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Conventional flood control has emphasized structural measures such as levees, reservoirs,
and engineered channels—measures that typically simplify river channels and cut them off
from their floodplain, both with adverse environmental consequences. Structural measures
tend to be rigid and not easily adapted to increased flooding regimes resulting from
environmental change. Such actions also limit the natural hydrologic benefits of floodplains
such as storing floodwaters, improving water quality, providing habitat for invertebrates and
fish during periods of inundation, and supporting a multitude of cultural services. As these
benefits are more widely recognized, policies are being adopted to encourage projects that
reduce flood risks and restore floodplain ecosystems, while acknowledging the social-
ecological context. The number of such projects, however, remains small. We assessed
four multi-benefit floodplain projects (two in California, United States, and two in Germany) and
characterized their drivers, history, and measures implemented. In both United States cases,
the dominant driver behind the project was flood risk reduction, and ecosystem restoration
followed, in one case inadvertently, in the other as a requirement to receive a subsidy for a flood
risk reduction project. One German case was motivated by ecosystem restoration, but it was
more widely accepted because it also offered flood management benefits. The fourth case
was conceived in terms of balanced goals of flood risk reduction, ecosystem restoration, and
recreation. We conclude that projects that both reduce flood risk and restore ecosystems are
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clearly possible and often cost-effective, and that they could bemorewidely implemented. The
principal barriers are often institutional and regulatory, rather than technical.

Keywords: floodplain management, flood risk management, California Central Valley, United States, Germany,
multi-benefit, river restoration, nature-based solutions

1 INTRODUCTION

Conventional flood risk management leans heavily on structural
measures to decrease flood hazard, rather than integrative
approaches such as giving more room to rivers and preventing
development on flood-prone lands (Galloway and Lewis, 2012).
In fact, structural measures such as levees (dikes), dams, and
engineered channels tend to encourage urban and agricultural
development on the floodplain because the public perceives that
flood risk is eliminated (Auerswald et al., 2019). The result is
more development on the floodplain, where houses are at risk
from floods that exceed the capacity of the structural measures to
control flooding, a coupled human-natural interaction termed the
“levee effect” (White et al., 2001). As a result of the structural
approaches, floodplains have been extensively altered by urban
and agricultural development (Auerswald et al., 2019). Moreover,
by preventing floodwaters from spreading out over floodplains,
levees can concentrate flow and result in higher peak floods
downstream (Lulloff, 2013) and upstream (Heine and Pinter,
2012), exacerbating flooding problems. Likewise, by cutting
floodplains off from their river channels, levees and
engineered channels can render environmental flows largely
irrelevant, because these flows cannot reach and interact with
floodplains, to the detriment of both aquatic and riparian
ecosystems (Thoms, 2003).

As the importance of the hydrologic and ecological functions
of floodplains becomes better understood, there are increasing
calls to restore connectivity of floodplains, so that they actively
flood. This not only supports native riparian and aquatic species,
but it also accomodates floodwaters, thereby reducing flood peaks
downstream (Anderson et al., 1996; Tockner and Stanford, 2002;
Opperman et al., 2009; van Rees et al., 2021). In addition,
increasing recreational use of floodplains is contributing to
greater awareness of the values and services these ecosystems
support (Geist, 2011). New policies are also being adopted that
recognize the ecological benefits of floodplain inundation and
prioritize projects that achieve both flood risk reduction and
ecological restoration (USEOP (United States, Executive Office of
the President), 1977; EC (European Commission), 2000; USEOP
(United States, Executive Office of the President and Barbour),
2015; DWR (California Department of Water Resources), 2017;
CRS (Congressional Research Service), 2020; FEMA (Federal
Emergency Management Agency), 2021). Despite the rapidly
increasing number of ecosystem restoration projects
worldwide, few are planned in a way to provide multiple
benefits, such as combining flood risk reduction, ecosystem
restoration, and adaptability to climate change. Learning from
successful examples can thus greatly improve future approaches
of floodplain management. Consequently, this paper addresses
the issue of how to restore floodplains as multi-benefit, coupled

Social-Ecological Systems. We propose a framework to better
understand the role of multi-benefit projects for flood risk
reduction in the context of social-ecological systems (Section
2); examine the guiding policies that have encouraged, enabled,
and sometimes inhibited such projects (Section 3); analyze four
well documented cases, two in California and two in Germany,
two regions that have been at the forefront of multi-benefit
floodplain management (Section 4); and identify enablers and
barriers for these particular projects (Section 5). These case
studies have been selected because they are well documented
sites that provide flood risk reduction while preserving or
restoring ecosystem functions. For each case study, we trace
the original motivation for the project, the implementing
agency, methods used, funding sources, and limitations. Each
case study has unique elements, but collectively they highlight the
challenges and opportunities to reduce flood risks and restore
ecosystems through multi-benefit floodplain projects.

2 THE ROLE OF MULTI-BENEFIT
PROJECTS IN SOCIAL-ECOLOGICAL
SYSTEMS
2.1 Defining Floodplains
The term “floodplain” has different connotations to different
disciplines, and to the public in different places. Not surprisingly
given the diversity of meanings ascribed to the term “floodplain”,
there are often misunderstandings in communication among
different experts and with the public. Hydrologists may refer
to different “floodplains” defined by the return period of their
inundation (e.g., 100 years, 200 years, 500 years).
Geomorphologists often identify floodplains based on presence
of alluvium (sediment deposited by fluvial transport) and
frequent inundation, while ecologists may identify floodplains
based on ecological processes and presence of indicator species.
Some countries use different terms to distinguish the “natural”
floodplain from the “administrative” boundaries of the regulatory
flood prone area (Figure 1). For example, the regulatory flood
prone area is referred to as “flood zone” (zona inundable/zone
inondable) in Spain and Quebec (Canada), as “reference flood”
(crue de reference) in France, or as “flood hazard areas”
(Hochwassergefahrenflächen) in Germany. In contrast, in the
United States the word floodplain is widely used to refer to the
regulatory flood hazard area, which corresponds to jurisdictional
boundaries related to flood insurance and land use. As defined by
the Federal Emergency Management Agency (FEMA), this
corresponds to the area inundated by the flood with a return
period of 100 years, i.e., the “100-year floodplain” (Klein 2019) or
the “FEMA floodplain”. Properties that lie outside these
designated flood hazard areas are often said to be “out of the
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floodplain,” even though they may be at considerable risk of
flooding. Using the word “floodplain” in this context—even in
academia-has created misunderstandings of flood risk and what a
floodplain actually is.

Opperman et al. (2010) defined floodplains as “a landscape
feature that is periodically inundated by water from an adjacent
river,” and further emphasized floodplains as “geomorphic
features—formed and influenced by river flows and
sediment—upon which ecosystems develop and operate.”
Thus, floodplain environments can be defined by their
dynamic conditions, where the hydrodynamics of floodwaters
moving across a complex floodplain landscape create shifting
inundation, scour, and deposition patterns as flows rise and fall in
the river. As a result, naturally functioning floodplains are
productive habitats that support some of the highest
biodiversity in freshwater systems (Ward et al., 1999) and
provide abundant food resources to invertebrates, fish, riparian
birds, and other animals that utilize the habitat (Sommer et al.,
2001; Grosholz and Gallo, 2006; Jeffres et al., 2008; Limm and
Marchetti, 2009). For example, the experimental reconnection of
the unregulated Cosumnes River with its floodplain (California)
demonstrates how riparian and aquatic ecosystems can respond
to increased floodplain connectivity. Following the partial
removal and setback of levees that disconnected the Cosumnes
River from its historical floodplain, renewed flooding enhanced
flow diversity across the floodplain, increasing geomorphic
response and evolution (Florsheim and Mount, 2002; Nichols
and Viers, 2017) (i.e., diversity of flow depths and velocities),
which in turn promoted riparian vegetation establishment
(Trowbridge, 2007). Collectively, these dynamic physical
processes supported positive responses from the native fish
and aquatic ecosystem (Moyle et al., 2003; Opperman et al.,
2010). In particular, the floodplain supported increased growth
rates of juvenile fish relative to the main river channel (Jeffres

et al., 2008) and increased primary productivity (i.e., food for fish)
as a function of flood frequency and period of inundation
(Ahearn et al., 2006; Grosholz and Gallo, 2006).

In addition to the ecological benefits of reconnecting a river
with its floodplain (Pander et al., 2018), there can be
hydrological benefits beyond flood storage and conveyance.
Where infiltration of surface water is possible over large areas,
such as where deposits of sand and gravel occur at the surface,
extended river flows and floodplain inundation provide
increased recharge to the underlying aquifer (Maples et al.,
2019). Active and connected floodplains also promote carbon
storage in the soil, as heterogeneous fluvial deposition over
previous floodplain deposits traps and stabilizes organic
carbon (D’Elia et al., 2017; Steger et al., 2019), and restore
soil microbial metabolic pathways, such as denitrification
(Hoagland et al., 2019). Restoring the hydrologic
connectivity and function is a prerequisite to restoring
ecological functions, but not sufficient alone. The
heterogeneity of the floodplain surface is likewise important
(Scown et al., 2015; Pander et al., 2018), and biotic interactions
such as proximity to sources of colonizing organisms exert a
strong control on the potential for recovery of floodplain
ecosystems (Lake et al., 2007). When floodplains are fully
functional, they provide multiple benefits (termed ¨co-
benefits¨ following the terminology of the European
Commission), which refer to 1) benefits to ecosystems, and
2) a diversity of ecosystem services that benefit society
(Figure 2). The latter can include flood risk reduction, but
also other social benefits such as improved water and air
quality, recreation, aesthetics, or economic opportunities
(e.g., agriculture) (Scholz et al., 2012a; Auerswald et al.,
2019; Pugliese et al., 2020; Perosa et al., 2021).

With so many floodplains cut off from their river channels,
restoration of floodplain connectivity is an increasingly

FIGURE 1 | Regulatory “floodplain” (flood hazard area) as distinct from the geomorphological (natural) floodplain. (A) Extent of dynamic channel movement over
time (geomorphological floodplain) vs. (B) extent of area inundated by the 100-year flood as defined with hydrologic and hydraulic models (modified from Serra-Llobet
et al., 2022).
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important river restoration objective to enhance the functionality
of environmental flows (Yarnell et al., 2015). In addition to the
hydrologic connection effected by overbank flows, allowing
channel margins to erode, fresh gravel and sand bars to
deposit, and flood flows to rework floodplain surfaces can
yield rapid ecological benefits (Thoms et al., 2017). These
measures increase the width of the active river corridor,
increasing the “process space” available to the river (Ciotti
et al., 2021), and support dynamic river-wetland corridors that
contribute to the functionality, biodiversity, and resilience of river
systems broadly (Wohl et al., 2021). Thus, approaches to land use
design and conservation planning are essential for the
effectiveness of multi-benefit projects (Erős and Bányai 2020).
These ideas can be conceptualized as shown in Figure 2.

2.2 Multi-Benefit Projects in
Social-Ecological Systems
Figure 2 illustrates the characteristics of multi-benefit floodplain
projects in the context of social-ecological systems. It conveys the
idea that the human intervention—the multi-benefit
project—restores riverine processes, making the ecosystem
“healthier” by protecting or restoring natural functions that
are critical to the well-functioning of the ecosystem. Such
measures are for example: increasing infiltration of flood
waters, which raise the water table, improving riparian forest
health; creating riparian habitat for wildlife, including birds, and
inundated habitat for invertebrates and fish; improving spatial
(lateral, longitudinal and vertical) and temporal connectivity to
improve abiotic and biotic functioning (e.g., improving
groundwater recharge or creating biodiversity corridors);
improving climate regulation functions (e.g., carbon

sequestration); and providing biogeochemical functions
associated with floodplains (e.g., water purification, nutrient
cycling). The project thus seeks to make ecosystems healthier,
and the ecosystems then provide the benefits to society. These
social benefits can be related to: safety (e.g., increasing the area of
flow conveyance to reduce peak flows); health (improvement of
water and air quality contributing to better physical and mental
health); social ties (providing aesthetics, recreational, cultural and
educational opportunities); economy (creating opportunities for
agriculture, tourism, groundwater recharge); or equity
(promoting sustainability and intergenerational equity).

Multi-benefit projects build on actions implemented for one
purpose to create other benefits. For example, a levee setback by
itself is not a multi-benefit project but it creates an ideal
situation for a river restoration project. Setting the levee back
restores periodic inundation of the floodplain surface, which
when coupled with dynamic flows and riparian restoration will
produce inundated floodplain habitat. Even flooded farmland
can be managed to yield high quality habitat for migratory birds
and fish. Thus, the increased lateral connectivity brings multiple
benefits: to the ecosystems (by preserving or restoring
ecosystem functions) and to society from the restored
ecosystem (e.g., flood risk reduction and other social benefits
mentioned before). A levee setback without restoring or
preserving ecosystem function can increase the area of
conveyance reducing flood risk and provide a benefit to
society, but it may not create the additional ecological
benefits available from a “healthy” ecosystem—although
some ecological benefits may be inadvertently created by
flooding farmland. Projects thus can seek to provide multiple
benefits for both the social and ecological systems with some
foresight and planning.

FIGURE 2 |Conceptual diagram of the role of multi-benefit projects in the context of social-ecological systems (Source: modified from EEA (European Environment
Agency), 2010).
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3 POLICIES ENCOURAGING, ENABLING,
OR INHIBITING MULTI-BENEFIT
PROJECTS
While maintaining—or restoring—hydrologically connected
floodplains may yield diverse social-ecological benefits, public
policies are not always supportive of floodplain reconnection.
Table 1 summarizes some key policies in Europe (Germany) and
the United States (California), that shape floodplain management
and river restoration.

European environment policy and law were developed in the
1970s (EP (European Parliament), 2021). However, the turning
point in the policy framework for managing floodplains came
with three directives directly related to freshwater ecosystems in
the European Union, which are legally binding for EU member
states. The Birds and Habitats Directives (EEC (European Economic
Community), 1992) aim to protect Europe’s most valuable habitats
and species through protecting areas and implementing restoration
measures. The EU Water Framework Directive, or WFD (EC
(European Commission), 2000) builds the EU-wide basis for
integrated water resources management. It aims to achieve a
“good ecological status” for all natural water bodies based on
biological and chemical quality elements, following extensive
monitoring and assessment programs. The main aim of the
Floods Directive (EC (European Commission), 2007) is to reduce
the negative consequences of flooding on human health, economic
activities, the environment and cultural heritage, and measures
undertaken under this directive must be consistent with the
objectives of the WFD (e.g., Evers and Nyberg 2013, EEA
(European Environment Agency), 2016. The current Bathing
Water Directive (Council Directive 76/160/EEC, 1975), revised
2006 (EC (European Commission), 2006) requires standardized
monitoring and management of bathing waters. It requires that

the public be informed regarding bathing water quality, potential
health risks, and public health recommendations, mostly aligning
with the WFD as the overall framework for water management.

The European Commission has now presented its 2030
Biodiversity Strategy, a component of the European Green
Deal. These policy initiatives aim to make Europe climate
neutral by 2050, transitioning to a clean, circular economy,
while simultaneously restoring biodiversity and cutting
pollution. Targets include expansion of protected areas to at
least 30% of European land and seas, and restoring at least
25,000 km of rivers. Conflicts and trade-offs persist between
biodiversity protection and policies supporting economic
growth and food security (Rouillard et al., 2018; van Rees
et al., 2021).

In contrast, the United States lacks such comprehensive and
integrative legislation for rivers and floodplains. Rather, the
US policy framework for floodplains can best be viewed as a
“patchwork”, consisting principally of the Clean Water Act
(1972) and its protections for wetlands; Endangered Species
Act (1973) protections for listed riverine and floodplain-
dependent species; the National Flood Insurance Act (1968)
and subsequent Federal Emergency Management Agency
(FEMA) programs, which influence floodplain land use; and
various Executive Orders (e.g., USEOP (United States,
Executive Office of the President), 1977 and USEOP
(United States, Executive Office of the President and
Barbour), 2015) that discourage development on
floodplains. One fundamental challenge is that policy at the
national level to prevent building and rebuilding in floodplains
is easily usurped at the local level, where land use decisions are
actually made, usually to allow additional building, even in
flood prone lands (Pinter, 2005; Kondolf and Lopez-Llompart,
2018).

TABLE 1 | Main policies and legislation affecting the different case studies. Policies at a state and local level affecting the case studies are discussed in Section 4.

United States Germany

Yolo Bypass Levee Setback + River Restoration
Project

Levee Setback + River Restoration
Project

Urban River Restoration
Project

Sacramento River Bear River Middle Elbe River Isar River
California,
United States

California, United States Brandenburg, Germany Bavaria, Germany

International level • Ramsar Convention (or Convention on Wetlands) (1971)
• Convention on Biological Diversity (or Biodiversity Convention) (CBD) (1992)

Supranational
level (EU)

• The Birds and Habitats Directives (1992)
• EU Water Framework Directive (WFD) (2000)
• Floods Directive (2007)
• European Bathing Water Directive (2006)
• 2020 EU Biodiversity Strategy
• 2030 Biodiversity Strategy (2050 European Green Deal)

Federal level • Clean Water Act (1972) • Federal Water Act (Wasserhaushaltsgesetz) (1957/2021)
• Endangered Species Act (1973) • Federal Nature Conservation Act (Bundesnaturschutzgesetz) (1976/

2021)
• The National Flood Insurance Act (1968)
• Executive Orders (e.g., USEOP, 1977 and USEOP 2015)
• Wild and Scenic River Act (1968)

State level • Costa-Machado Act (2000) • Nature conservation laws of the federal states
• Central Valley Flood Protection Act (2007–2008) • Water Acts of federal states
• California’s Wild and Scenic Rivers Act (1972) • Article 141 Bavarian Constitution (1946)

Local level • Municipal Ordinance “Nature in the City” (1984)
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4 MULTI-BENEFIT PROJECTS IN
CALIFORNIA AND GERMANY

Behind every river restoration project there is a story, an
alignment of events—political momentum, innovative

thinking, and a cultural change—that made it happen. These
are the stories of four multi-benefit projects that incorporate river
restoration (benefits to ecosystems) into their flood risk reduction
strategy (benefits to society), and in some cases provided
additional social benefits such as recreation and agriculture.

FIGURE 3 | Yolo Bypass Project, California. (A) Location Map (B) Regional Map (C) Yolo Bypass.
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4.1 Yolo Bypass, California, United States
4.1.1 Flood Bypasses in the Sacramento River System
Once vast and productive, floodplains of the Central Valley in
California have been largely disconnected from riverine floods by
construction of levees and flow regulation by dams, such that they
no longer provide essential ecological functions (Garone, 2011;
Whipple et al., 2012). It is estimated that only 5% of historical
riparian habitat remains in the Central Valley (Vaghti and Greco,
2007), largely contained within narrow corridors along the river
inside extensive levee systems. Most wetland and floodplain
habitat was drained and replaced with farms and cities in the
mid-1800s. The habitat losses and associated floodplain
disconnectivity have had dramatic impacts to migratory bird
and native fish populations, which have lost access to the shallow,
productive slow-moving floodplain habitats that provide ideal
conditions for foraging, rest, spawning, and rearing (Moyle, 2002;
Moyle et al., 2007; Garone, 2011).

In response to repeated devastating floods in the 19th and
early 20th century, a system of “flood bypasses” were designed to
convey floodwaters around cities in the Sacramento Valley. In the
lower Sacramento River, two wide sections of managed floodplain
(bounded by levees) were set aside as flood bypasses (the Sutter
and Yolo bypasses) to convey the majority of flow during large
floods downstream to the Sacramento-San Joaquin Delta and
then out through the San Francisco-Bay estuary to the Pacific
Ocean (Kelley, 1998) (Figure 3). Designed to flood only in large
floods and graded to quickly drain water from the system, the
bypass floodplains are inundated less frequently and for shorter
durations than the original floodplains were historically.

The 20th century also brought an extensive network of levees
along major rivers, coupled with the construction of large, multi-
purpose reservoirs on virtually all rivers draining to the Central
Valley (Mayer et al., 2018). However, the bypass projects remain
an essential feature of the region’s flood risk management
program. Over time, the bypasses have also offered a variety
of additional ecosystem and economic benefits beyond flood risk
reduction. For example, during the dry-season, the bypass
floodplains are intensively farmed, while managed winter and
spring flooding provides foraging habitat for waterbirds (Strum
et al., 2013), rearing habitat for native fish (Katz et al., 2017), and
groundwater recharge as flood waters remain on fields or move
slowly downstream (Maples et al., 2019).

4.1.2 Yolo Bypass: Flood Risk Management and
Nature Conservation Components
The largest of the Central Valley bypasses, Yolo Bypass is a 66 km
long, 4.8 km wide area of floodplain now bounded by levees,
which receives water on its upstream (north) end from the
Sacramento River and the Sutter Bypass, and discharges into
the Sacramento-San Joaquin Delta (Figure 3).

Flow into the upstream end of the bypass is controlled by the
Fremont Weir, a fixed concrete sill. In addition, water is diverted
into the bypass from the Sacramento River to the east via the
Sacramento Weir, which is equipped with 48 manually-operated
gates (Figure 3C). Yolo Bypass is an example of a “floodplain
bypass,” a type of flood diversion with typically high land
coverage requirements, long residence times, and high

potential for ecological benefits. Other examples of such
bypasses, their benefits, and issues surrounding their operation
are described by Serra-Llobet et al. (2021). Yolo Bypass protects
the City of Sacramento from floods by accommodating up to
14,000 m3/s of the Sacramento River flow, four times the capacity
of the mainstem river channel as it passes Sacramento (Sommer
et al., 2001). The Bypass typically floods in two years out of three
(Delta Stewardship Council, 2021). Most of the 240 km2 of land in
the Yolo Bypass is privately owned farmland, which grows a
variety of crops during the dry season when the floodplain is
largely dewatered, except for perennial ponds and a single tidal
channel (Figure 4). Rice farming is particularly well suited to the
clayey soils and wet conditions. The remaining 65 km2 of the
bypass land is in the Yolo Bypass Wildlife Area, which provides
inundated habitat for birds and native fish (Sommer et al., 2001;
Sommer, 2002; Harrell and Sommer, 2003).

The Yolo Bypass has been studied extensively in relation to
its functional ecosystem connection to the Delta. When the
floodplain bypass is inundated, adult salmon use it to migrate
upstream to spawning grounds, and young salmon successfully
use the floodplain bypass for rearing during downstream
migration to the Delta and Pacific Ocean (Sommer et al.,
2001; Sommer et al., 2005). However, managed inundation of
portions of the bypass during drier years without large floods
has been shown to provide similar rearing habitat conditions
and corresponding similar growth rates to those measured
under natural flood conditions (Katz et al., 2017). When
these highly productive floodwaters saturated with
phytoplankton and zooplankton are then pumped from the
managed floodplains to the river, juvenile fish rearing in the
river channel show increased growth rates as well (Jeffres et al.,
2020). Thus, despite limited direct connectivity between the
Yolo bypass and the adjacent Sacramento River channel, the
bypass provides multiple benefits for native species and
downstream ecosystems, as well as flood risk reduction.
Furthermore, the Yolo Bypass Wildlife Area also provides
recreational (bird watching and hunting) and educational
(school visits) opportunities.

4.1.3 Drivers and Wider Applicability
Although recognized today for the multiple benefits it provides,
the Yolo Bypass was constructed in the 1930s with a single
purpose: flood risk reduction. The US Congress authorized the
US Army Corps of Engineers to acquire private land and flowage
easements needed to build and operate the Bypass to manage
floodwaters of the Sacramento River. Nature conservation was
not a factor in its implementation, and of course the term
ecosystem restoration had not entered public consciousness at
that point. The habitat values of the Bypass were recognized by
scientists in the late 20th century, and today the management
goals of the Bypass have expanded to include habitat
management and restoration in addition to its primary
purpose of flood management (DWR (California Department
of Water Resources), 2017). This current, multipurpose, version
of the Yolo Bypass is considered a model of a well-managed
social-ecological system: It is characterized by public-private
partnership, and it allows wildlife, flood risk reduction, and
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agriculture to co-exist adjacent to a major urban region. Its
potential to provide greater inundated floodplain habitat with
more natural patterns of inundation has been recognized in
planning documents, and studies are underway to further
these concepts, including testing new ways of adapting rice
cultivation in the bypass to be more compatible with fish
habitat (Sudduth and Lund, 2016), lowering the Fremont Weir
so that the bypass is inundated more frequently and for longer
periods, and improving a fish ladder to allow upstream migrating
adults to pass Fremont Weir as flows decrease. Documentation of
the remarkable ecological value of the inundated bypass has
helped to shepherd a new emphasis on floodplain restoration
throughout the Sacramento-San Joaquin Valley (Johnson, 2017)
and stimulated efforts to understand how to manage flooded
fields on the “dry side” of the levee to better support fish and
aquatic food webs when flood waters are subsequently pumped
into the adjacent river channel (Jeffres et al., 2020). All such flood
bypasses are subject to challenges, such as deposition of sediment
within the bypass itself, or in the mainstem downstream of the
diversion point, or both, and thus require maintenance and
adaptive management. While the Yolo Bypass can be
considered a clear ‘win-win’ for both ecosystem and flood risk
management, replication may face challenges such as intensified
agriculture and extensive urban development of floodplain areas
with the result that locating and securing a sufficiently large
footprint for a flood bypass at this scale may be judged
economically infeasible in many areas. However, utilizing the
principles of Yolo Bypass in some riverine and deltaic systems to
create smaller bypasses may be feasible, and in many cases, these
may offer ecological benefits (Serra-Llobet et al., 2021).

4.2 Bear River Levee Setback and
Floodplain Restoration Project, California,
United States
4.2.1 Levee Setbacks (Dike Relocation)
Levees built close to river channels prevent floodwaters from
spreading out across the floodplain, thus greatly reducing the
cross-sectional area available to convey flood waters and
deepening flow in between levees. This exposes the “wet” side
of the levee to higher stages and higher velocity flows, increasing
the risk of levee erosion and overtopping. In much of the
United States, budgets have not been sufficient to maintain
levees, and the backlog of maintenance and repairs has
resulted in the country’s levee system receiving a grade of
“D”—meaning poor, at risk—from the American Society of
Civil Engineers in their 2021 Report Card for America’s
Infrastructure (ASCE (American Society of Civil Engineers),
2021). Moreover, by reducing the area of floodplain that is
hydrologically connected to the river, levees set close to the
channel starve floodplain ecosystems of the water, sediment,
and fluvial energy they require to flourish.

Levees can be repositioned further away from the channel
(i.e., “setback levees”) to reduce risks of erosion and flooding, to
restore floodplain ecosystems, or both (Zhu and Lund, 2009). At
The Nature Conservancy’s Cosumnes River Preserve in
California’s Central Valley, levees were intentionally breached
to promote restoration of floodplain forests, and a low setback
levee was built to separate adjacent rice fields from the expanded
active floodplain. Subsequent research has shown that, in
addition to rapid growth of willows and cottonwoods, the
reconnected areas provide otherwise rare shallow, flooded

FIGURE 4 | Yolo Bypass floodplain and view of downtown Sacramento, 2007 (courtesy of California Department of Water Resources).
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areas that are used by native fish during the spring (Jeffres et al.,
2008; Opperman et al., 2017).

Other levee setback projects have been driven primarily by
flood-risk reduction objectives, with floodplain restoration as a
co-benefit. Here we present the example of the Bear River Levee
Setback Project on the Feather and Bear Rivers in California.

4.2.2 Drivers and Wider Applicability
Native Americans had numerous settlements along the
riverbanks of the Feather and the Bear Rivers when the Gold
Rush started in California (Jones and Stokes, 2005). These river
channels were flanked by natural levees (berms of sandy sediment
deposits from floodwaters), on which Native American

FIGURE 5 | Bear River Levee Setback Project, Yuba and Sutter Counties, California. (A) Location Map, (B) Regional Map, and (C) Bear River Levee Setback and
Floodplain Restoration Project.
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settlements were located. During the mid-19th-century Gold
Rush, hydraulic mining produced massive quantities of debris
that were transported downstream through the river systems,
filling the channels with sediment and causing rivers to overflow
and deposit sediment across the river bottomlands. European
settlers built artificial levees on top of the natural levees, both to
reduce the frequency of flooding low-lying lands behind the levee,
and to constrict the river channel, deepening the flow and thereby
flushing the sediment from hydraulic mining. However, the levees
were overtopped and breached multiple times, flooding the
expanding cities of Maryville and Yuba City. As noted by
Mayer et al. (2018), in response to numerous levee failures
along the Feather River from 1920 to 1934, the levees were set
back and enlarged to accommodate greater flows. Devastating
floods in 1955, which killed 38 people in Yuba City, led to creation
of the Yuba County Water Agency and construction of New
Bullard’s Bar Dam (1970). In addition, as part of the California
StateWater Project, Oroville Damwas completed in 1968. A third
dam (Marysville Dam) was planned to provide additional flood
storage, such that all three dams could work together as a system
to reduce the peak flows in the Feather and Yuba Rivers (Willis
et al., 2011); however, this third dam was never built, in part
because of environmental concerns.

In floods of 1986 and 1997, levees broke along the Yuba,
Feather, and Bear Rivers, causing flooding in Linda and
Olivehurst, south of Marysville and east of the Feather River
(Hutton et al., 2019) (Figure 5). After the 1997 flood, the Yuba
County Water Agency launched a feasibility study for 500-year
flood protection for the area, funded in part by the California
Department of Water Resources (DWR) under the Costa-
Machado Water Act of 2000 (Reinhardt, 2005). Completed in
2003, the study identified several potential levee set back projects,
mostly along the Feather River, as well as some other projects.
The main driver for these projects was to lower flood stage in
urban and urbanizing areas. The confluence of the Bear and
Feather Rivers was identified as a bottleneck, so setting the levees
back would allow water to spread and thereby lower the stage.
Developers were already building in the Plumas Lake area, south
of Olivehurst. The new urban area was protected by a deficient
levee system. The developers sought to improve the levees, so the
communities could join the National Flood Insurance Program
(NFIP) and be eligible for subsidized flood insurance and post-
disaster aid.

In 2004, Yuba County and Reclamation District 784 formed a
joint powers authority (the Three Rivers Levee Improvement
Authority, TRLIA), responsible for constructing and financing
levees in the Reclamation District 784 service area that would
provide 200-year protection. The “Three Rivers Project” had four
phases (Figure 5B). Phase 1 (2004) and 2 (2005–2006) were levee
improvements, while phase 3 and 4 also included levee setbacks.
Phase 3 was the Bear River Levee Setback Project (2005–2006)
and Phase 4 the Feather River Levee Setback (2007–2010). The
Bear River Levee Setback Project was initially referred to as the
Feather-Bear Rivers Levee Setback Project. Alternatives were
evaluated that relocated different lengths of the Feather River
levee along with 3 km of the Bear River levee. The less costly
alternative, with less impact on the Feather River levee, was

selected and renamed as the current “Bear River” Levee
Setback Project, although it still affected part of the Feather
River levee (Figure 5B). The local share of the project funding
was supplied by a group of local developers in advance of building
in the protected area. The Costa-Machado Act of 2000 promoted
multi-purpose projects that involved an ecological component.
To comply with this requirement, the Bear River Levee Setback
Project included components to restore fish, wildlife, and riparian
habitat.

The Hurricane Katrina disaster in 2005 focused the nation’s
attention on other major urban areas that are highly vulnerable to
flooding. In particular, the flooding of New Orleans brought
national attention to Sacramento, which was seen as one of the
most vulnerable United States cities because of its high residual
risk (from levee beach or overtopping). The public awareness
created a momentum that resulted in approval of bonds to
improve the levee systems in California and for the legislature
to enact a set of reforms in 2007 that included an enhanced flood
protection standard for urban areas of the Central Valley, maps
showing 100- and 200-year flood hazard areas, and programs to
set back some levees and strengthen others (Mayer et al., 2018).
The new legislation, the Central Valley Flood Protection Act
(2007–2008), also reinforced the idea of a multi-benefit project as
a condition to receive state funding.

Three big flood bonds were linked to the Central Valley Flood
Protection Act (2007–2008), which promoted incorporation of
ecosystem benefits into the flood risk reduction projects.
California Proposition 1E—Flood Control (2006) required
projects to incorporate multiple beneficial uses into flood
projects. The Water Quality, Supply, and Infrastructure
Improvement Act of 2014 (Proposition 1) authorized $7.545
billion to fund ecosystem and watershed protection and
restoration, water supply infrastructure projects, including
surface and groundwater storage, and drinking water
protection. Finally, California Proposition 68—Natural
Resources Bond (2018) also promoted incorporating ecosystem
elements through programs that included drought preparedness,
water quality, and habitat enhancement and climate resiliency.
Social equity, recreation, and cultural legacy issues were also
addressed (CNRA (California Natural Resource Agency), 2015).

DWR was charged with awarding these funds, and the agency
prioritized multi-benefit projects for funding. As per the Central
Valley Flood Protection Act, DWR developed the California
Central Valley Flood Protection Plan, which is periodically
updated (2008, 2017, 2022). The plan calls for integration of
ecosystem functions into flood risk reduction projects. The plan
only affects projects from the State Plan of Flood Control,
managed by DWR, which include the Feather and Bear River
levees.

To qualify for this bond funding for a flood risk reduction
project, local agencies were required to show ecological benefits.
TRLIA hired River Partners, a NGO with a strong track record in
river restoration projects, to develop the ecological component of
the levee setback area. The Bear River Levee Setback Project is
considered the first of its kind in California to incorporate
ecosystem restoration with flood risk reduction (Figure 5C).
The project had certain environmental impacts to wetlands
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and to habitat for the Valley Elderberry Longhorn Beetle
(Desmocerus californicus dimorphus). Consequently, certain
areas of the floodplain were designated to mitigate those
impacts by creating seasonal wetlands and planting elderberry
shrubs. Swainson’s hawk (Buteo swainsoni) foraging habitat was
also integrated into the grasslands area to satisfy mitigation under
the California Endangered Species Act (CESA).

4.2.3 Bear River Levee Setback Project: The Flood
Risk Management and Restoration Components
The levee setback project on the Bear River at its confluence with
the Feather River was selected by engineers as the most effective
option for reducing flood risk that was being caused by a
“bottleneck” at the confluence, as high flows on the Feather
River would cause floodwaters on the Bear River to back up
between the narrow levees and cause flooding upstream. The
project included setting back nearly 3 km of levee along the Bear
River and removing a levee along the Feather River at the
confluence to reconnect 240 ha of floodplain habitat. This
design increased conveyance and is modeled to lower flood
stages by 1 m during major floods, reducing flood risk along
the lower Bear River (Williams et al., 2009). While the project
now allows flooding of 240 ha that were previously laterally
disconnected from the channel, it is not clear if this entire
area can be considered restored “process space” (Ciotti et al.,
2021), because relatively high flows are needed to activate the
surface, meaning that it would be rarely subject to geomorphically
competent flows, and because the vegetation maintenance (e.g.,
frequent mowing) required in the grassy areas diverge from
natural processes.

Two features of the Bear River setback project illustrate the
opportunities and constraints of integrating floodplain
restoration into a flood-management project. First, the
vegetation restoration plan was designed to be consistent with

the primary purpose of the project—reducing flood risk by
increasing conveyance. Although most of the project area was
allowed to grow into forest, to ensure that the target conveyance is
maintained through the overall project, a portion of the setback
area is maintained as a grassland with low hydraulic roughness
(and also providing distinct habitat features). Second, hydraulic
modeling indicates that most of the reconnected floodplain would
be inundated only during a 2-year flood, and thus it would not
provide the frequent, long duration inundated habitat that has
been shown to be important for native fish (Williams et al., 2009).
Further, when the project area was inundated, a corner of it could
become a stranding hazard for fish. To address the stranding
hazard, and to increase the extent of frequently flooded habitat, a
low wetland feature (the “floodplain swale”) (Figure 6) was added
to ensure that portions of the reconnected floodplain experienced
longer duration flooding and to drain the potentially problematic
area (Williams et al., 2009).

The goals of floodplain restoration and flood-risk reduction
can equally drive a levee setback project, and a project intended to
achieve multiple benefits can diversify the funding sources
available to support it.

4.3 Elbe River Levee Setback and Floodplain
Restoration Project, Germany
4.3.1 Elbe River Levee Setback and Floodplain
Restoration Project: Drivers
The Elbe river is the second largest lowland river in Germany.
Having no dams downstream from the Czech Republic until the
sluice of Geesthacht seperating the tidal Elbe section. It has a
largely unmodified flooding regime and a relatively natural
floodplain landscape (Scholten et al., 2005). It has some of the
largest floodplain habitat complexes in Germany and has great
importance for resident and migratory birds. During the Cold

FIGURE 6 | Floodplain Swale in the restoration area of the Bear River Levee Setback project, 2016 (Courtesy of River Partners).

Frontiers in Environmental Science | www.frontiersin.org March 2022 | Volume 9 | Article 77856811

Serra-Llobet et al. Multi-Benefit Floodplain Management California Germany

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


War, this reach of the Elbe River was the border zone between
East and West Germany. This prevented most development and
thereby protected important natural features of this wetland
landscape, part of the “European Green Belt” extending along
the former iron curtain from Finland to Bulgaria. However,
intensifying agriculture has resulted in the loss of forest in this
naturally wooded landscape. Thus, a levee setback project

restoring natural flooding conditions to an area of the
floodplain offered opportunities to re-establish hard- and
softwood floodplain forest, considered the most endangered
habitat types in Europe.

With about 80% of the Elbe’s formerly active floodplain area
lost to diking since the 19th century (BfN & BMU (Federal
Agency for Nature Conservation & Federal Ministry for the

FIGURE 7 | Elbe River Levee Setback Project, Germany. (A) Location Map, (B) Regional Map, and (C) Elbe River Levee Setback Restoration Project.
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Environment, Nature Conservation and Nuclear Safety), 2021),
floodplain functions, such as flood attenuation, water quality
improvement, and floodplain biodiversity, have been lost. Loss of
floodplain storage has increased flood risk, and large floods
occurring within the last 2 decades have increased awareness
of the need to enlarge river and floodplain conveyance capacity.

Over the past three centuries, the Elbe floodplain in the project
area (north-central Germany, half-way between Hamburg and
Berlin) (Figures 7A,B) has been transformed from a naturally
wooded landscape into one dominated by large-scale agriculture.
Although floodplain forests are protected by the EU Habitat

Directive (EEC (European Economic Community), 1992) and
are the most species-rich forest type in central Europe, they have
become increasingly endangered and considerably reduced in area.

Many ecological and biological processes in floodplains
depend on flooding dynamics. In response to loss of
floodplain forest because of lateral disconnection by levees,
there is increasing interest in relocating levees to reinstate a
natural flooding regime as an effective way to re-establish
floodplain forests, now an important conservation priority.

More than ten levee relocation projects have been realized
along the Middle Elbe (BfN & BMU (Federal Agency for

FIGURE 8 | Aerial view of the Middle Elbe River Levee Setback and River Restoration Project in the Lenzen Area (Germany) (courtesy of Katharina Nabel).
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Nature Conservation & Federal Ministry for the Environment,
Nature Conservation and Nuclear Safety), 2021). The levee
setback near Lenzen (among the larger projects) originated just
after the fall of the iron curtain through a local initiative of the
administration of the UNESCO-Biosphere Reserve
“Flusslandschaft Elbe-Brandenburg,” a section of the 400 km2

biosphere reserve covering five German states along the Elbe
River. Its aim was to improve the ecological state of a lowland
floodplain, and restoring floodplain forest. A European Union-
funded LIFE-project first purchased the floodplain area, and then
the federal conservation program “chance.natur” implemented the
relocation of 7.4 km of levee to reconnect 420 ha of former
floodplain in 2008 (Damm, 2016) (Figure 8).

Despite some early opposition against the project, which had
its origins in the difficulties of the German reunification process
in this former border region, the local agro-holding company
supported the project from the beginning and was essential in
gaining increased public acceptance (Warner and Damm, 2019).
Moreover, the anticipated benefits from flood risk reduction
proved to be a convincing argument regionally, more so than
conservation and other environmental benefits.

4.3.2 Elbe River Levee Setback Project: The Flood Risk
Management and Restoration Components
The project originated primarily with a conservation focus in the
Biosphere Reserve. A 2002 catastrophic flood on the Elbe drew
attention to the area and added flood protection to the public
agenda. During subsequent large floods, the Federal Waterways
Engineering and Research Institute (BAW) conducted field
measurements showing the beneficial effects of levee setback
on flood peak reduction and thus flood risk (Alexy and
Faulhaber, 2011; Faulhaber, 2013). These benefits were
subsequently confirmed by other independent investigations
by the Federal Institute of Hydrology (BfG) (Promny et al.,
2014). These scientific validations of nearly 50 cm local
decrease of flood peak level and its effect on a city 25 km
upstream at a 4,000 m3/s discharge helped promote levee
setbacks on a national scale.

Furthermore, the project has established about 80 ha of
floodplain forest, adding to the area reforested by the preceding
LIFE-project. In addition, 45 ha of shallow waterbodies were
excavated to restore aquatic and semiaquatic habitat as well as
to supply levee construction material (Figure 6C). Investigations
evaluating the project’s success have documented the return of
many waterfowl species and other birds, as well as a diversity of
habitat types. As one of the first large levee setbacks in Germany,
the project is still cited as a successful example of synergistic
implementation of conservation and flood risk reduction
objectives (Scholz et al., 2012b; Thieken et al., 2016; Veidemane,
2019; Pieck, 2020; Schindler et al., 2021).

4.4 Isar River Restoration Project in Munich,
Germany
4.4.1 Isar River Restoration Project in Munich: Drivers
The Isar is an alpine river that descends from the Austrian Alps,
through multiple glacial moraines, onto the gravel plain of

Munich. Because of its steep drop, the Isar was heavily
exploited for hydroelectric power production, with 37
hydropower plants built by the mid-20th century. On the
upper and middle Isar, power plants are built on side canals
diverting most of the Isar water. For example, in Munich, the
Großhesselohe weir (a few km upstream of Munich) had
essentially unrestricted rights to divert water into a side canal
to supply the hydroelectric power plant Isarwerk 1, and as a
result, after 1907, the Isar river channel in Munich was dry during
base-flow months, except for sewage and “urban slobber,” and
during major floods when water spilled from upstream dams
(Döring and Binder, 2010). Shortly after the second world war,
the Bavarian Parliament added Article 141 to the Bavarian
Constitution outlining the state’s obligation to protect the
social functions of rivers and lakes for recreational use. In
response, the Sylvenstein Reservoir (1954–1959)
(Figures 9A,B) was constructed to provide a minimum flow
in the upper Isar for recreational uses and to support fish habitats.
Later the dam was refitted to generate power and to reduce risk of
floods. However, the minimum flows released by the dam were
not sufficient to dilute the pollution from urban areas such as Bad
Tölz, especially during the dry season (Döring and Binder, 2010).

As the environmental movement gathered steam throughout
western democracies in the 1960s–1970s, the Bavarian State
Ministry for the Environment and the Environmental Protection
Department of Munich came into being. Growing public pressure
on local and regional water agencies to achieve good water quality
for recreational uses was backed up by the European BathingWater
Directive (1975, revised 2006), requiring improved water quality. In
1984, the Parliament extended Article 141 of the constitution to
secure not only social functions but also nature conservation, and
Munich adopted amunicipal ordinance “Nature in the city” (“Natur
in der Stadt”) supporting the restoration of the Isar River (Rossano,
2016). In 1987, the Bavarian Water Act required minimum water
flows for ecosystems functions, which led to negotiations among the
agencies, energy providers, and NGOs. An interdisciplinary effort
involving experts from forestry, hydraulics, biology, ecology, river
morphology, and landscape architecture developed a plan to restore
the Isar, the “Isarplan,” reinforced by the 1992 European Fauna and
Flora Directive and the 2000 EU Water Framework Directive
(Zingraff-Hamed et al., 2019).

A parallel objective was flood risk management. The 100-year
flood was estimated to be 1,150 m3/s, but the existing channel and
floodplain capacity (prior to flooding urban areas) was only
800 m3/s. As hard engineering measures, such as flood walls
close to the channel and upstream dam construction, had
negative effects on the riverscape and its biodiversity, there
was strong pressure from the civil society on the Water
Agency (responsible for flood control) to find new kinds of
solutions to manage flood risk (Zingraff-Hamed et al., 2019).
In response, the Bavarian State government urged the water
agency to find a solution that would satisfy multiple objectives.
The water agency and city of Munich began intensive
consultation with NGOs and civil society, a level of public
involvement that was later identified as a key factor for the
success of the project (Schaufuß, 2016), even though it
required a long planning process.
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4.4.2 Isar River Restoration Project in Munich: Flood
Risk Management and Restoration Components
The Isarplan is an 8-km-long river restoration in an urban
context (i.e., within the city of Munich), starting from the
southern city border to the inner city (Figure 9C). It started
80 years after the channelization of the Isar River for hydro-
electrical production and flood protection. The project illustrates
that river and floodplain restoration is possible even in densely
populated areas (Kondolf, 2012). Initiated as a collaboration
between the city of Munich and the state of Bavaria, the
Isarplan had three main objectives: 1) improvement of flood

risk reduction, 2) restoration of aquatic habitats, and 3)
enhancement of recreational access and quality.

Flood risk was primarily reduced by giving more space to the
river and thus increasing its conveyance capacity through the city.
Overall, the width of the river was increased from about 50 to
90 m, and in reaches with low floodplain such as Flaucher, the
width over which active river processes can occur was increased
further. Levees were set back from the active channel and raised in
height. The project was thus also seen as a form of adaptation to
climatic change and the increased precipitation predicted for the
catchment.

FIGURE 9 | Isar River Restoration Project in Munich, Germany. (A) Location Map, (B) Regional Map, and (C) Isar Restoration Project.
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Ecologically oriented habitat improvements were primarily
achieved by re-establishing longitudinal and lateral connectivity
and by re-activating morphological processes that provide direct
benefits for gravel-dependent species such as the Danube salmon
(Hucho hucho), which was found to spawn on gravel beds of the
restored river. Rock walls and concrete embankments stabilizing
the banks were removed and the gravel banks allowed to erode,
softening and making irregular the bank edges and contributing
gravel to the river’s sediment load. Straight concrete weirs
extending across the channel posed barriers to fish migration
and recreational rafting. These were removed and replaced with
multiple, irregular rock steps that accommodated the same
elevation drop but over a longer channel length, and which
provided pathways for fish migration. Because Sylvenstein
Reservoir traps all of the river’s natural sand and gravel load,
the Isar was sediment starved flowing into Munich, so a gravel
mixture was added to the river to augment its sediment load.
Gravel bars built up in response both to the wider river corridor
(and thus greater depositional opportunities across the channel),
and to the increased gravel supply. The result is large gravel bars
(befitting the alpine sources of the river) that serve wildlife and
human recreation (Figure 10).

A key restoration component was treatment of sewage
effluent from upstream towns, notably Bad Tölz, where a
tertiary sewage treatment plant with UV disinfection was
installed in 2000, providing tertiary-treated clean water in
place of the contaminated effluent formerly released. The
improved water quality better supported ecosystem recovery,
and also permitted human contact with the water, thereby
enhancing the desirability of recreation along the river
margins and in the river itself.

Recreational benefits were created by making the river more
accessible to the urban population and by allowing recreational

use of the wider gravel banks, e.g., for sunbathing and barbecues
(Figure 10) (Zingraff-Hamed et al., 2018). It also included
establishing public spaces and river access features that did
not contribute to either restoration or flood risk management,
but which increased the acceptance of the restorationmeasures by
the local population. Elements of the landscape design
contributing to public use could not jeopardize flood
protection or nature conservation, and vice-versa. For
example, picnic areas with toilets could not be built anywhere
that would impact flood conveyance, no vegetation could be
removed from the levees, and restored habitats were expected to
be resilient to flooding.

The project was realized over a construction period of 11 years
from 2000–2011 with a budget of around 35 million EUR,
transforming the canalized river bed into a wider and more
dynamic, naturally looking system with a greater structural
richness.

Today, to visit the Isar on a summer weekend is to witness
thousands of local residents enjoying the sun on gravel bars in
mid-channel as well as along channel margins, against backdrops
that range from natural riparian forest to imposing urban
buildings. With the improved water quality, residents of all
ages can interact with the water, from swimming and wading,
to enjoying barbeques on the gravel bars and river banks. The
Isarplan received the first German award for river development
(“Gewässerentwicklungspreis”) in 2007.

5 DISCUSSION

To date, projects that address both flood risk management and
ecosystem restoration in California and Germany have had
encouraging success overall, but each situation is unique, not

FIGURE 10 | Gravel added to the river is transported downstream and redeposited in large gravel bars that provide habitat for fish and wildlife, as well as
recreational opportunities for the urban population, July 2012 (Photograph by Kondolf).
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only in physical and ecological setting, but equally important, in
terms of political and institutional context. In this discussion, we
first draw some salient points from comparison of the four case
studies, then we review the enablers and barriers for multi-benefit
projects and how these are illustrated by the four case study
projects.

5.1 Lessons From Case Studies
5.1.1 Yolo Bypass
The largest floodplain area of our case studies (240 km2), Yolo
Byapss was established over 8 decades ago for flood risk reduction
only and initially managed with only this in mind. As the
ecological value of the bypass became widely recognized,
management evolved to enhance the ecological benefits of the
Bypass. When inundated, the Bypass functions as a natural
floodplain in accommodating floodwaters and providing
habitat for migratory birds and fish. Rather than “restoration,”
the Yolo Bypass can be viewed as preserving a functioning area of
floodplain, even though its course is separated from the main
channel of the Sacramento River. The agriculture practiced on
most of the Bypass, rice cultivation, is already adapted to frequent
inundation, and modifications to make agriculture still more
compatible with juvenile fish use of inundated areas are being
tested in an adaptive management framework (Jeffres et al.,
2020).

5.1.2 Bear River Levee Setback
The Bear River levee setback differs from the Yolo Bypass in that
it restored flood inundation to an area that had been cut off from
flooding by levees and used primarily for farming. At 240 ha, its
area was only one percent of the area of the Yolo Bypass, but the
cost of floodplain land in the 21st century was much greater than
in the 1930s when the Yolo Bypass was created. The motivation
for the Bear River levee setback was to allow more development
on the floodplains of the Yuba, Bear, and Feather rivers, by
providing protection against the 200-year flood. However, to
qualify for funding required substantive ecological restoration.
The joint powers authority hired qualified consultants who
designed a successful restoration component to the levee
setback. These restoration measures are now recognized as a
model for restoration in the context of a levee setback. However,
ironically, there are more houses now exposed to the residual risk
of floods greater than the 200-year design standard, or to flooding
from levee breach (as occurred in 1986).

5.1.3 Middle Elbe River Levee Setback
The Middle Elbe River Levee Setback originated with nature
conservation goals. The 420-ha area of floodplain reconnected via
the levee setback had been acquired as part of a UNESCO
Biosphere Reserve to restore floodplain forest, but at the time
levees prevented the floodplain inundation needed to support a
healthy riparian forest. However, by increasing the conveyance
capacity of this river reach, modeling showed that the levee
setback reduced flood levels in urban areas upstream by
50 cm, which generated more broad-based support for the
project than would have been the case with the ecological
objectives alone. Thus, the Bear and Elbe River projects can be

seen as inverse of one another in terms of original motivations,
although each ended up as projects benefiting both flood risk
reduction and ecological restoration.

5.1.4 Isar River Restoration in Munich
The Isar is unique among the four case studies in that it did not
restore extensive areas of floodplain but was focused more on the
river channel and adjacent floodplain areas within a large city,
with a footprint of under 100 ha over its 8 km length. However, it
illustrates the multi-benefit approach and a highly collaborative
planning process that occurred over more than a decade. The
project was motivated by long-time public dissatisfaction with
highly degraded river conditions through Munich in the 20th
century, caused in large measure by hydroelectric plants diverting
the entire flow of the Isar upstream of Munich, such that residual
flows through the city were composed mostly of municipal
effluent and other contaminated urban sources. With
expiration of water use for hydroelectric production, and with
revisions to the Bavarian Water Law calling for restoration of the
Isar, the city and state launched a collaborative planning process
involving scientists from many disciplines, NGOs, industry, and
civil society, resulting in the Isarplan to increase flood conveyance
capacity, restore ecosystem functions, and improve open-space
access to the river.

5.2 Enablers and Barriers for Multi-Benefit
Projects
Our four case studies illustrate enablers and barriers to multi-
benefit projects as complex social-ecological systems. Although
there could be many ways to categorize these enabling factors and
barriers, we present one way to “slice the apple” in Figure 11.
Physical setting is key as it determines whether the topography is
suitable and whether there is sufficient land available (i.e., not
already built out). Perceptions of floods refers to the fact that floods
are still widely viewed as a threat only, without appreciation for
their important role in river ecology. Scientific knowledge is
growing about the benefits of inundated floodplains, but it
needs to be better integrated in flood risk management and
planning, and better communicated to the public and to
decision makers. Education is needed so that the public and
decision makers can better understand the nature of flood risks
and also appreciate the beneficial role of floods in rivers. The policy
framework determines many of the incentives and largely defines
the realm of the possible in river and floodplain management.
Many policies set in the 19th and early 20th centuries were
designed to encourage economic growth above all else and
would effectively preclude many restoration measures if not
revised. Funding opportunities often track the policy framework,
as some funding programs are available to support multi-benefit
projects (as illustrated by the Bear and Elbe River examples).
Leadership and collaboration is a factor that emerged from our
review of the four case studies. While these projects now seem very
practical solutions to both flood risk management and ecological
restoration challenges, they resulted from an alignment of multiple
enabling factors and all required dedicated perseverance to be
ultimately achieved. We expand on these factors below.
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5.2.1 Physical Setting
Both Yolo Bypass and Middle Elbe Levee Setbacks were possible
because of land available. In the case of Yolo, the land was set
aside in the 1930s for flood conveyance. In the case of Elbe, land
availability was increased by the former socialist system’s large-
scale agriculture and property structure and a window of
opportunity opening due to the severe economic changes of
the post-cold-war period. To purchase developed land to
devote to flood conveyance on this scale would in many cases
be cost prohibitive, even assuming landowners were willing to sell
(in many cases they might not) (Seher and Löschner, 2017). Thus,
it is important to take socioeconomic and ecological trade-offs
into account in floodplain management (Auerswald et al., 2019):
in densely populated areas it is often impossible to provide the
space needed to give more room to the rivers and their
floodplains. This makes a spatially prioritized approach
necessary (Geist, 2015).

5.2.2 Perceptions of Floods, Scientific Knowledge,
Education
All four case studies illustrate the evolution of perception of
floods from viewing floods purely as hazards to recognizing their
beneficial aspects for ecosystems. While the perception of floods
as a resource was not current when the Yolo Bypass was created in
the 1930s, management of the Bypass has evolved to optimize its
value to fish and wildlife, while still supporting agriculture over
most of its area. On the Isar, the poor condition of the river (from
contamination and lack of frequent floods to rejuvenate the bed
and build natural gravel bars typical of an alpine river) in the 20th
century led to widespread discontent and created public support
for a comprehensive program to restore dynamic river processes.

The engagement of a multi-disciplinary scientific team ensured
that current understanding of river behavior was considered in
the design of the project. Perhaps the most effective framework by
which to integrate scientific knowledge into multi-benefit projects
is through an adaptive management process, in which uncertainty
is explicitly acknowledged and accounted for (Holling, 1978). A
key feature of the approach is that restoration actions need not
wait until “perfect” knowledge of the system is achieved, as this is
unlikely in any case, and because many human-natural process
are non-stationary. Instead, adaptive management rather allows
for “learning by doing” through pilot projects (Healey, 1998). As
“a systemic approach for linking learning with implementation to
facilitate ongoing improvement in natural resources
management” (Roux et al., 2022), adaptive management allows
for restoration to be undertaken in a manner that maximizes
learning potential, e.g., pilot projects to test the system response
to specific types of interventions, which then provide objective
feedback to decision makers as they move forward with a
restoration program. This approach is illustrated on the Yolo
Bypass, where modifications to internal levees in agricultural
lands have been made to test potential improvements to water
circulation to benefit juvenile fish (Katz et al., 2017; Jeffres et al.,
2020).

As adaptive management has evolved, the concept of
strategic adaptive management has emerged, which
recognizes that stakeholders commonly hold different views
of floods and the social-ecological system of the river and
floodplain, and calls for an initial step of “co-creating” a
vision and objectives for the project (Geist 2015; Roux et al.,
2022). This highlights the need to expand the perception of
floods from hazard only to also a resource for riverine ecology.

FIGURE 11 | Enablers and barriers for the realization of multi-benefit projects as learned from the four case studies.
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With anticipated changes in hydrology anticipated from climate
change, it becomes increasingly important to better value the
socioeconomic functions and services of floodplains, and to
integrate these aspects into conservation and restoration
planning, as exemplified in the Isar River restoration. We
also need better metrics to capture ecosystem values for
evaluating benefits and tradeoffs (Geist, 2011; Geist and
Hawkins, 2016). To fill this gap, new tools are now being
developed and tested, such as the River Ecosystem Services
index (RESI) (Hornung et al., 2019).

Education is needed not only in the public realm but also for
managers to better understand the range of options available,
rather than always defaulting to structural solutions. As
succinctly summarized by the renown American geographer
Gilbert F. White: “Floodplain managers at all levels of
government have an uneven degree of knowledge about the
diverse strategies and measures (both structural and non-
structural) that constitute floodplain management. Effective
management must draw upon a variety of disciplines, but in
the United States there is no well-established program to train
floodplain managers from multiple disciplinary perspectives.
Commonly, lack of familiarity with the full range of
approaches biases the selection of solutions for specific flood
problems towards structural solutions. This hinders the
development of comprehensive floodplain management, and
impedes balancing of the dual objectives of flood vulnerability
reduction and natural values protection” (White et al., 1992).
These challenges (or barriers to achieve multi-benefit projects)
articulated 3 decades ago resonate with debates that
transpire today.

5.2.3 Policy Framework and Funding Opportunities
As described above, the EU has policies in place that require a
strategic approach to flood risk management and coordination
with ecological protection and restoration. The United States
lacks such an overarching framework for managing flood risk and
the ecological status of rivers. Actual management reflects siloed
authorities and mandates. There are limitations inherent in the
institutional structures, legal regulations and different views of
floods (as a resource or as a hazard) in both the United States and
Germany. In the United States, funding seems to come primarily
from flood risk management and ecological benefits are either
inadvertent (Yolo Bypass) or because a levee setback was found to
be the most efficient way to achieve flood risk reduction goals and
satisfy ecological restoration requirements (Bear River).
Moreover, the Government of California is advanced in terms
of environmental protection, whereas many other parts of the
country are hostile to any controls on building houses on
floodplains, such as the state of Missouri, which in 2004
adopted legislation prohibiting local governments from
imposing any requirements stricter than the minimum
national standards, thereby contributing to extensive
floodplain development near St Louis (Pinter, 2005). In
Germany, European and national legislation increasingly
require integrated planning e.g., requesting compliance of EU
Water Framework Directive, Habitat-Fauna-Flora Directive,
Floods Directive and national Water and Conservation Law.

The balance between flood risk management and ecosystem
restoration objectives varies widely among the case studies. The
Yolo Bypass was built over 80 years ago with the sole objective of
managing floods, but today inadvertently yields spectacular
ecological benefits. Today, integration of the Central Valley
Conservation Strategy with the Central Valley Flood
Protection Plan has allowed for the identification of new large-
scale projects that will alter the existing levee systems of the
Central Valley (i.e., Yolo Bypass expansion) to provide both flood
risk reduction and ecosystem restoration (DWR (California
Department of Water Resources), 2017), with the former
generally driving the latter, as illustrated by the Bear River
levee setback. By contrast, the Middle Elbe River levee setback
idea originated as an ecological restoration, but by documenting
the flood risk management benefits, the project gained broader
support. Like all projects discussed, the Middle Elbe River project
exemplifies that creating “win-win” situations greatly increase
project acceptance on all levels, thus making a project more likely
to be realized (Schindler et al., 2014). The Isar restoration in
Munich was motivated by both public pressure for environmental
improvement of the river and better public access, and the need to
increase the river’s flood conveyance capacity within the city of
Munich. Nearly a decade of negotiations led to a balance among
these goals that increased public acceptance of the project. It bears
noting that despite the success of the Isarplan, such restoration
cannot make biological community structures return to “natural
states” especially in a restricted urban setting (Geist and Hawkins,
2016). Given the partly artificial structure of most floodplains and
given the many dams that are in place, this commonly requires a
flow management strategy to optimize functionality and benefits
for target species in these reconciled ecosystems (e.g., Opperman
et al., 2017; Pander et al., 2019).

It is notable that none of the case studies resulted from
implementation of a top-down comprehensive basin-wide plan
of the sort that might result from the kind of strategic adaptive
management described by Roux et al. (2022). Rather, each
resulted from a unique alignment of factors that made the
specific project possible, but whose replicability elsewhere
would depend upon physical settings, institutional and policy
frameworks, funding opportunities, etc. (Figure 11).

5.2.4 Leadership and Collaboration
All successful projects evinced strong leadership and
collaboration among stakeholders. Strong leadership is
essential during all steps of floodplain restoration from the
initiation and planning through the steps of adaptive
management decision making and communication of the
project outcomes. After an initial idea for a floodplain
restoration project, deciding on the specific objectives,
planning and evaluation of alternatives, as well as acquiring
funding, all require integrating and balancing different
stakeholder views and decision-making on multiple levels. In
contrast to past disciplinary approaches, a social-ecological
system approach with a broader stakeholder group requires
even greater integrative leadership capabilities to successfully
nurture a collaborative approach. For the Isarplan,
collaborative planning was led by the local government. The
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successful collaboration relied on the long-term trust built up
among stakeholders, nurtured by forward-looking authorities
that allowed the project to be realized over a long period of
time (Zingraff-Hamed et al., 2019). On the other hand, initiation
of projects involving development of leadership can gain
momentum directly after major floods, as illustrated on the
Elbe River. Successful leadership is not limited only to the first
steps of floodplain restoration projects, but is needed in
communicating the outcomes. This is particularly important
for disseminating knowledge to other potential projects. In the
Bear River Levee setback, the collaborative approach between
TRLIA, GEI Consultants (engineers), and River Partners
(ecologists) was key to integrate hydraulic goals with habitat
restoration. Finally, the Yolo Bypass Wildlife Area Restoration
project received national attention as a model for collaborative
restoration as an example of public-private collaboration of the
Yolo Basin Foundation and California Department of Fish and
Game, engaging federal, state, and local government officials with
management responsibilities in the Bypass, and landowners to
assess and ultimately achieve restoration (Salcido, 2012.)

6 CONCLUSION

Flood policy—at least on the aspirational level—is shifting from
flood “control” to a new view that integrates ecosystem
components and functionality as part of social-ecological
systems. While there are still conflicting policies that make the
implementation of this new, more integrative type of project
challenging, the experience in California and Germany
demonstrates the potential for such multi-benefit projects to
offer new synergies (EEA (European Environment Agency),
2016; CRS (Congressional Research Service), 2020).

Projects that combine both flood risk reduction and
preservation or restoration of ecosystem functions are still
relatively uncommon. Our analysis of four well-documented
but very different cases, two in California and two in
Germany, show how multi-benefit projects in different
contexts can find their window of opportunity. Such multi-
benefit floodplain projects may become more frequent with
the concept of Nature-based Solutions (NbS) now being
adopted in many countries to promote more sustainable
approaches to managing nature. The International Union for
Conservation of Nature (IUCN) defines NbS as “actions to
protect, sustainably manage, and restore natural or modified
ecosystems, that address societal challenges effectively and
adaptively, simultaneously providing human wellbeing and
biodiversity benefits” (IUCN (International Union for
Conservation of Nature), 2021). The multi-benefit projects
documented here would all arguably qualify as “nature-based
solutions” in that they preserve or restore natural riverine
processes and simultaneously provide societal benefits (flood
risk reduction).

The urgent need for climate change adaption was evidenced by
the severe flooding in north-western Germany in July 2021 (184
causalities and 30 billion Euro in damages), which was estimated

to have been intensified by a factor of 1.2–9 due to climate change
(Kreienkamp et al., 2021). The increasing number of such
extreme events argues for a shift in our management
approaches, which now rely on statistical values such as 100-
year flooding frequencies drawn from historical flood records,
which may no longer hold true. Conventional management
approaches typically place levees as close to the river as possible
while still meeting the 100-year flood minimum flow capacity,
leaving no room for error, nor accommodation for climate change
induced increases in floods. Moreover, the conventional view of
floods strictly as a risk does not account for the beneficial aspects of
floods for ecology, water quality, and water supply (Galloway,
2005). Floodplain restoration will be more and more accepted by
planners and the general public if its wider functions and benefits
to human societies and economies are better stressed. For instance,
including increased flood resilience, temperature buffering effects,
and recreational benefits into planning and communication will
likely motivate potential funders to engage in such action.
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