined as the proportion of sites occupied
by species i in community k. Each species i is represented by a
potential reproductive rate, c,, mortality rate, 7, , and an explicit
immigration function, I . For each community, there are S'species
competing for a limited proportion of vacant habitat, V. a
measures the relative importance of regional and local influences
in local communities, as well as the degree of coupling between
population dynamics within the metacommunity. Dispersal
success (0) is the measure of an organism’s ability to successfully
find a new community, a key concept in metacommunity studies.
Specifically, 6 measures the dispersal success of immigrating
species [, to vacantsite k (Mouquet and Loreau 2003). Measuring
species dispersal success is often challenging because of
difficulties in tracking individual movements, leading to its usual
indirect estimation or assumption in ecological research
(Jacobson and Peres-Neto 2010). In a trade network context, we
can observe the potential disruption to imports /,. This allows
the model to incorporate scenario testing of dispersal failure and
analyze how disruptions would impact economic metacommunities’
structure. For simplicity, we assume that imports arrived with
100% success and removed 6 from the equation. In addition to
this simplification, we summed imports and exports respectively
across commodities, resulting in a single import and export value
(in tons) for each FAF region represented as the single species i
in this model. Though we opted for methodological convenience
for this proof of concept, future work should treat each
commodity as a unique species i in the model to determine
commodity-specific dynamics. We further modified the equation
to better fit the context of regional trade networks by rearranging
several terms:

8Py [l — Ei]

T + [(7= adcie — mu]P; @)

At the level of a FAF area, P, represents the tonnage of
commodity i present in the context of the larger metacommunity
community k as identified by the Louvian community detection
algorithm. The total commodity tonnage i in k is characterized
by self-supply flows of ¢, , consumption rate nz, (calculated in
Equation 4), observed import and export volumes I, and E,, . E,,
is not present in Equation 1 because emigrants were combined
into a regional pool of dispersers and then equally redistributed
to all other communities but is required to represent exports of
commodity i from community k in Equation 2; this effectively
adds a species emigration parameter to the original model in place
of the equal redistribution of emigrants (Mouquet and Loreau
2003). We assume storage capacity corresponds to habitat patch
availability in Equation 1 and so denote storage capacity as V.
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However, the FAF database does not include information on
storage/stocks. As a workaround, we assume that V, is 1 to
normalize this parameter across all FAF regions. Future work
with more refined storage data could improve this procedure.

At the level of local communities (FAF regions), we need another
metric to describe flows between FAF areas. Equation 3 calculates
the proportion, a, of commodity i exported from local community
k compared to the total volume of i exported from
metacommunity k (both in tons).

Commodity i tonnage export of local community k

3)

a; =
' Total commodity i export from metacommunity k

State-level total commodity consumption rates

In the analogy of a regional economy to an ecosystem, we view
the consumption rate of a given commodity within an FAF region
as that commodity’s “mortality rate.” Currently, no data product
is available for U.S. commodity-specific consumption rates that
can be used in the adapted metacommunity source and sink model
(Equation 2). We use the Environmental Protection Agency (EPA)
U.S. state-level input-output data and environmentally extended
input-output tables for 2017 to calculate the consumption rate (Li
et al. 2023). The EPA input-output dataset provides make-use
tables that provide the dollar amount of products from one sector
required to make products in each other sector. The EPA’s state-
level dataset provides the highest spatial resolution of available
commodity production, use, interregional imports, and
interregional export tables (Yangetal. 2017, Ingwersen et al. 2022,
Li et al. 2023). The EPA state-level input-output data resolution
prohibits us from producing FAF area-specific consumption
rates. Because of this data limitation, we assumed uniform
consumption rates across FAF regions within the same state. To
calculate the consumption rate of each commodity 7, we took the
total use U, in a given state from the EPA make-use tables and
divided it by the sum of total imports /, and production P;
(Equation 1). Multiplying this value by 100 gives the consumption
rate of that commodity as a percentage of the state’s imports and
production.

Consumption Rate =

i i

UiP x 100 @)

The EPA input-output tables use the North American Industry
Classification System (NAICS) codes to track flows between
sectors, while the FAF dataset commodities are reported as
Standard Classification of Transported Goods (SCTG) codes. To
crosswalk between these, we used the Department of
Transportation 2017 Commodity Flow Survey, which reports the
NAICS code for the origin and destination facilities for each
commodity, which is described with an SCTG code. We calculated
the proportion flows attached to each NAICS code for each
commodity to assign the input-output values to the correct
commodities (U.S. Department of Transportation et al. 2023). It
is important to note that the crosswalking between NAICS and
SCTG commodity codes can potentially produce errors and
approximations because of potential inconsistencies, gaps, or
reporting errors present in these datasets. Because we are
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analyzing the total commodities flow rather than individual
commodities, we calculated the average consumption rate across
all 42 SCTG codes for each state and applied it to the FAF regions
found in that state.

RESULTS

Delineating metacommunity structure using trade networks

Figure 2 depicts the 5 emergent economic metacommunities from
the WUSA FAF regions commodity flows as identified by the
Louvian community detection algorithm. The Louvain algorithm
used the modularity metric value of 1, indicating that the trade
network partition into metacommunities was strong, highly
distinct and not random, with dense connections between
community members (Newman 2006, Blondel et al. 2008).

Fig. 2. Five emergent metacommunities comprising 25 Western
USA Freight Analysis Framework (FAF) areas identified by the
Louvain community detection algorithm. Nodes (pentagons)
represent FAF area origins and destinations, with edges
indicating the flow of goods between these locations. The white
gridded region in the figure represents the boundaries of the
Intermountain West region. The circular edges at the nodes
represent the self-flows of commodities. The FAF regions are
color-coded based on the Louvain community detection
algorithm, highlighting regions of closely interconnected
supply chain flows.

WUSA FAF Region Emergent Economic Metacommunities

Metacommunities
W Phoenix Metro Metacommunity
mm Los Angeles Metro Metacommunity
s Denver Metro Metacommunity
Washington Rural Metacommunity
Seattle Metro Metacommunity

These emergent economic WUSA metacommunities are not
necessarily spatially proximal, demonstrating how trade network
connectivity can transcend spatial boundaries. For instance, the
Phoenix metro metacommunity is centralized in that the Phoenix-
Mesa-Scottsdale, AZ CFS Area (the FAF datasetuses “CFSarea”
as a part of its regional naming conventions, not to be confused
with the CFS dataset) receives most of the imports while the
remainder of Arizona, Oregon, Utah, and all of Wyoming export
to it (Table 1). Similarly, the Los Angeles metro metacommunity
is concentrated around the Los Angeles-Long Beach, CA CFS
Area, comprising all 6 FAF regions located in California plus the
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Table 1. Lead Freight Analysis Framework (FAF) region
importer and exporter of total commodities for each Western
USA economic metacommunity.

FAF regions Percentage of

total

Phoenix Metro Metacommunity

Lead Importer: Phoenix-Mesa-Scottsdale, AZ CFS Area 30.3%

Lead Exporter: Wyoming 30.6%
Los Angeles Metro Metacommunity

Lead Importer: Los Angeles-Long Beach, CA CFS Area 31.5%

Lead Exporter: Los Angeles-Long Beach, CA CFS Area 28.3%
Denver Metro Metacommunity

Lead Importer: Denver-Aurora, CO CFS Area 33.6%

Lead Exporter: New Mexico 32.4%
Washington Rural Metacommunity

Lead Importer: Remainder of Washington 50.04%

Lead Exporter: Remainder of Washington 90.5%
Seattle Metro Metacommunity

Lead Importer: Seattle-Tacoma, WA CFS Area 39.4%

Lead Exporter: Seattle-Tacoma, WA CFS Area 38.7%

remainder of Colorado and Montana. The Denver metro
metacommunity centers around the Denver-Aurora, CO CFS
Area as the leading importer with New Mexico and Nevada FAF
regions along with the Tucson-Nogales, AZ CFS Area exporting
to it. For the Washington rural metacommunity, it consists of the
Portland-Vancouver-Salem, OR-WA CFS Area (the WA part)
and the remainder of Washington, with the remainder of
Washington contributing 90.5% of exports with both regions
nearly evenly sharing the total volume of imports. The Seattle
metro metacommunity is driven by the primary importer and
exporter, Seattle-Tacoma, Washington, but spans Texas, Idaho,
Utah, and Oregon. A table with a breakdown of each identified
metacommunity and its affiliated FAF regions can be found in
the Appendix Supplemental Table 1.

Metacommunity source-sink model

Figure 3 depicts the sinks and sources identified among the 25
WUSA FAF regions using Equation 2. The sources and sinks
shown here are analogous to the population sinks and sources
across different communities (here, the population includes all
“species” of commodities, so it is a very aggregate view). This
framing of trade networks allows us to identify the hubs of
regional economies and determine which regional economies
specialize in the production of raw materials and manufactured
products.

FAF areas that consist of an entire state and or a remainder of
state region (except the remainder of Arizona) are identified as
commodity sinks. Conversely, urban regions tend to be sources.
We expect that this is due to industry agglomeration and market
size, but also because warehouses and distribution centers are
primarily located in urban areas. This means that a region might
be a source because of its production/consumption, but also
because it acts as an intermediate location or waypoint in the
larger trade network. These source and sink results will likely look
slightly different when analyzing individual commodities rather
than the sum of all commodities. A table of the complete
breakdown of input data and output values for all WUSA FAF
regions can be found in the Appendix Supplemental Table 2.
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Fig. 3. Sources and sinks identified among WUSA subregions
using the metacommunity source-sink model. Nodes
(pentagons) represent centroids of the FAF regions. The blue
and red color of the pentagons represent the source (blue) and
sink (red) values for total commodities. The size of the centroid
indicates the magnitude of the source/sink dynamic; the values
are square root-transformed for visualization scaling. The color
of the FAF region indicates its emergent economic
metacommunity membership. The black gridded region in the
figure represents the boundaries of the IMW area.
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State-level commodity consumption rates

Table 2 presents the average consumption rates across SCTG-
designated commodities for all 12 states in the study region.
Wyoming has the highest average consumption rate of
commodities at 28.19%, and Arizona has the lowest rate at
18.86%. These values reflect many factors that vary between
states, such as population size, industry specialization, and
economic demand. The variation in consumption rates across
these states provides high-level insights into regional economic
patterns. A breakdown of commodity-specific consumption rates
for each of the states is available in the supplemental materials
(designated by both SCTG and NAICS codes).

DISCUSSION

Through adapting metacommunity methods to identify
metacommunities (Fig. 1) and analyzing their source-sink
dynamics (Fig. 3) in the WUSA, we have identified multiscale
structures that are not present in other regional trade frameworks
(Tamayo and Vargas 2019, Sutton and Arku 2022, Lemke et al.
2023). The model results indicate that the Washington state
portion of the Portland-Vancouver-Salem OR-WA CFS, the Salt
Lake City-Provo-Orem UT CFS, and the San Jose-San Francisco-
Oakland, CA CFS FAF regions are the top three “source” regions
for commodities by mass (Table 1). The top three “sink” FAF
regions for total commodity tonnage were the remainder of
Washington State, the remainder of Utah State, and the entire
state of Idaho FAF regions (Table 1). These total commodity-
based multi-scalar results reflect local-scale dynamics (e.g., urban
centers as sources) and regional-scale interdependencies (e.g.,
rural areas functioning as sinks). Notably, the identified “source”
FAF regions in these emergent economic metacommunities align

Table 2. Average consumption rate across all 42 Standard
Classification of Transported Goods commodities by each state
in this study.

State Average commodity consumption rate
Arizona 18.86%
California 23.73%
Colorado 20.34%
Idaho 25.34%
Montana 22.10%
Nevada 20.05%
New Mexico 22.05%
Oregon 24.04%
Texas 23.82%
Utah 25.27%
Washington 24.40%
Wyoming 28.19%

with influential U.S. megaregion counties within the WUSA as
identified by Hagler (2009), based on statistical geographic areas,
population density, and employment growth metrics. This
corroborates the multiscale influence of trade network structures,
showing that RER in the WUSA is influenced by local and
interregional interactions (Lemke et al. 2023).

When considering total commodity flows, we observe that metro
regions are critical “source” regions in WUSA metacommunities
because of being key centers for economic activities such as
markets, warehouses, consumption of commodities, and logistic
activity (Mullins et al. 1999, Pettit and Beresford 2009, Closs et
al. 2014). Conversely, all rural sub-regions, with the expectation
of the remainder of Arizona, serve as “sink” regions requiring
support from “source” regions for total commodity inflows.
Although we have determined this “source-sink” relationship of
metro and rural regions when using total commodity flows, this
may not be the case for individual commodities such as food-
based commodities and their embedded water, where rural
WUSA regions would emerge as sources. These rural WUSA sub-
regions are predominantly major agricultural and raw material
producers in their supply chain flows to metro WUSA sub-
regions; rural WUSA sub-regions are intertwined and influenced
by their supply chain networks with metro WUSA sub-regions
(Lawrie et al. 2011, Akkoyunlu 2015, Trujillo and Parilla 2016,
Shughrue and Seto 2018, McManamay et al. 2022). Telecoupling
between rural and metro regions through trade flows highlights
the importance of rural commodity production to the economic
hubs of urban regions (Kenessey 1987, Liu et al. 2019). This
telecoupling also introduces vulnerabilities, as rural sub-regions
may support multiple metro hubs, increasing localized stress on
land and resources (McManamay et al. 2022). Therefore, the
classification of “source” and “sink” regions oversimplifies the
complex, bidirectional relationships between metro and rural
areas. Rural regions are not just passive recipients of commodities
from metro regions; they are essential sources of products from
agriculture, forestry, fishing, hunting, and mining, including
minerals, non-mineral energy resources, and renewable energy
resources.

Building on this, Moser and Hart (2015) propose an extension of
the climatological concept of teleconnections to include eight
categories of “societal teleconnections,” which include (1) trade
and economic exchange, (2) insurance and reinsurance, (3) energy
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systems, (4) food systems; (5) human health, (6) population
migration, (7) communication, and (8) strategic alliances and
military (Moser and Hart 2015). Utilizing this framing, we can
leverage the metacommunity framework to reveal trade and
economic exchange teleconnections that link disparate places
within states, regions, countries, and globally. This has specific
policy implications when analyzing exposure to adverse public
policy in other states and countries (e.g., potential price shocks
from port shutdowns), vulnerability to cascading risks resulting
from non-local natural hazards (e.g., the 2011 floods in Thailand
and the price hard drives), or strife between countries (e.g.,
potential disruption to global pharmaceutical supply chains due
to land disputes). By understanding the structure of these
teleconnections, policy makers can better prepare for and mitigate
such risks in targeted trade networks.

Understanding the interaction patterns and community structure
of WUSA regional economies commodity flows is crucial for
effectively managing the greater system (Levin 1992). By
examining the structural relationships between “source” metro
regions and “sink” rural regions, policy makers can target
interventions, allocate resources, and manage potential risks more
effectively (Kakderi and Tasopoulou 2017). This approach
supports the goals of the Endless Frontiers Act, which seeks to
identify regional interdependencies and hubs, offering a
framework for pinpointing vulnerable sectors, and supporting the
development of resilient critical supply chains and industries (U.
S Congress 2021). Insights from source-sink dynamics and
regional interdependencies aid policy makers in strategically
deploying resources to strengthen critical supply chains that are
reliant on singular regions and thus improving RER across the
U.S. Recognizing that certain metro areas act as critical hubs for
total commodity flows to rural regions highlights the need for
planners to prioritize infrastructure investments in logistic
corridors between these areas. The Bipartisan Infrastructure Law
further supports this effort by targeting investments in critical
infrastructure such as tunnels, bridges, railways, airports, and
ports to withstand future disruptions and enhance national
supply chain resilience against future disruptions (The White
House 2021). By incorporating the metacommunity analysis,
planners can target infrastructure investments for identified
vulnerable interdependencies between regions, benefiting local
and national networks and promoting sustainable and balanced
economic development. This approach strengthens the local
resilience of rural regions and bolsters the interconnected
domestic regions that rely on one another to meet commodity
demands (North 1955, Di Caro and Fratesi 2018, Sutton et al.
2023). By incorporating this understanding of source-sink
interdependencies into regional economic planning, policy
makers can promote balanced development, reduce over-reliance
on specific regions, and ensure that rural and metro areas work
together in a mutually reinforcing manner (Giannakis and
Bruggeman 2020). A relevant example is the U.S. semiconductor
industry, where Arizona has become the primary hub for domestic
semiconductor manufacturing, with facilities in New Mexico and
Oregon serving as secondary hubs that bolster the resilience of
the greater domestic U.S. semiconductor manufacturing network.
The insights provided in this study allow for the development of
nuanced strategies to address regional disparities in demand,
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production, disaster recovery, and risk management. Further, it
emphasizes the importance of interregional interactions in
shaping RER, ensuring both rural and metro regions contribute
to and benefit from economic resilience (Di Caro and Fratesi
2018).

In its current form, the model has several limitations that can
impact the accuracy and representation of the real-world WUSA
regional economic trade network. First, the crosswalking between
NAICS and SCTG commodity codes produces potential errors
and approximations of the potential inconsistencies, gaps, or
reporting errors in these datasets. These potential issues could
misallocate the commodity flows between FAF regions,
impacting the source-sink results. The model also assumes a
uniform storage capacity (¥, = 1) across all WUSA regions
because of the lack of available detailed storage. This assumption
results in our model considering storage capacity as a linear flow.
This simplification fails to account for regional variability in
storage capacity, which would impact commodity flows,
especially during disruptions where storage buffers are critical.
However, the storage data issue is unknown and will likely persist
until more detailed and targeted data collection occurs (Gardner
etal. 2019). Because the global economy largely operates in a just-
in-time manner, it remains to be seen how big of an issue not
possessing storage data is (Choi et al. 2023). Additionally, the
scale of this issue will not be known until the storage of each
commodity is known. Another limitation is the uniformity of
state-level consumption rates across all FAF regions within a state.
This simplification masks the variation in economic activity and
resource consumption, not accurately reflecting the actual
consumption patterns across the WUSA. Future models will be
able to address this using the upcoming U.S. Department of
Transportation and Oak Ridge National Laboratory publication
of county-level FAF data that is not subject to trade downscaling
model artifacts. However, without finer resolution input-output
datasets, the current state-level resolution is the finest spatial scale
available. Furthermore, although the model can incorporate
disruptions through the import success (8) parameter, it does not
incorporate any capacity to account for regulatory or political
factors, such as tariffs or transportation policies, which can
influence commodity movement. Collectively, these limitations
reduce the model’s ability to reflect the complexity and variability
of the real-world WUSA regional economic network.

Future work that builds on this study can address the limitations
with more granular data and refine the simplifications and
assumptions made in this study. Although simplifying all
commodities into a total commodity value to be represented as a
single species and demonstrate the model potential, it masks the
unique interaction and community structure of different
commodities. A future question to answer is whether different
emergent metacommunities are identified based on commodity
flow tonnage or dollar connectivity. Future work should model
each commodity as a unique species in the model to produce the
metacommunity structure and the source-sink insights for each
commodity. Additionally, this study only explores a temporal
snapshot for 2017, which is not representative of the dynamic
nature of economic complex systems. Future work should aim to
model a greater temporal window of several years or at a monthly
temporal scale if the data is available. This extended temporal
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window would show how commodity-based metacommunities
would or would not dynamically change in response to domestic
and international disruptions. Improving the spatial resolution
by using county-level data in place of FAF regions would expand
the analysis from 25 FAF regions to 668 county polygons.
Although the data required for this is currently unavailable, this
would be one of the largest improvement aspects for this model
framework. Additionally, assuming all imports arrive with 100%
success removes the dispersal success parameter (6), which can
lead to an overly optimistic view of regional economic trade
resilience. Incorporating disruptions could make the model more
robust and realistic. However, it is uncertain if the reported FAF
commodity values have had disruption incorporated into their
reported values. Last, it should be noted that although we focus
on domestic commodity flows in our analysis of the WUSA trade
network, it is likely that the metacommunities also have critical
international connections that could shift our interpretation of
interdependencies; for example, Seattle, Washington, is very
integrated with Vancouver, Canada through measures like the
Cascadia Economic Development Agreement (VEC 2019).
However, we currently lack similar resolution data from Mexico
and Canada. Future work could focus on identifying
metacommunities continentally or globally, pending data
availability.

Fruitful avenues of future research could examine the
sustainability and resilience of individual regions considering the
regional interdependencies and the roles played within the larger
network. Additionally, investigating the applied consequences of
being a source or sink will help us better understand the strengths
and weaknesses of these roles and how they impact regional
economic development. Further research could explore the
development of transboundary policy tools designed to better
manage a regional networked metacommunity, assessing policies
related to resource management, infrastructure investment, and
trade agreements that can be tailored to support regional
interconnections and address potential resource bottlenecks. An
important area for future work would be integrating the
metacommunity insights into macroeconomic models, exploring
how the source-sink relationships between regions impact
national economic indicators like GDP, employment, and trade
balances. This could offer a more comprehensive view of how
regional interactions influence broader national and global
economic outcomes.

By incorporating insights from economics, ecology, and network
science, we have developed an approach to identify a regional
system’s metacommunity structure to highlight ecologic and
economic interdependencies. Potential insights from applying the
metacommunity framework to regional trade networks include
showing the change in resilience achieved by diversifying regional
trade partners, promoting critical infrastructure development,
and developing sustainable practices that benefit rural and metro
regions. In the context of the special feature, the metacommunity
framing of a regional system, including the WUSA, supports
convergence research focused on sustainable regional systems and
guided transformations in this region by creating a common
language and quantitative framework for observing the structure
of this system (Morgan et al. 2024, 2025).
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CONCLUSION

This study advances the understanding of spatial patterns of
trade relationships in the WUSA using theory and methods from
(meta)community ecology. Combining network theory and
community ecology constitutes a biomimetic, social-ecological
systems approach to investigating and designing regional
economic structure. Our identification of economic metacommunities
through commodity flows, as distinct from previously identified
“megaregions,” establishes a new avenue for investigating the
economic network structures that underlie trade resilience and
sustainability. Our study bridges theoretical perspectives between
ecologic and economic networks and outlines a novel method for
delineating regional economic metacommunities to support
policy development and regional planning.
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Appendix 1. Trade-based megaregion communities identified by the Louvain community detection algorithm.

Please click here to download file ‘appendixI.csv’.
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Appendix 2. All WUSA sub-regions with the parameters required for the metacommunity sink-source model and the model output
parameter of presence.

Please click here to download file ‘appendix2.csv’.



https://www.ecologyandsociety.org/vol30/iss1/art4/
https://www.ecologyandsociety.org/15676/appendix2.csv
https://www.ecologyandsociety.org/15676/appendix2.csv

	Title
	Abstract
	Introduction
	Linking ecologic and economic systems

	Methods
	Commodity flow data
	Adapting metacommunity methods to economic networks
	Metacommunity source-sink model
	State-level total commodity consumption rates

	Results
	Delineating metacommunity structure using trade networks
	Metacommunity source-sink model
	State-level commodity consumption rates

	Discussion
	Conclusion
	Acknowledgments
	Data availability
	Literature cited
	Figure1
	Figure2
	Figure3
	Table1
	Table2
	Appendix 1
	Appendix 2

