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The conceptual framework for nature-based solutions (NbS) is well developed, however realizing the potential of
NbS at scale and in widespread professional practice in infrastructure systems depends on overcoming opera-
tional challenges rooted in the historical policies and engineering practices of the action agencies capable of
implementation. In this article, we explore levee setbacks as a NbS for improving the sustainability of leveed
river corridors within the context of the United States (US) and its primary action agency of flood risk man-
agement, the Army Corps of Engineers (USACE). By identifying the social and environmental consequences of
historical levee management and linking these consequences with historical policies and engineering practices,
we highlight knowledge gaps, challenges and opportunities for progress with NbS. We also briefly discuss
USACE’s decision-making processes for infrastructure investments and the valuation of ecosystem services as it
pertains to operationalizing setbacks in practice. We then develop a case study of a recent setback on the Missouri
River to showcase how USACE overcame implementation challenges. Lessons from past levee corridor man-
agement in the US, and USACE’s current corrective actions, may help foster understanding of how to overcome
operational challenges in the implementation of setbacks in other social and political contexts.

1. Introduction

In 2019, following a historically wet winter in the Upper Midwestern
United States (US) and an unseasonal early spring blizzard, communities
on the Missouri River experienced their third massive flood in as many
decades. Flood heights reached those associated with a 0.2% annual
probability of occurrence in some reaches — colloquially, it was equiv-
alent to a “500-year flood” — and lasted nine months with breaches or
overtopping at nearly every levee in a three-hundred-and-fifty kilometer
reach between Omaha, Nebraska and Kansas City, Missouri (Kay, 2003;
US Army Corps of Engineers, 2023; US Geological Survey, 2023). The
scale of economic impacts remain uncertain as the aftereffects are

on-going, but recovery expenditures have exceeded billions of dollars,
and are likely to rise (Skevas et al., 2023). Coming on the heels of pre-
vious major floods in 2011 and 1993, the successive disasters have left a
lasting impression on those who live along the river and have created a
general sense of exhaustion as decision-makers seek alternative ap-
proaches to managing flood risks (National Oceanic and Atmospheric
Administration, National Centers for Environmental Information, 2023;
National Oceanic and Atmospheric Administration, National Weather
Service, 2023; New York Times, 2019a,b; The Nature Conservancy,
2023).

We call attention to the 2019 flood because one group of levee
managers responded to the disaster in an uncommon way. Instead of
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repairing their levee to its pre-flood condition, they worked with the US
Army Corps of Engineers (USACE) to relocate the levee away from the
river bank. The levee, known as L536, is now “set back”. Its widened
floodplain provides additional room for floodwater conveyance that will
improve the community’s flood protection and much of the reconnected
floodplain is now federally protected conservation land, which has
created opportunities for rehabilitating a levee-stressed ecosystem
(Krause et al., 2015; Smith et al., 2017; Klijn et al., 2018; The Nature
Conservancy, 2021). Setting back a levee is an example of a
nature-based solution (NbS) and, as we will argue, is a simple and
intuitive approach for improving the sustainability of leveed river cor-
ridors (Opperman et al., 2009; Cohen-Shacham et al., 2016; Serra-Llobet
et al., 2022a; van Rees et al., 2023).

1.1. Background

America’s major river corridors have been dramatically transformed
by national civil works programs. Congress authorized civil works to
promote economic development in the early twentieth century and
empowered USACE as its chief architect (Tarlock, 2012; Ehrenwerth
et al., 2022). Since then, USACE has engineered thousands of kilometers
of river corridors to create stable navigation channels and manage flood
risks for millions of Americans (Arnold, 1988; Zellmer and Klein, 2007;
Alexander et al., 2012).

Levees are one of the primary tools USACE used to engineer rivers
(Arnold, 1988; Zellmer and Klein, 2007; Alexander et al., 2012). Levees
are typically earthen embankments designed to contain, control, or
divert the flow of water so as to reduce the risk of flooding (National
Research Council, 2013). Levees shape the way people live and work in
river corridors by creating opportunities for development on floodplains
that would otherwise inundate frequently (Tarlock, 2012; Olson and
Speidel, 2021). They also shape riverine landscapes and ecosystems by
disrupting natural flood dynamics (Poff et al., 1997; Knox et al., 2022a,
2022b,c).

America’s historical focus on economic development has driven the
unsustainable management of many leveed river corridors. What were
once considered “improvements” — such as land reclamation or controls
on channel migration — are now recognized for their social and
ecological trade-offs (IFMRC, 1994; Poff et al., 1997; Pinter, 2005;
Opperman et al., 2009; Baeten, 2022). The consequences of which are
evident from rising trends in annualized flood damages (though multi-
factorial; Tobin, 1995; Pielke and Downton, 2000; Pielke et al., 2002;
Cartwright, 2005) to the rapid loss of freshwater biodiversity (Tockner
and Stanford, 2002; Maxwell et al., 2016; Albert et al., 2021). Further-
more, historical policy influenced engineering practice, leading to levees
that track too close to river banks for sustainable management — a
practice underscoring most of the adverse consequences experienced
today (IFMRC, 1994; Zellmer and Klein, 2007; Opperman et al., 2009;
Krause et al., 2015; Behm, 2021).

A growing body of literature on the science and practice of NbS has
developed in response to global environmental degradation and the risks
posed by anthropogenic climate change. NbS are actions to protect,
sustainably manage, and restore ecosystems in ways that address soci-
etal challenges effectively and adaptively, and can include solutions to
infrastructure challenges (Cohen-Shacham et al., 2016; O’Hogain and
McCarton, 2018). Levee setbacks — like at L536 — are NbSs for insuffi-
cient flood protection and are adaptive measures that improve com-
munity resilience by providing additional buffering against the
uncertainties of climate exacerbated flooding (Klijn et al., 2018;
Serra-Llobet et al., 2022a). The restoration of surface water connectivity
within the expanded floodplain creates opportunities to rehabilitate
levee-stressed ecosystems and underscores the multiple-benefits poten-
tial of setbacks as a solution for flood risk management (FRM) and un-
sustainable environmental management (Opperman et al., 2010; Dahl
et al., 2017; Smith et al., 2017; US Army Corps of Engineers, 2018a;
Serra-Llobet et al., 2022a).
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1.2. Purpose and scope

Despite a strong conceptual framework and justification for NbS,
multidisciplinary reviews of specific NbS to priority infrastructure
challenges are needed to facilitate the widespread implementation
called for by researchers and decision-makers (Opperman et al., 2009;
Maes and Jacobs, 2017; Cohen-Shacham et al., 2016; Kabisch et al.,
2016; Nesshover et al., 2017; Keesstra et al., 2018; Cohen-Shacham
et al., 2019; Nelson et al., 2020; Seddon et al., 2020a, 2020b; Seddon
etal., 2021). In this article, we review levee setbacks as an exemplar NbS
for improving the sustainability of leveed river corridors. Our analysis is
limited to river corridors of the US to make use of data-rich case studies,
though lessons learned from past management practices, and current
corrective actions, may help clarify how setbacks can be operationalized
in other contexts.

Innovation within the administrative structures and decision-making
processes of the action agencies responsible for levee corridor manage-
ment is critical for advancing the widespread application of setbacks
(IFMRC, 1994; Tarlock, 2012; Ehrenwerth et al., 2022; Windhoffer et al.,
2022). Accordingly, we briefly summarize USACE’s historical levee
policies and decision-making practices to identify operational chal-
lenges and opportunities to advance the use of setbacks. Our objectives
are as follows:

1) Identify the most salient consequences of historical levee
management.

2) Link consequences with historical policies and engineering practices.

3) Discuss setbacks as a NbS for improving the sustainability of leveed
river corridors.

4) Showcase how USACE overcame implementation barriers with a case
study of the L536 setback.

5) Highlight knowledge gaps, challenges, and opportunities for oper-
ationalizing setbacks.

2. Levees: A transformative feature of America’s river corridors

America’s intensive reliance on levees for flood protection and eco-
nomic growth has been dubbed a “levee love affair” (Tobin, 1995).
There are an estimated 229,000 km of levees on American rivers;
enough to wrap the Earth nine times (Knox et al., 2022a,b,c). These
levees protect at least eleven million people and have supported the
cultivation and development of ~30% of the floodplain area in the
contiguous US (Knox et al., 2022a,b,c; US Army Corps of Engineers,
2018b). USACE has cataloged ~23,000 km of these levees and recog-
nizes an additional ~24,000 km with unknown condition and
non-federal or private ownership, which suggests only 10-20% of the
estimated levees are accounted for (US Army Corps of Engineers, 2018b;
American Society of Civil Engineers, 2021; US Army Corps of Engineers,
2023).

The massive number of levees, and USACE’s limited knowledge of
their location and condition, are the result of historical policies that
favored local planning authorities while promoting levees as the de facto
FRM solution for much of America’s existence (Arnold, 1988; Zellmer
and Klein, 2007; Tarlock, 2012). The extensive use of levees is not
without consequences; here, we highlight salient examples and link
them with conventional corridor management practices.

2.1. Hydraulic effects

USACE historically used levees to channelize rivers for navigation.
Levee systems were designed to confine floods within an engineered
floodway, thereby deepening flows and flushing out navigational ob-
stacles (snags, gravel bars, etc.). USACE’s legal authorities were
restricted to navigational improvements for much of their existence with
no legal purview in FRM (from roughly the country’s founding to 1917).
However, during much of this time, USACE argued that flushing out
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navigational obstacles would also incise river beds, thereby increasing
channel conveyance capacity, and negating the need for other types of
flood control infrastructure (e.g. upper basin dams). By the early
twentieth century, there were ~2,900 km of continuous levees along the
Lower Mississippi River, for example (Zellmer and Klein, 2007; National
Research Council, 2011).

Today, levees are more recognized for FRM. They provide localized
food protection by blocking floodwaters from inundating a floodplain
(Fig. 1). The blocked off floodplain creates a bottleneck in overbanking
flows resulting in backwater while deepening and accelerating flood-
waters through the leveed reach. Backwater is displaced floodwater that
would otherwise inundate the levee protected floodplain and is a po-
tential hazard for nearby communities, both upstream and on the
opposite bank. (Yen, 1995; Heine and Pinter, 2012; Jacobson et al.,
2015).

Bottlenecks are a predictable consequence of leveeing. USACE often
recommends floodway discharges and minimum conveyance widths to
reduce their risk (Camillo, 2012; Krause et al., 2015). USACE also builds
spillways and or secondary floodways that are in-part, “pressure relief
valves” made necessary by lost floodplain conveyance due to leveeing
(e.g. Morganza Floodway) (Camillo, 2012; Olson and Speidel, 2021).
Historical policies have not been adequate in forcing USACE to correct
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known levee-caused bottlenecks and unfortunately, in some cases, have
incentivized levee construction that conflicts with minimum conveyance
widths (Arnold, 1988; Krause et al., 2015). The levee system of the
Lower Missouri River is a well-known example, where continuous lev-
eeing along several hundred kilometers of river has resulted in multiple
bottlenecks and multiple reaches with bridges or levees that are more
confining than the suggested conveyance width (Jacobson et al., 2015;
Krause et al., 2015; Behm, 2021).

2.2. Social consequences

The Nation Flood Insurance Act (NFIA, 1968) is one of America’s
signature FRM laws. NFIA defines a levee-protected floodplain as
outside the “official floodplain” if generally speaking, the levee protects
against the 100-year flood (1% chance of occurrence in any given year).
For such levees, there are few development restrictions, nor is flood
insurance legally required, nor are property sellers or governmental
agencies required to inform buyers that the property is within a levee-
protected floodplain. As a consequence, people do not know that they
live and work in levee-protected areas and are ill-informed of the risks
(Montz and Tobin, 2008; Ludy and Kondolf, 2012; Michel-Kerjan et al.,
2011; Knowles and Kunreuther, 2014). Furthermore, the technical

(c)

Flood Stage

(d)

Fig. 1. (a) A levee protected community on the Sacramento River in California, USA. Note how the levees are built extremely close to the river on both banks. Photo
sourced from US Army Corps of Engineers (2018b). (b) An example levee setback on the Missouri River, USA. (c) The number and continuity of levees in the National
Levee Database; 80-90% of America’s ~229,000 km of levees are not shown (Knox et al., 2022a,b,c; US Army Corps of Engineers, 2023). (d) The hydraulic effects of
leveeing. Flood stage is increased upstream and adjacent to the levee (Heine and Pinter, 2012).
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jargon used by federal agencies hampers risk communication. For
example, the NFIA refers to risk from floods larger than the 100-year
flood as residual risk. The word “residual” makes the risk sound insig-
nificant, though the probability of a 101-year flood occurring within a
30-year home mortgage or a 50-year levee planning horizon is 26% and
40%, respectively (Michel-Kerjan and Kunreuther, 2011; Ludy and
Kondolf, 2012; National Research Council, 2013; Serra-Llobet et al.,
2022b).

The sense of security provided by levees supports development in
levee-protected areas and drives escalating flood risk (Tarlock, 2012;
Georgic and Klaiber, 2022). This social phenomenon is called the “levee
effect”, and is partially responsible for rising annual flood damages
(Tobin, 1995; Pielke and Downton, 2000; Pielke et al., 2002; Cartwright,
2005).

Some communities face a combination of escalating risk from the
levee effect and escalating flood hazards from climate change, water-
shed land use, and floodwater displacement by nearby levees. Such
communities must make a difficult management decision: Should they
build levees taller or set them back in a managed retreat (Zhu et al.,
2007; Zhu and Lund, 2009; Wang, 2021)? Setbacks with managed re-
treats involve “buying out” property owners such that their land can be
used as floodwater storage to protect the broader community (The Na-
ture Conservancy, 2021; Wang, 2021). Local authorities tend to raise
levees rather than deal with the social difficulties of managed retreat,
while not being accountable for the externalities created by displaced
floodwaters (Pinter, 2005; Tarlock, 2012; Wang, 2021).

Furthermore, some communities in the Mississippi River watershed
have become embroiled in what is effectively a levee construction arms
race — called “The Levee Wars” (Wang, 2021; Vox and ProPublica,
2023). USACE has some oversight of levee construction and attempts to
minimize stage rises associated with displaced floodwaters, but it is
natural that levees will contribute some floodwater displacement and
the cumulative effects can amount to substantial rises in stage over time
(Pinter, 2005). For example, Heine and Pinter (2012) found significant
rises, on the order of meters, along rivers in Iowa and Illinois following
levee construction in the mid-twentieth and early twenty-first centuries.

2.3. Ecological consequences

Alluvial riverine ecosystems can be incredibly biodiverse and pro-
ductive (Tockner and Stanford, 2002). Both attributes are supported by
ariver’s flow regime and connectivity across ecotones, which maintains
habitat diversity through regular flood disturbance. A flow regime de-
scribes the nature of flooding in an ecosystem, such as its seasonality or
the range of magnitudes (Bayley, 1995; Poff et al., 1997).

Independent of the ecological consequences of land use on the levee-
protected floodplain, levees stress ecosystems by disrupting flow re-
gimes and limiting connectivity across floodplain ecotones (Poff et al.,
1997; Ward et al., 1999; Tockner et al., 2010). Levees separate the
floodplain in two, creating a riverward and landward floodplain. The
riverward floodplain is hydrologically connected, although bottleneck-
ing is expected to alter flows locally and homogenize habitats by
flushing out habitat features (shoals, large wood, etc.). The landward
floodplain is partially disconnected from surface waters. Partial
disconnection disrupts the dynamics of low magnitude floods and only
allows inundation by large, infrequent, levee-failing floods. As such, we
briefly summarize some of the more salient ecological consequences of
lost connectivity (readers may refer to Wohl (2021) and Knox et al.
(2022c¢) for more detailed reviews).

Hydrologic disconnection is accompanied by disconnection in the
fluxes of matter (nutrients, sediment, wood; Junk et al., 1989; Tockner
et al., 2000; Wohl et al., 2015; Wohl et al., 2019), thermal energy
(Tockner et al., 2000; Tockner et al., 2010), and organisms across
floodplain ecotones (Bayley, 1995; Ward et al., 1999). For example,
levee construction may disrupt the flux of large wood from floodplain
vegetation communities to the channel, as its supply is facilitated by
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floodwater scour (Wohl et al., 2019). Likewise, hydrologic disconnec-
tion prevents flood disturbances from continually reshaping the flood-
plain landform and renewing successional processes (Bayley, 1995; Poff
et al., 1997; Opperman et al., 2010); which is critical for maintaining a
"shifting habitat mosaic" and its dependent biodiversity (Ward, 1998;
Stanford et al., 2005). Finally, partial disconnection reduces the pro-
ductivity of riverine habitats (Junk et al., 1989; Thorp and Delong,
1994; Tockner et al., 2000; Tockner and Stanford, 2002). For example,
floodplains provide shallow-water habitats that are critical for breeding
and rearing numerous fish species (Ickes et al., 2005; Sommer et al.,
2011; Stoffels et al., 2022). Increased abundance, growth rates, and
biomass have been observed in rivers with connectivity by comparison
to those with leveed or otherwise disconnected floodplains (Bayley,
1995; Sommer et al., 2001; Jeffres et al., 2008; Lyon et al., 2010).

2.4. Lost ecosystem services

Floodplain ecosystems provide a wide variety of supporting, regu-
lating, provisioning, and cultural ecosystem services. As discussed, flood
protection is among the most-recognized. Other examples include im-
provements to downstream water quality through sedimentation and
nutrient storage (regulating); recreational opportunities (cultural); or
habitat for recruitment in fisheries (provisioning) (Tockner and Stan-
ford, 2002; Brauman et al., 2007; Opperman et al., 2017).

Levee construction, and the land use it supports, precludes the pro-
vision of many ecosystem services, resulting in an implicit tradeoff be-
tween the benefits of land use on the levee-protected floodplain and the
foregone ecosystem services of an ecologically functional floodplain
(Costanza et al., 1997; Strange et al., 1999). The loss of ecosystem ser-
vices is a negative externality (de Groot et al., 2012; Farley, 2012). For
example, the loss of water quality regulation is an externality for
downstream communities with market (e.g., treatment cost of industrial
influent), and non-market implications (e.g., lost aesthetic qualities).

2.5. Anthropogenic climate change

Many of the discussed consequences are likely to intensify with
anthropogenic climate change. For example, the relative flood risk of
communities upstream of a levee-caused bottleneck or the stress of
aquatic organisms whose lifecyle depends on floodplain habitats.
Interestingly, social effects are not entirely dependent on non-
stationarity, but also uncertainty, as communities may react to the
perceived threat of intensifying flood hazards regardless of whether they
manifest. For example, predicted climate trends suggest flood hazards
may increase or decrease depending on location in the Mississippi River
watershed (Lewis et al., 2023), yet the levee wars could continue apace
based on the perception of vulnerability.

Climate uncertainty will complicate estimates of levee reliability and
management decisions concerning when to raise or setback levees (Zhu
etal., 2007; Zhu and Lund, 2009). Uncertainties are compounded by the
risk of levee failures at flood stages below levee overtopping (e.g.
piping), which are often predicted with probabilistic functions that in-
crease non-linearly with flood stage (US Army Corps of Engineers, 2020;
National Research Council, 2013; Hui et al., 2016).

Furthermore, the complicated politics of FRM have historically erred
toward local authorities (Arnold, 1988; Tarlock, 2012). There is to date,
no national standard or requirement for levee design, construction, or
operation and maintenance (US Army Corps of Engineers, 2018b;
American Society of Civil Engineers, 2021). Without which, local au-
thorities may choose to build or modify levees to address local concerns
and ignore the interests of other stakeholders in the corridor. Differences
in the values and risks faced by local authorities may make it difficult to
enact widespread changes in corridor management policy in response to
climate change.
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3. How we got here: The socio-political context

In this section, we examine the historical context of how unsustain-
able levee practices became commonplace in the US. We focus in
particular on the role of USACE as the primary action agency, national
legislation that defines their legal authorities, and the decision-support
tools USACE uses to plan infrastructure investments. Given USACE’s
authority over river corridor management, it is critical to understand
their role if we are to operationalize setbacks in professional practice.

3.1. A brief history of levee policy

Much of America’s historical river corridor management policy
centers around challenges to navigation and flood control in the Mis-
sissippi, Ohio, and Sacramento River watersheds — three of the largest
agricultural centers. It is also tangled-up in ideological debates con-
cerning the role of the federal government in local FRM projects with
major power shifts toward the federal government following cata-
strophic floods (Arnold, 1988; Zellmer and Klein, 2007).

In the early nineteenth century, Congress encouraged settlement of
the Mississippi River watershed following acquisition of the southern
and western sub-basins from the French Empire. Settlers often built le-
vees atop poorly sited levees built by former French colonists or built
levees close to river banks to expand the arable floodplain (Zellmer and
Klein, 2007; Olson and Speidel, 2021). At this time, USACE had no au-
thority in FRM and was primarily focused on enhancing navigation for
national defense and commercial growth (Arnold, 1988).

The Swamp Land Acts of 1849 and 1850 marked the beginning of
federal levee policy. These acts resulted in private ownership of river-
adjacent wetlands and state support for levee construction on newly
“reclaimed” land in the Lower Mississippi watershed. Private land-
owners were responsible for the design and construction of levees with
no national design standards or regulations. Many organized into levee
districts to pool the costs of construction and upkeep. Some levee dis-
tricts still exist today and are part of the complicated patchwork of au-
thorities in corridor management (Arnold, 1988; Pearcy, 2000; Zellmer
and Klein, 2007).

In the 1850’s, Congress funded studies to evaluate FRM strategies
and ultimately developed a “levees-only” policy. Under this policy,
USACE supported local authorities in creating continuously leveed river
corridors. USACE also supported local authorities in repeatedly raising
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levees after major floods with precious few setbacks (Arnold, 1988;
Zellmer and Klein, 2007).

It was not until the Flood Control Act (FCA) of 1917 that Congress
granted explicit FRM authorities to USACE (Pearcy, 2000). USACE then
embarked on a flurry of levee construction until a catastrophic flood on
the Lower Mississippi River in 1927 demonstrated the limitations of a
levees-only strategy (Zellmer and Klein, 2007). After passage of the 1928
and 1936 FCAs, USACE began designing secondary floodways to divert
floodwaters where leveeing had dramatically reduced floodplain
conveyance. Congress also authorized the construction of upper basin
dams that have alleviated flood stresses on levees, such as those on the
Missouri River (Arnold, 1988; Zellmer and Klein, 2007; Camillo, 2012).
These actions demonstrate USACE’s understanding that levee con-
struction had so severely restricted floodplain conveyance that addi-
tional infrastructure was required to ensure flood protection. One
alternative would have been broad scale setbacks, but setbacks were
only applied sparingly at some poorly sited levees.

The FCA of 1936 defined USACE’s civil works mission in terms of
national economic development and further entrenched problematic
levee management practices (Arnold, 1988; Tarlock, 2012). For
example, USACE used channel training structures to stabilize the Mis-
souri River navigation channel and accrete sediment at its margins to
expand the arable floodplain. Levees were then built on top of the
reclaimed land (Fig. 2) (National Research Council, 2011; Alexander
et al., 2012). As such, the commercial prospects of enlarged floodplains
often over-shadowed the risks associated with building levees in the
high-energy areas of floodplains (Krause et al., 2015).

As many of the levees built following the FCA of 1936 predate
modern water resources policies (e.g. National Flood Insurance Act),
much of the science and professional judgment embodied in modern
policy is not reflected in their designs or alignments (Zellmer and Klein,
2007; Tarlock, 2012; National Research Council, 2013; American Soci-
ety of Civil Engineers, 2021). Furthermore, cost minimization objectives
during construction led USACE to incorporate existing haphazardly
aligned levees (often built by local municipalities or farmers) into
planned levee system improvements. Cost minimization also led USACE
to tie alignments into bridge embankments, which are typically located
in naturally narrow reaches, instead of setting the embankments back to
be in line with the levee at a more sensible conveyance width (IFMRC,
1994; Krause et al., 2015). Evidence of the risks posed by poorly aligned
levees is clear from post-hoc analyses of catastrophes like the 1993

Fig. 2. A twentieth century example of USACE using bank stabilization structures to accrete arable land along the Missouri River near Indian Cave State Park
downriver from Omaha, Nebraska (across the river from levee L536). By 2003, a levee was built on top of the reclaimed land in the high energy area of the floodplain

(Photos courtesy of Dave Crane at the USACE Omaha District).
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Mississippi River flood (IFMRC, 1994) and from levees with a history of
repeated failures (Krause et al., 2015).

Also, during the mid-twentieth century, Congress passed a law
creating the Levee Rehabilitation and Inspection Program, which is a
critical source of funding for setbacks today. Commonly referred to as PL
84-99, it sets standards for levee design, operation, and maintenance
that must be met for levee districts to access disaster relief funds.
Continuing the theme of cost-effectiveness above other values, PL 84-99
reserves funds for repairs that bring damaged levees back to pre-flood
conditions. That said, USACE must select the “least-cost, technically
feasible” option when using PL 84-99 funds and setbacks are sometimes
the least-costly option (Krause et al., 2015; US Army Corps of Engineers,
2012).

Repeated floods in the past few decades have reinforced the under-
standing that past levee corridor management practices have reduced
the conveyance capacity of many river systems and have created new
flood risks (IFMRC, 1994; Zellmer and Klein, 2007; Camillo, 2012;
Tarlock, 2012). Secondary floodways and impoundments have not
resolved the underlying issue of lost floodplain conveyance, and as a
consequence, USACE and local authorities continuously raise levees. For
example, a mainline levee on the Lower Mississippi River would have
been ~2.4 m tall in 1882, ~6.7 m tall in 1927, and ~9.1 m today
(Zellmer and Klein, 2007; Mississippi River Commission, 2017). USACE
practitioners are well aware of setbacks as an option in scenarios where
they continue to raise levees, but are often constrained by the admin-
istrative structures of their agency, as well as the local interests of levee
districts, despite understanding the benefits of setbacks to the broader
corridor. Furthermore, there is also a growing recognition that historical
levee management practices are causing severe ecological damage
(Krutilla, 1967; Poff et al., 1997; Knox et al., 2022a,b,c). The Endan-
gered Species Act and Clean Water Act, in particular, are forcing USACE
to incorporate environmental value propositions into levee design.

3.2. A brief history of USACE decision support tools

For much of USACE’s tenure, cost-effectiveness was used as the basis
for decision-making in infrastructure investments. Cost-effectiveness
represents the idea that, with a clear, monolithic objective, the best
option is the least costly alternative capable of accomplishing an
objective. Cost-effectiveness has led to fairly simplistic decision-making
(e.g., building levees on top of existing farmer levees despite poor
alignments). Cost-effectiveness has been replaced by a limited form of
Benefit-Cost Analysis (BCA), which prevailed through much of the
twentieth century and into the modern era. BCA came into favor because
it enables decision-making based on multiple dimensions that are sub-
ject to tradeoffs (e.g., construction costs, expected flood damages pre-
vented, etc.). The FCA of 1936 offers some of the first text to understand
how BCA was employed, notably, USACE “should improve... navigable
waters... for flood control purposes if the benefits to whomsoever they
accrue are in excess of the estimated costs.” (Arnold, 1988; Tarlock,
2012; Ehrenwerth et al., 2022).

While scientific exploration and practical application of BCA has
advanced rapidly in the past fifty years (OECD, 2018), USACE’s
administrative controls — defined in the Principles and Guidelines (P&G,
1983) - have largely limited USACE analytical efforts and hampered
flexibility and innovation. P&G guidelines for economic analysis focuses
primarily on National Economic Development (NED) benefits; which
includes “net value of those goods and services that are marketed, and
also of those that may not be marketed”. USACE’s approved methods for
non-market valuation are limited and the lack of modern techniques for
assessing ecosystem service benefits has arguably handicapped the se-
lection of NbS in civil works planning (Tarlock, 2012; Ehrenwerth et al.,
2022; Windhoffer et al., 2022). Other “principle accounts” recognized
by the P&G include the non-monetary Environmental Quality (EQ) ef-
fects, Regional Economic Development (RED), and Other Social Effects
(OSE). Rather frustratingly, planners must select one account and follow
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its stipulations, which limit multipurpose projects and the accounting of
multiple benefits possible with NbS (e.g. ecological benefits in a FRM
investment and vice-versa) (Ehrenwerth et al., 2022; Windhoffer et al.,
2022).

3.3. Current levee policies

In 2007, Congress directed USACE to develop a new policy regarding
alternative valuation in civil works planning. Congress mandated that
NED benefits should no longer be the primary point of comparison be-
tween FRM infrastructure alternatives; rather “sustainable economic
development” as defined in terms of avoiding unwise use of flood-prone
areas and restoring the functions of natural systems (WRDA 2007 Sec-
tion 2031).

The Obama administration (2008-2016) shaped Congress’s in-
structions into the “Principles, Requirements, and Guidelines for Federal
Investments in Water Resources,” commonly known as the PR&G
(2014). The PR&G defines ten key “requirements,” five of which could
lead to changes in valuation policy that support NbS: (1) Use a common
framework for evaluation, based on an ecosystem services approach; (2)
Identify, describe, and consider risks and uncertainty in the analyses,
future conditions, and potential effects of each alternative, as well as use
adaptive management to reduce uncertainty and maximize project
goals; (3) Consider nonstructural approaches (e.g. natural floodplain
storage or disincentivize development in flood prone areas); (4) Develop
and fully consider an array of alternatives, including (a) those that
require changes to statute or regulation, (b) nonstructural measures, (c)
the plan preferred by the local sponsor, (d) the environmentally
preferred alternative, and (e) mitigation measures associated with each
alternative; and (5) Recommend a final action that is justified by the
public benefits when compared to the costs.

Since creation of the PR&G (2014), Congress has used revisions of
the Water Resources Development Act (WRDA) to drive changes in
USACE’s engineering practices. For example, the 2020 WRDA calls
explicitly for a close cousin of NbS in civil works planning that could
lead to levee setbacks, “projects that produce multiple benefits...
including through the use of natural or nature-based features” (WRDA
2020 Section 124). Likewise, in 2022, USACE launched a major initia-
tive to revise internal policies and procedures for agreement with the
PR&G (87 Fed. Reg. 33756). Notably, these policy revisions attempt to
address procedural and distributional equity concerns by developing
new public engagement practices with the intention of better incorpo-
rating the values of marginalized communities in civil works projects
(Graham, 2022). From a distributional standpoint, USACE is working to
achieve the vision of the Justice40 Initiative, which sets a goal of
ensuring that 40% of the benefits of certain climate-related federal in-
vestments are enjoyed by economically disadvantaged communities
(Executive Order 8, 1400, 2021).

4. What’s next? Looking forward with NbS

As national policy begins to shift toward investments in sustainable
development, there is a growing opportunity to retrofit levees with NbS
like setbacks. Below, we discuss the multiple benefits potential of set-
backs, as well as the underlying physical, chemical, and or biological
processes that support their provision. In doing so, we highlight the
potential of setbacks as a practical and effective NbS for improving the
sustainability of leveed river corridors.

4.1. Flood risk management

Setbacks offer a simple solution to many of the discussed social
consequences of leveeing. Namely, buying out property and setting back
levees removes people from harm’s way. For those still protected by a
setback levee, floodwater conveyance on the reconnected floodplain
improves flood protection by reducing the likelihood of levee failure.
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Most levees fail by overtopping, by under or through flow, or by some
form of erosion (Schultz et al., 2010; US Army Corps of Engineers, 2020;
US Army Corps of Engineers, 2018b). Setbacks can reduce the likelihood
of each by changing flood hydraulics in two key ways. First, floodplain
reconnection increases floodwater conveyance on the floodplain. This
lowers flood stages and reduces the likelihood of overtopping, as well as
failure modes driven by hydraulic loading, like flow under or through a
levee. Second, expansion on the reconnected floodplain slows flood-
waters and reduces the likelihood of erosive failures (National Research
Council, 2013; Dahl et al., 2017; Smith et al., 2017).

Setbacks can greatly improve the climate resilience of a community
by reducing its vulnerability. Climate vulnerability is reduced in much
the same way that levee reliability is improved; additional floodwater
conveyance buffers the levee against intensifying flood hazards. Buft-
ering reduces a community’s exposure, as well as its sensitivity to
flooding, as fewer people will live in harm’s way. In the US, this may
mean fewer uninsured people will live in the high energy areas of
floodplains — a catastrophe that has played out before, repeatedly (e.g.,
the 1993 flood in the Mississippi basin) (IFMRC, 1994; Zellmer and
Klein, 2007). Furthermore, setbacks are possible solutions for climate
vulnerable communities who need changes in corridor management
now and cannot wait for state or national agencies to create compre-
hensive adaptation strategies.

A small but growing body of literature has begun to assess the po-
tential FRM benefits of setbacks. Much of the literature are case studies
(e.g., Smith et al., 2017, Serra-Llobet et al., 2022a) or economic as-
sessments based on numerical flood hazard models (Dierauer et al.,
2012; Remo et al., 2012; Guida et al., 2016). For example, economic
assessments suggest setbacks with buyouts on the Mississippi River can
reduce flood losses and are financially justifiable in the long-term
(Dierauer et al., 2012; Remo et al., 2012). Other numerical modeling
studies have evaluated multiple benefits in addition to flood losses,
particularly habitat benefits (Guida et al., 2016) and sediment man-
agement (Theiling et al., 2018).

4.2. Environmental sustainability and ecosystem services

The sustainable delivery of ecosystem services depends on the
restoration of ecosystem structure and function (Cardinale et al., 2012;
Tilman et al., 2014; Opperman et al., 2017). Each will improve the
quality and diversity of services and each depends on the scale of
floodplain reconnection (Opperman et al., 2017). If ecosystem services
are to fit into USACE’s current BCA process, practitioners may need to
treat the floodplain as natural capital that is substitutable with the po-
tential commercial value of built capital on the levee-protected flood-
plain (a form of weak sustainability). Substitution is possible when
ecosystem services are monetized (Costanza et al., 1997; de Groot et al.,
2012).

Capital substitution implies there is a tradeoff between the benefits
of commercial development on the levee-protected floodplain and the
benefits of services provided by an ecologically functional floodplain.
There may exist some balance between the relative proportions of each
that produces a sustainable and economically efficient levee alignment
(Farley, 2012; Reyers et al., 2013). To date, there exist few studies that
explore how to “size” the flood-protected area with consideration for the
commercial benefits of development, the externalities it produces, and
ecosystem services. There is at least one study, Zhu and Lund (2009),
that provides a foundational sizing analysis with simple economic
considerations.

The environmental consequences of leveeing may not be reversible.
Likewise, land use and other infrastructure in the reach (e.g. flow
regulation by dams) may limit the extent to which floodplain recon-
nection can rehabilitate ecological structure and function (Poff et al.,
1997; Peipoch et al., 2015; Opperman et al., 2017). Understanding this
limitation, the researchers of environmental flows have sought to
rehabilitate structure and function by focusing on restoring key
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components of natural flow regimes, such as those critical for habitat
diversity, biodiversity, and connectivity across ecotones (Richter and
Thomas, 2007; Poff and Matthews, 2013; Yarnell et al., 2015).

Bear in mind these considerations as we provide two simple exam-
ples of ecosystem services that may be restored with setbacks: water
quality regulation and recreation. For example, floodplain ecosystems
can provide a regulating service for downstream water quality by
trapping suspended sediment and storing nutrients (Forshay and Stan-
ley, 2005; Filoso and Palmer, 2011; Johnson et al., 2016; Gordon et al.,
2020). Sedimentation occurs as flood velocities slow on the reconnected
floodplain and can lower the downstream loading of sediment-bound
nutrients (e.g., phosphorus). Biological transformation, such as plant
uptake and denitrification, can remove dissolved nutrients from the
water column (Orr et al., 2007; Lammers and Bledsoe, 2017).

A small, but growing, body of literature explores the potential water
quality benefits of setbacks. For example, USACE modeling studies have
considered setback alternatives on the Sangamon River in Illinois and
found great potential for sediment (Theiling et al., 2018) and nutrient
retention (Bartell et al., 2020) on reconnected floodplains. Furthermore,
Hoagland et al. (2019), conducted nitrogen removal experiments on soil
cores from a reconnected floodplain on the Cosumnes River in Califor-
nia. They estimate that 12-26% of the total annual nitrogen load could
be removed, depending on flow conditions. Although, nutrient removal
benefits may be more limited on rivers with high nutrient loads.
Modeling suggests that complete levee removal on the Missouri River
could double nitrogen removal, but the absolute increase would only be
from ~1.7-3.6% of the total load (Jacobson et al., 2022).

A second example ecosystem service is recreation on the reconnected
floodplain. Setback land ownership may be transferred to public or
private conservation organizations and opened for public use, which
could provide significant economic benefit (Kovacs et al., 2013). For
example, there is opportunity from waterfowl hunting in the Central and
Mississippi Flyways on restored floodplain habitats. Waterfowl hunting
can provide tens of millions of dollars in direct economic benefit in a
single state (Grado et al., 2001). Recreational opportunities are also one
of the more tangible benefits and may be a driver of local support, which
is critical for the selection of alternatives in USACE’s civil works plan-
ning process.

4.3. Limitations on benefits

A number of factors can limit the services provided by setbacks. One
example is that benefits may not be achievable at the same scales of
floodplain reconnection. In other words, the floodplain area required to
achieve a material improvement in one ecosystem service (e.g., climate
regulation through carbon storage) may be quite different from the area
required to improve levee reliability. Achieving a wide range of services
may require identifying the “limiting service” that requires the largest
scale reconnection. A second example is that setbacks may cause sedi-
mentation in the leveed reach and reduce floodwater conveyance over
time. Lost conveyance can elevate flood stages and increase the fre-
quency of levee loading by increasing the frequency of overbanking
(Jacobson et al., 2015; Theiling et al., 2018). A a third example, is that
navigation channels are often supported by bank armoring structures
(revetments) and channel training features (spur dikes, groins, etc.). In
the presence of these structures, the rehabilitation of ecological struc-
ture and function may be limited, for example, by limiting natural
meandering processes (important for ecosystem successional dynamics;
Ward, 1998) or sediment dynamics in the channel (scour by dikes at low
flow; US Government Accountability Office, 2011). Likewise, a setback
will not resolve the ecological consequences of flow regime modification
or sediment starvation by upstream dam operation (Poff et al., 1997;
Yarnell et al., 2015). And finally, one of the most important limitations
results from historical land use on the levee-protected floodplain, such
as the application of agrochemicals.
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4.4. An example setback on the Missouri River, USA

Levee L536 is typical of many levees in the US (Fig. 3). It was built by
USACE in 1951 with funds appropriated under a revision of the FCA
(1944). Management of the levee was then transferred to a local levee
district, which in its current iteration, is a non-profit organized by local
landowners.

The levee was designed to maximize the area of protected floodplain.
It was built close to one the continent’s largest rivers on land accreted by
dikes, with less than 300 m of floodplain in some locations. Its 9 km of
frontage passes through the active high energy floodplain and crosses
the scars of historic channel braids.

The levee is located in a particularly vulnerable reach, which has
numerous bottlenecks (levees and bridges) and runs ~320 km between
southeastern Nebraska and northwestern Missouri. Unfortunately, L536
has failed repeatedly with overtopping during the 1952, 1993, 2011,
and 2019 floods and breaches in 1952 and 2019.

The 2019 flood was devastating and clarified the need for greater
flood protection. Fortunately, the levee district had maintained
compliance with the PL84-99 inspection program (previously dis-
cussed) and was eligible for USACE’s support. A setback was estimated
to be the least costly option due to substantial repair costs at seven
breaches. However, PL84-99’s “most technically feasible” condition
created several difficulties. First, the levee district was responsible for
buying out 3.24 sq. km of private land as part of a cost-share stipulation;
which at 3.5 million dollars, was unaffordable. To fund buy-outs, the
district and USACE collaborated with multiple non-profit, federal, and
state agencies to leverage a Natural Resources Conservation Service
(NRCS) conservation program called the Emergency Watershed Pro-
tection Program - Floodplain Easement Option (EWPP-FPE); in which

Approximately 420 acres of
borrow areas converted into
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case, property owners sell land rights to NRCS and the land is placed in
conservation.

Second, under PL84-99, the levee district is responsible for supply-
ing the raw sand and clay materials used by USACE in levee construc-
tion. Fortunately, the levee district had access to quality borrow
materials, but the borrow was available on lands that would become part
of the NRCS conservation easements; meaning the conservation lands
would have shallow open pit mines after construction. This was unac-
ceptable to NRCS, and would have precluded the granting of easements,
had the partner agencies not brainstormed a solution to transform the
mines into wetland habitats by giving them gentle side slopes, irregular
bank lines, topographic diversity, and seeding them with native
vegetation.

In total, the setback took four years to plan and build. It cost 103.5
million dollars, with 100 million in construction, and 3.5 million in real
estate acquisition. The setback length is approximately 8 km, suggesting
a construction cost of ~12.5 million dollars a kilometer. It reconnected
4.2 km? of floodplain, making it the largest setback on the Missouri
River to date.

The setback offers greater flood protection and climate resilience.
USACE’s hydraulic modeling suggests that conveyance on the recon-
nected floodplain will reduce flood stages by 0.25 m during the 1% ACE
flood (100-year flood). In addition, the levee is setback at critical loca-
tions with high flood stresses (e.g., the outside of a meander bend), the
new levee is built to modern design standards (with a 5:1 landward slope
to reduce breaching during overtopping); and it is sited on a more
geotechnically competent foundation.

The setback also integrates new and existing conservation land into a
32.3 km? habitat complex. The complex includes high-value habitat like
a side channel chute created by USACE to support pallid sturgeon
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Fig. 3. L-536 levee setback on the Missouri River. Courtesy of Dave Crane at the USACE Omaha District.
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conservation (protected under the Endangered Species Act). The chute is
designed to retain juvenile sturgeon within this reach of the Missouri
River, but may have additional benefits, for example, as a conduit for
aquatic species to more easily access the reconnected floodplain. In
addition, over 1.7 km? of borrow pits were converted into wetland
habitat, as previously discussed.

Since the end of construction in 2023, there has been little time to
monitor and field verify ecological benefits. However, monitoring at two
previously completed setbacks just upstream may provide insight.
Murphy et al., (2014, 2015) observed many rare and declining bird,
odonata, reptile, and fish taxa at both sites. Haas et al. (2020) encoun-
tered a large age-0 native fish hot spot when sampling during the 2019
flood. And finally, waterfowl surveys have recorded tens of thousands of
ducks, geese, and raptors using wetland habitats in the setbacks (IDNR,
2020).

It is interesting to note that the L536 setback was built with PL84-99
funding and not USACE’s mainstay civil works program. A setback was
unlikely to occur had the levee not been destroyed by multiple floods,
which is unfortunate, because it suggests disaster must strike before
changes in corridor management are enacted. USACE does not have sole
authority, and their actions are dependent on private landowner in-
terests and the interests of various federal and state agencies. This
setback is an example of how critical local champions are (the levee
district), as well as outside support from non-profit and governmental
agencies that can facilitate buyouts (NRCS, The Nature Conservancy,
etc.).

5. Getting from here to there: Changing USACE policy and
practice

Achieving sustainable river corridor management with NbS in the US
will require significant changes to USACE policies and practices —
changes that USACE is already undertaking. One of the most important
changes is that USACE evolve into a more multidisciplinary institution.
Where once West Point-trained engineers were the predominant force
within the agency, today engineers work closely with ecologists, econ-
omists, biologists, planning experts, and more. Their multiple view-
points and ontologies ensure that USACE’s water resources projects
deliver a host of benefits. Furthermore, Congress and Executive Branch
leadership have called for a significant overhaul of USACE’s civil works
valuation policies, opening the door for modernizing the BCA process
and improving equity in corridor management practices.

5.1. Practitioner guidance

In some respects, USACE’s regional district offices serve as petri
dishes for the policies and practices of the agency as a whole. Our col-
leagues at one district say we are in the “Wild West of NbS’* while they
wait for the agency’s management to issue the new PR&G, but are
nevertheless under pressure to explore NbS in the absence of clearly
defined guidance.

Recent internal polling from USACE’s Engineering With Nature®
program provides some insights into the most substantial hurdles
practitioners face in the implementation of NbS (Fig. 4). One take-away
is that “Knowledge gaps’ are the greatest obstacle, by far, meaning,
practitioners are uncertain of how to plan and valuate specific NbS al-
ternatives. Another common response is “High-cost, unfavorable BCA”,
which reflects practitioner uncertainty about how to valuate ecosystem
services. Without clear guidance, ecosystem services are not typically
included in BCAs, and drive down benefit-cost ratios. Another common
response was “Performance uncertainty and risk.” Meaning, practi-
tioners are uncertain of how NbS will perform in practice and therefore,
feel there is too much risk in recommending a NbS alternative at the
completion of civil works planning.

Most survey responses suggest USACE’s NbS tool kit is underdevel-
oped. This is a problem academics can help solve, as practitioner
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Fig. 4. Issues in the implementation of NbS through USACE’s civil works
program. Sourced from internal polling conducted by USACE’s Engineering
With Nature® program. Results reflect responses from 153 individuals in all
business lines (engineering, planning, operations, ERDC, IWR, regulatory, and
headquarters) and representing 43 offices distributed around the US.

uncertainty may be dispelled through the development of fundamental
knowledge of the performance and valuation of NbS services in real
world examples. Setbacks are arguably a straightforward example,
because their primary FRM service is monetized as flood losses mitigated
within a planning horizon. Whereas other benefits, like ecosystem ser-
vices are supported by decades of research; practitioners just need
tractable and repeatable methods at the typical scales of civil works
projects.

5.2. Innovating decision support tools

Economists use the concept of willingness to pay (WTP) as a measure
of economic value. The intuition is that the value a person ascribes to
something is what that person is willing to sacrifice for it. WTP, when
the person has de facto property rights to a good or service, reflects in-
dividual preferences, social values (like altruism), available informa-
tion, attitudes, and beliefs. When goods and services are traded in
markets, their market price can be used as an approximation of WTP.
However, for public services, like most of the ecosystem services dis-
cussed, individuals do not choose their personal level of consumption
directly in markets; they do so indirectly, e.g., by relocating or voting.
Thus, economists have developed non-market valuation methods to es-
timate the implicit WTP for public goods from observed behavior
(revealed preference approaches) or from survey responses (stated
preference approaches).

From an economic perspective, there are well-developed theories,
survey design practices, and statistical models for environmental valu-
ation and innovative approaches being offered to address the short-
comings of BCA that have attained professional acceptance (Freeman
etal., 2014; OECD, 2018; Johansson and Kristrom, 2019). In the US, for
example, non-market valuation studies are routinely used in damage
assessments that, particularly for oil spills, can amount to billions of
dollars. Despite these developments, there is a disconnect with practical
implementation. For example, as currently practiced by USACE in NED
projects, net benefits are expressed monetarily with emphasis on flood
losses mitigated and little accounting for ecological benefits, or how
benefits are distributed across the population.

BCA is described as a tool for assessing economic efficiency, as it can
inform decisions about how society’s scarce resources can be put to the
greatest social good with distributional consequences being a separate
consideration (Arrow et al., 1996). With growing societal concerns
about equity, it is worth noting that best practices in BCA call for a full
accounting of the net effects of how benefits are distributed (OECD,
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2018), and revisiting how the economics profession has proposed to
modify BCA to incorporate distributional considerations. It is well
known that, (1) failure to account for all project benefits and costs, and
(2) the use of a monetary metric in the aggregation of net benefits can
have distributional consequences. For example, if benefits from ex-
pected flood risk reductions are measured using market prices only,
projects that protect property and businesses in wealthy areas will be of
higher value in a BCA than those that protect poorer areas. Ongoing
efforts at USACE to revise their guidelines to fully account for the dis-
tribution of environmental and social benefits of projects can go a long
way toward addressing questions of fairness. On this, USACE would be
joining BCA best practices that call for the quantification of all the
benefits and costs of a project, including those (e.g., many ecosystem
goods and services) that are not captured in markets and for which there
are no market prices. That is, BCA itself does not impose a hierarchy
between “economic”, “ecological” or “social” costs and benefits. In
practice, however, because economic effects are more easily monetiz-
able than ecological or social effects, they typically play a more prom-
inent role in decision making.

The use of money as the numeraire in BCA has distributional im-
plications that go beyond the relative ease of incorporating economic
effects into an analysis (compared to ecological and social). If we take
the bottom line net present value in a typical implementation of BCA as a
change in social well-being, then the distributional implication is that a
gain of a dollar produces the same increase in social well-being
regardless of who receives it. This implication ignores two tenets
about individual preferences and a good society: first, that the marginal
utility of wealth decreases with wealth, and second, that excessive
wealth inequality leads to a less desirable society (Hammitt, 2021).

Distributional implications of BCA were formally acknowledged a
half century ago (Weisbrod, 1968) but the practical implementation of
alternative BCAs has lagged. Among them, the use of weighted BCA,
where the weights are designed to overweight impacts to certain groups
and underweight impacts to others is gaining momentum (Adler, 2016;
Hammitt, 2021). Weighted BCA is recommended by the UK’s official
BCA guidance (HM Treasury, 2022); described as a method that “can be
possibly used” by the EU’s guidance (European Commission, 2014); and
is prominent in the ongoing proposed revisions to US Federal BCA
guidelines (Office of Management and Budget, 2023a,b). The choice of
weights is clearly normative and should be transparent. In principle, the
weights could be chosen to mimic a specific social welfare function
which is used to rank distributions of well-being in a society and can
incorporate preferences for both efficiency and equity (Hammitt, 2021).
In practice, the weights proposed in the guidance documents above
reflect the declining marginal utility of consumption to give more
weight to benefits accruing to poorer groups. It may also be advisable to
publish the distribution of net benefits across sub-population so that
anyone interested could apply their own distributional weights (Nyborg,
2012; OECD, 2018).

5.3. Equitable planning processes

NbS are not inherently more equitable than conventional infra-
structure (Turner et al., 2022; Woroniecki et al., 2022) and given the
billions of dollars of projected infrastructure investment over the coming
decades it is critical to get equity right. The alternative is to, at best,
maintain current levels of inequity, or, at worst, increase and lock in
inequities for future generations (Eriksen et al., 2021). Through Exec-
utive Orders and regulatory changes, the current US administration is
focused on elevating environmental justice throughout all federal
agencies. The Justice40 initiative and the revision of the USACE PR&G
are two examples. An initial step to implementing these types of reform
is enhanced equitable planning processes, which starts with increased,
meaningful community engagement early on in civil works planning.
Doing so increases community capacities and long-term resilience
(EnCoRe, 2023).
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Levee setbacks invoke significant changes in a community, which
involve losses and gains that are both tangible and intangible (Clarke
et al., 2018). For example, one tangible change is that setbacks require
that some community members relocate such that the community, as a
whole, can have greater flood protection. Related intangible outcomes
may include affective loss of place. However, equity is not focused solely
on outcomes. Rather, equitable NbS reference dynamic processes that
include the three intertwined aspects of recognitional, procedural, and
distributional equity (Seigerman et al., 2023). Contemporary inequities
are rooted in social, political, and economic systems and recognitional
equity starts with a deep understanding of the historical context and the
processes that contributed to the current state (Nelson et al., 2020). This
contextual understanding is critical to developing NbS that do not
exacerbate inequities (Eriksen et al., 2021; Turner et al., 2022).
Fundamentally, this requires identification and engagement of the range
and diversity of affected people and communities (Meerow et al., 2019;
Matin et al., 2018). This includes proximate and downstream commu-
nities, property holders, and in the case of the US, consultation with
Tribal Nations with historical treaty rights and cultural affiliations.

The growing literature on managed retreat provides important les-
sons for setback planning and implementation. For example, social in-
equities in managed retreat can frequently be traced to top-down
planning and exclusion from decision-making (Tubridy et al., 2022). To
counteract these tendencies, strong procedural equity requires effective
engagement strategies that bring people to the table and give them voice
and power within the deliberative and decision-making process. This
co-production of knowledge is a conscious choice that facilitates the
active participation of disempowered groups in shaping knowledge and
decisions (Lemos et al., 2018). Procedural inequities can also stem from
a problematic over reliance on traditional BCAs that focus solely on
monetizable measures (Tubridy et al., 2022; Maldonado, 2014; Siders,
2019). These discount the value of low-income areas and do not address
the historical interrelations of race, income, wealth, and property, for
example. They also fail to account for the full range of possible out-
comes, emphasizing the importance of innovating BCA.

The ways that risk and benefits are distributed across space, pop-
ulations, and time are direct reflections of representational and proce-
dural equity. Inherent to top-down approaches that privilege monetary
metrics are ideologies of the market, individualism and property that
can disadvantage particular communities (Marino, 2018) and which
may not align with notions of intergenerational equity. In addition to
financial considerations, setbacks may require relocation and invoke
loss of place and attachments to specific locations (O’Donnell, 2022).
The growing acknowledgement of the social and psychological impacts
of ecological grief and nostalgia (Biesel, 2023; Cunsolo et al., 2018;
Comtesse et al., 2021) point to the importance of exploring a broader
range of distributional outcomes to fully understand the gains, losses
and trade-offs that emerge. This refers to grief experienced in relation to
ecological losses and landscapes and which, like financial burdens, can
be inequitably distributed.

6. Conclusions

The conceptual framework and justification for NbS is well devel-
oped; however, operationalizing and mainstreaming NbS in professional
practice will require interdisciplinary knowledge of specific NbS (e.g.
levee setbacks) to priority challenges of the Anthropocene, including
insufficient infrastructure services (flood protection), unsustainable
management of engineered systems (leveed river corridors), and climate
regulation (depleted natural capital in floodplain ecosystems). Much
like this review of levee setbacks, analogous reviews could synthesize
multidisciplinary knowledge to identify pathways to operationalizing
other types of NbS, whether they be at the intersection of environmental
flows, dam operations, and floodplain reconnection, or solutions to
climate risk inequities in urban areas, for example.

A similar story of unsustainable levee management practices, as we
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have discussed for the US, is probable for many societies around the
world, but with their own unique historical linkages connecting policy
with engineering practice. Shifting to new management paradigms with
NbS will require interdisciplinary understanding of the legal authorities
and administrative structures of action agencies tasked with river
corridor management within the broader social-ecological-technical
systems. Innovation will also depend on identifying policy levers and
windows of opportunity based on understanding of how and when legal
authorities can change, for example during periodic updates to legisla-
tion, decision support tools, and engineering guidance (e.g., WRDA in
the US).

If management of engineered river corridors is to be sustainable and
adaptive in a changing environment, it will necessarily be informed by
the oversights and mistakes of past generations. Developments in envi-
ronmental science and economics provide pathways for redesigning
infrastructure with more holistic and exacting estimates of how in-
vestments will affect social welfare and the distribution of services.
Levee setbacks reflect this sentiment implicitly; a setback is an adjust-
ment for erroneous design logic that placed levees too close to rivers for
the safety of communities, or alternatively, as a correction for past value
judgments that underestimated the necessity of functional floodplain
ecosystems. Setbacks can be designed to balance flood protection ser-
vices and commercial growth opportunities with the provision of diverse
ecosystem services. However, to reach a point where practitioners can
identify economically efficient or satisficing setback realignments in a
straightforward and repeatable manner, they will need comprehensive
tools for evaluating ecosystem services across varying spatial scales.
Future academic research can help by translating knowledge into trac-
table and repeatable methods, or by developing fundamental knowledge
of the performance of specific NbS and their application.
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