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   1

world for innovative management that reconciles 
human uses and environmental conservation.

In this book, we focus on floodplains in 
temperate regions of the world, interweaving 
floodplain science and management. We review 
fundamental processes that shape floodplains 
as biophysical systems and then consider new 
perspectives on how floodplains are managed. 
Thus, this book should be of interest to both 
scientists and managers. We strongly believe 
that the most promising future for temperate 
floodplains will arise through management 
solutions that allow them to function as 
dynamic ecosystems that are also productive 
and safe components of the human landscape. 
Achieving this future will depend on informed 
dialogue and collaboration among managers, 
scientists, and stakeholders. Our experiences 
with temperate floodplains lead us to believe 
that the long-term social and environmental 
sustainability of floodplains can best be guided 
by the interrelated concepts of “novel ecosys-
tems” and “reconciliation ecology.” Novel ecosys-
tems are those that are highly altered by humans 
and often contain alien (nonnative) species, 

Floodplains are among the most 
dynamic, productive, diverse, and threat-

ened ecosystems in the world (Tockner and Stan-
ford 2002). Intact and restored floodplains gen-
erate major environmental benefits that provide 
significant support for local and regional econo-
mies, most notably through flood-risk manage-
ment, fisheries, recreation, and seasonal agricul-
ture (Postel and Carpenter 1997). Yet the 
flooding that defines floodplains—and drives 
their ecological productivity and diversity—is 
often viewed as a problem. Many floodplains sus-
tain dense human populations and agriculture 
that is not compatible with inundation. Floods in 
industrialized countries are usually equated 
with disaster, prompting extensive construction 
projects, such as dams, levees, and channel 
straightening and dredging, to minimize flood 
impacts on the built landscape. Consequently, 
floodplains, particularly temperate floodplains in 
more developed countries, are among the most 
altered landscapes worldwide, most with ecosys-
tems that are highly degraded (Tockner and 
Stanford 2002). Yet floodplains also present 
some of the best opportunities throughout the 

ONE

Introduction to Temperate Floodplains
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2     introduction to temperate floodplains

lated. While channels and floodplain surfaces 
continue to be reshaped by flood frequency, 
extent, and duration, these forces are modified in 
large part by the operation of dams, levees, and 
drainage systems. Even most “restored” flood-
plains have topography that has been highly 
altered by agriculture and are subject to inunda-
tion regimes managed by people. Species assem-
blages are often in continuous flux, responding 
to environmental change, land and water man-
agement, and invasions of nonnative species.

Because of this ecological novelty and 
because large areas of temperate floodplains 
have been converted to other land uses, recon-
ciliation ecology provides a constructive frame-
work for moving forward with sustainable 
management of floodplains for multiple pur-
poses, including flood-risk management and 
conservation. People are now an integral part of 
nearly all temperate floodplain ecosystems and, 
in the chapters ahead, we will illustrate how 

such that their current biota and physical struc-
ture may differ markedly from those of the eco-
systems they replaced. Nevertheless, they may 
be functionally quite similar to the original eco-
systems (Hobbs et al. 2009, 2013, 2014; Moyle 
2013). Reconciliation ecology is the “science of 
inventing, establishing, and maintaining new 
habitats to conserve species diversity in places 
where people live, work, and play” (Rosenzweig 
2003, p.7). Reconciliation ecology focuses on 
conservation of native biodiversity while accept-
ing the reality that virtually all habitats have a 
strong human presence. Thus, built land-
scapes, such as cities or flood-management 
systems, can be treated as novel ecosystems 
into which biodiversity conservation and eco-
system services are actively integrated in order 
to provide multiple benefits to human society.

The concept of novel ecosystems is generally 
applicable to floodplains of large temperate rivers 
because virtually all are modified and/or regu-

FIGURE 1.1 In most of the temperate world, large rivers have become hydrologically disconnected from their floodplains 
by levees, bank armoring, and flow regulation as shown in this view of the Sacramento River, California[AQ].[AQ]

[AQ: Please 

check 
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“United 

States” needs 
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in figure 
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in the main 

text, and 
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accordingly.]
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introduction to temperate floodplains     3

acter, and importance throughout the temper-
ate regions. We primarily focus on floodplains 
from North America, Eurasia, and Australia, 
with limited mention of those in southern 
South America and South Africa (figure 1.2).

Floodplains support complex physical, bio-
logical, and social systems (Naiman et al. 
2005). They are created by interactions between 
flowing water and sediment, which influence, 
and are influenced by, physical structures and 
biological processes. Floodplains are optimal 
sites for farms and cities because of their prox-
imity to water, low-gradient terrain, and rich 
organic soils. Urban and agricultural develop-
ment on floodplains is often facilitated by infra-
structure such as dams and levees.

Because of these numerous and interacting 
features, processes, and uses of floodplains, 
professionals of diverse disciplines study and 
manage floodplain systems. As a result, hydrol-
ogists, geomorphologists, ecologists, engineers, 
economists, planners, and policy makers have 
developed a variety of definitions of floodplains 
(Nanson and Croke 1992; Alexander and Mar-
riot 1999). Below we review definitions from 
geomorphic, hydrologic, regulatory, and eco-
logical perspectives. We then present an ecoge-
omorphic definition that integrates biological 
and physical concepts that will be used through-
out this book.

Geomorphic

Although rivers and floodplains are often viewed 
as distinct, separate features, from a geomorphic 
perspective, rivers and associated floodplains are 
single functional systems that move water, sedi-
ment, and organic material across the landscape. 
The geomorphic floodplain is a set of channels 
and surfaces that were created by, and continue 
to be shaped by, fluvial processes and are inun-
dated with some frequency. Processes that build 
and rework floodplains include overbank deposi-
tion and erosion, lateral migration, and channel 
avulsion (described in chapter 3). The resulting 
floodplains have substrate derived from interac-
tions among flow, sediment, and vegetation 

reconciled floodplain ecosystems can provide 
ecological and economic benefits.

The floodplains of California’s great Central 
Valley (figure 1.1), which inspired this book, 
provide a particularly cogent example of the 
complex and evolving relationship between peo-
ple and floodplains. These floodplains have 
undergone ecological loss and sweeping land-
scape change, but they also provide examples of 
paths toward a more sustainable future. We 
draw heavily on this well-studied landscape as 
its lessons can be applied globally and reinforced 
by examples from other floodplain systems.

In short, this book is about reconciling tem-
perate f loodplain ecosystems with society’s 
demands on the environment; it is also about 
how people can work proactively with novel 
floodplain ecosystems to generate multiple ben-
efits. Our goal is to demonstrate that maintain-
ing native biodiversity and natural floodplain 
functions can be highly compatible with a broad 
range of societal objectives and expectations. 
Innovative management approaches can pro-
duce floodplains that provide habitat for some of 
the world’s most spectacular fish and wildlife, 
while also protecting communities from floods 
and providing clean water and open space for 
people. Our ambitious objective is to have the 
concepts, examples, and syntheses of emerging 
ideas in this book serve as a foundation for effec-
tive and sustainable management of temperate 
floodplain systems. We hope that this founda-
tion will also provide insight for global flood-
plain management beyond temperate regions.

GEOGRAPHIC SCOPE AND THE 
DEFINITION OF FLOODPLAINS

Strictly speaking, the floodplains covered in 
this book occur within temperate latitudes, 
defined as those between the Arctic Circle and 
the Tropic of Cancer and between the Antarctic 
Circle and the Tropic of Capricorn (spanning 
the latitudes of 23°26′ to 66°34′ both north and 
south). Mountain ranges and other continental 
features greatly affect river flows and tempera-
ture patterns, so floodplains vary in size, char-
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4     introduction to temperate floodplains

Regulatory

The regulatory floodplain in the United States 
is essentially the hydraulic floodplain corre-
sponding to what is termed a “100-year flood,” 
or the surface that has the statistical probability 
of 1% of being inundated in any given year, 
based on past records of flooding. The term 
“100-year flood” has led to widespread confu-
sion among citizens, who often assume that, 
following such an event, they are safe for the 
next century (Mount 1995). Because of the 
potential for misunderstanding, the US Army 
Corps of Engineers has begun to use the termi-
nology of “percent exceedance” (Hickey et al. 
2002) with the “1% exceedance floodplain” cor-
responding to the “100-year floodplain.” How-
ever, the term “100-year flood” is well estab-
lished among planning professionals and in the 

(Nanson and Croke 1992; Knighton 1998, Wohl 
2010[AQ]).

Hydrologic/Hydraulic

A hydraulic floodplain is a surface inundated by 
a defined flood recurrence interval (i.e., has a 
certain probability of flooding in any given 
year) from yearly (Wolman and Leopold 1957) 
to much longer periods, often 100 years or 
greater (Alexander and Marriot 1999). This 
definition is often used by hydrologists and 
engineers (Nanson and Croke 1992). The term 
“active floodplain” has been used to describe 
the area inundated by floods with a broad range 
of recurrence intervals, whether or not that sur-
face is alluvial. An alluvial surface is created by 
the actions of the river, such as sediment depo-
sition (Alexander and Marriot 1999).

[AQ: 
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FIGURE 1.2 Global watersheds with river systems discussed in this book (Nature Conservancy 2016).
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introduction to temperate floodplains     5

quently and for long durations, as is the case for 
many large river systems in the tropics (Bayley 
1989a; Junk et al. 1989). The timing and pre-
dictability of flooding are also important ecologi-
cal variables that shape floodplain ecosystems 
and the extent to which species have specific 
adaptations for using floodplains. Flooding can 
be fairly predictable, as in California’s seasonal 
climate, or highly erratic, as in southern Aus-
tralia’s aseasonal climate. This has led Wine-
miller (2004) to place floodplain ecosystems 
into three basic categories: tropical seasonal, tem-
perate seasonal, and temperate aseasonal.

Tropical seasonal floodplain ecosystems have 
massive rainy-season floods that inundate huge 
tracts of forest and other habitat on a predictable 
basis for months at a time. Classic examples are 
the extensive floodplains of the Mekong and 
Amazon rivers and their tributaries. Due to our 
emphasis on temperate systems, we do not 
focus on this floodplain type, even though it 
encompasses some of the largest and most stud-
ied floodplain ecosystems (see box 1.1).

Temperate seasonal floodplain ecosystems 
make up the majority of floodplains in temper-
ate regions. In these systems, flooding tends to 
predictably occur within a specific season 
although the exact timing and extent of flood-
ing may vary tremendously among years and 
between river systems. In more northern areas, 
seasonality is driven by snowmelt, while in 
Mediterranean regions seasonality is driven 
more by rainfall, sometimes in combination 
with snowmelt from mountains.

Temperate aseasonal floodplain ecosystems 
are found in areas where large rain storms can 
occur during any month of the year, but often 
have long periods between events. Winemiller 
(2004) notes that the Brazos River, Texas, 
United States, and the Murray-Darling system 
in Australia are examples of aseasonal flood-
plain rivers.

Ecogeomorphic

In this book, we use a definition of floodplain 
that combines geomorphic and ecological 

popular media, so it remains in common usage. 
The designation of the 100-year floodplain still 
strongly influences patterns of development in 
the United States; within designated 100-year 
floodplains, owners of structures with federally 
backed mortgages are required to hold a flood 
insurance policy (Sheaffer et al. 2002; Pinter 
2005). Such policies are administered by the 
National Flood Insurance Program (NFIP), 
which is part of the Federal Emergency Man-
agement Agency (FEMA). The process of delin-
eating the 100-year floodplain involves consid-
erable uncertainty due to extrapolations from 
short hydrological records (often less than 100 
years) and because runoff patterns have high 
variability, which is affected by climate change 
and land-use changes (Milly et al. 2008). 
Because each new flood provides a new data 
point, the mapped extent of the 100-year flood-
plain often expands after a major flood event, as 
it did in regions of California following floods 
in 1986 (Mount 1995) and again in 1997. The 
extent of the 100-year floodplain will likely 
expand in many regions as climate change 
increases flood magnitudes (Kundzewicz et al. 
2008).

Ecological

From an ecological perspective, floodplains are 
low-lying areas along rivers that support ecosys-
tems with biological and physical characteris-
tics that are strongly influenced by the dynamic 
hydrograph of the river. Floodplains serve as an 
interface between aquatic and terrestrial envi-
ronments during inundation events (Seavy et 
al. 2009). Floodplain ecosystems have often 
been considered equivalent to riparian wet-
lands or “bottomland” forests, or as ecosystems 
that incorporate riparian forests, wetlands, and 
floodplain waters such as oxbow lakes (Mitsch 
and Gosselink 2000; Naiman et al. 2005). 
Temperate floodplains often support a high 
percentage of the biodiversity in a region, espe-
cially of vertebrates (Hauer et al., 2016).

Much of the ecological literature on flood-
plains emphasizes areas that are inundated fre-
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6     introduction to temperate floodplains

In the spirit of novel ecosystems and recon-
ciliation ecology, we consider ecogeomorphic 
floodplains to encompass all areas that are peri-
odically inundated by river flows, regardless of 
return intervals, including areas that would 
have been flooded prior to human changes. 
These areas include seasonal floodplain sur-
faces and features such as wetlands, oxbow 
lakes, ponds, and side channels as well as habi-
tats that are often considered to be terrestrial, 
such as agricultural fields and riparian forests, 
which are periodically inundated at low fre-
quencies. This definition approximates the 
definition of an active floodplain (Alexander 

definitions. We consider floodplains to be fea-
tures that are formed and influenced by rivers 
and upon which biophysical processes and eco-
systems operate. The geomorphic processes 
influence the characteristics of the ecosystem 
present, while ecosystem characteristics alter the 
way the geomorphic processes work. We high-
light seasonal floodplains along lowland rivers, 
generally those with broad alluvial valleys. Such 
floodplains often feature highly productive and 
diverse ecosystems and they tend to be the focus 
of management, both for values that depend on 
flooding, such as fish and waterfowl, and for 
keeping people and crops safe from flooding.

In some respects, it is easier to define the scope of 
this book by the floodplain systems that are largely 
(but not entirely) excluded from it: those of tropi-
cal rivers, ephemeral desert streams, boreal riv-
ers, and alpine streams. These systems are fasci-
nating and some are well studied. Each is briefly 
discussed here for clarification.

Tropical rivers have by far the largest flood-
plains in the world. Because infrastructure devel-
opment (dams and levees) is relatively recent in 
tropical zones, most tropical rivers and flood-
plains are still largely connected, although that is 
changing (Dudgeon 2000; Opperman et al. 2015). 
These river-floodplain systems, such as the Ama-
zon, Mekong, Ganges, Niger, and Congo, support 
some of the most species-rich and productive 
ecosystems in the word, including a high percent-
age of the world’s freshwater fishes and fisheries. 
Annual flooding typically lasts for months and 
floodplain forests and fisheries thrive as a result 
(Lowe-McConnell 1975; Goulding 1980; Hogan  
et al. 2004). In Africa, some subtropical rivers 
have a slow cycle of annual flooding and strong 
interactions between large mammals and the 
aquatic ecosystem. A prime example is the  
Okavango Delta, in Botswana (Mosepele et al. 
2010; chapter 3). Many tropical and subtropical 
rivers are now being altered by water infrastruc-
ture development, such as large hydropower 
dams, which disrupt fish migrations, reduce forest 
flooding, and alter other ecological processes 

(Dudgeon 2000; Ziv et al. 2012; Winemiller et al. 
2016).

Ephemeral desert streams floodplains have 
been omitted largely because flooding occurs only 
for short periods, so floodplain dynamics are 
often quite different from those in other river sys-
tems. These systems have been well studied by 
desert-oriented stream ecologists (Grimm and 
Fisher 1989; Heffernan 2008).

Boreal rivers, mostly near or above the Arctic 
Circle, are important floodplain rivers, but their 
dynamics are different enough from temperate 
rivers that we found it hard to include them (e.g., 
Yarie et al. 1998; Durand et al. 2011). Key factors in 
the floodplain geomorphology and ecosystem 
characteristics of boreal rivers include permafrost 
in floodplain soils, timing of ice breakup, and the 
effects of sudden releases of water and ice from 
ice dams (Peters et al. 2016).

Alpine streams are mostly in steep canyons 
with confined channels providing little room for 
floodplain development. Mountain meadows, 
however, are miniature floodplains (chapter 5) 
that occur in lower gradient reaches. These mead-
ows are wetland systems that have disproportion-
ate importance compared to their surface area. 
For example, in the Sierra Nevada of California 
and Nevada, meadows are “hot spots” of biodi-
versity, attenuate floods, collect sediment, store 
water, improve water quality in streams, and 
sequester carbon (Purdy et al. 2012).

BOX 1.1 • Excluded Floodplain Systems
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introduction to temperate floodplains     7

ries of conversion and narrowly focused man-
agement, temperate floodplains around the 
world have been converted from periodically 
flooded ecosystems to other land uses, contrib-
uting to dramatic declines in f loodplain-
dependent biotas. A review by Benke (1990) 
concluded that the Yellowstone River is the only 
major river (>1000 km long) in the United 
States that is not significantly altered by dams, 
levees, and navigation infrastructure. Dynesius 
and Nisson (1994) reported that almost 80% of 
the discharges of the 139 largest rivers in North 
America and Europe are regulated to some 
extent by dams. Grantham et al. (2014) noted 
that in California alone there were over 1400 
large dams and thousands of smaller ones that 
could influence the floodplains below them. In 
a review of trends in floodplains around the 
world, Tockner and Stanford (2002, p.324) 
describe a “dismal prognosis” because flood-
plains continue to be changed and degraded at 
a faster rate than any other wetland type.

Despite changes to nearly all rivers and 
floodplains in temperate systems, some rivers 
do retain large areas of fairly natural flood-
plains. For example, the lowland floodplain 
reaches of the Volga River (Russia) still have a 
fairly natural flow regime, although a cascade 
of upstream dams have contributed to a loss of 
sediment supply and to channel incision. Gór-
ski et al. (2011) studied the Volga to understand 
how fish use natural floodplain habitats that 
have been lost elsewhere. Similarly, Moyle et al. 
(2007) studied floodplain use by fishes in the 
Cosumnes River, one of the few free-flowing 
rivers left in California (chapter 13), to under-
stand how native fish would have used the once 
extensive floodplain habitats of California’s 
Central Valley[AQ]. But even the Cosumnes 
River, with its natural flow regime, is a novel 
ecosystem because much of the floodplain is 
farmed and a high proportion of the biota is 
nonnative. This book draws on studies from 
fairly natural floodplains such as these, and 
also on research that illuminates the value of 
truly novel floodplain ecosystems, such as 
managed flood bypasses.

[AQ: Please 

check the 

usage of both 

“fish” and 

“fishes” as 

plural form. 

Could one be 

used 

throughout 

for consist-

ency? Or is 

“fish” used 

for plural of 

one species of 

fish and 

“fishes” for 

different 

species of 

fish?]

and Marriot 1999) and is a broader definition 
than has usually been applied to floodplains 
(Bay Institute 1998; Mitsch and Gosselink 
2000).

ON THE NEED TO STUDY FLOODPLAIN 
ECOSYSTEMS

Floodplain ecosystems received very limited 
study prior to the 1970s, with scientific interest 
confined to the relatively small community of 
geomorphologists—researchers who had long 
known that any inclusive definition of a river 
channel should include the floodplain (e.g., 
Wolman and Leopold 1957). In contrast, a large 
body of floodplain research related to hydrology 
was generated by engineers looking for ways to 
prevent flood waters from reaching floodplains 
and damaging built and agricultural land-
scapes. These engineering studies began in 
Europe in the seventeenth and eighteenth cen-
turies and were conducted to inform the con-
struction of flood-control infrastructure, and 
the Chinese have been studying and building 
projects to manage floods for thousands of 
years (Wu et al. 2016). Due to this infrastruc-
ture, most large rivers in temperate latitudes 
were disconnected from their floodplains prior 
to broader scientific study (Benke 1990; Bayley 
1991; Dynesius and Nilsson 1994). Commonly, 
channels were straightened and armored and 
multichannel systems were converted to single 
channels, with little attention paid to effects on 
the biota (Ward and Stanford 1995; Brown 
1998; Ward et al. 2001; Florsheim and Mount 
2002, 2003; figure 1.3).

Because intact temperate river-floodplain 
systems are rare, it was difficult for scientists, 
let alone planners and decision makers, to 
appreciate the diversity and productivity of nat-
ural river-floodplain systems. In part because of 
this lack of understanding, river management 
and restoration efforts have seldom attempted 
to replicate the variability of natural processes 
or the full range of habitats found in complex 
river-floodplain systems (Poff et al. 1997; Ward 
et al. 2001). As a result, after decades to centu-
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examine how functioning floodplains can con-
tribute to flood-risk reduction (Haeuber and 
Michener 1998; Conrad 2004; Opperman et al. 
2009). Because of this, floodplain restoration is 
emerging as a strategy not only to improve envi-
ronmental health, but also as something that 
can reduce impacts of flooding to cities and 
farms. This book merges these views of flood-
plains, approaching them as interacting bio-
physical and socio-ecological systems (sensu 
Gunderson 2001). We posit that sustainable 
management of floodplains must be predicated 

Only in recent decades has such scientific 
research begun to illuminate what naturalists 
have known for hundreds of years, and what 
many rural societies living near or on flood-
plains have known for millennia: floodplains 
are complex systems of immense ecological, 
cultural, and economic value (Junk et al. 1989; 
Opperman et al. 2013). Simultaneously, hydrol-
ogists, engineers, planners, and floodplain 
managers have begun to question strict reli-
ance on structural approaches to flood manage-
ment (i.e., “flood control”) and have begun to 

FIGURE 1.3 Distribution of floodplain habitat types in the Sacramento Valley: (A) historical and (B) current (Bay Institute 1998; 
Gesch et al. 2002; CalAtlas 2012).
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on management challenges and solutions in 
temperate floodplains.

The third section of the book (chapters 
12–14) provides an in-depth case study of a 
temperate floodplain region, California’s Cen-
tral Valley. This section focuses on one specific 
floodplain region to illustrate how human activ-
ities have changed floodplains over time and 
how those changes affect ecosystems, physical 
processes, and associated risks and benefits to 
people. Central Valley floodplains are among 
the most studied temperate floodplains and 
they offer many examples of new approaches 
that managers and scientists are taking to 
reduce flood risk while restoring floodplain 
ecosystems.

CONCLUSIONS

Floodplains on large rivers in temperate regions 
are gaining a new appreciation by many people 
from natural historians and ecologists to engi-
neers and flood managers. In many places, 
efforts are being made to reconnect river chan-
nels to their floodplains, although most such 
projects are small compared to what has been 
lost. There is some urgency to expand these 
efforts because many highly valued floodplain-
dependent species, such as cranes and salmon, 
are in danger of extinction in the wild. Fortu-
nately, there is also growing realization that 
restoring functional floodplains is often valua-
ble from a f lood-management perspective, 
especially in the face of climate change. These 
trends illustrate the potential benefits of recon-
ciled floodplains, in which people work with 
natural processes rather than constantly fight-
ing them. This book is an introduction to this 
new paradigm.

on understanding how they function as bio-
physical systems. Conversely, achieving the 
most benefits from floodplains as biophysical 
systems requires understanding how biophysi-
cal processes can be reconciled with manage-
ment of f loodplains as socio-ecological 
systems.

A review of floodplain forms and functions, 
integrated with a discussion of management 
for multiple purposes, is timely because studies 
of temperate floodplain ecology are beginning 
to coalesce around common themes, and 
because temperate floodplains are presently the 
subject of large-scale restoration and new man-
agement approaches. In addition, climate 
change is increasing variability in the amount 
and timing of precipitation in most areas, 
increasing the likelihood of major f loods. 
Therefore, this is an opportune time for an in-
depth review that can immediately be put to 
use by project designers and managers.

TOPICS COVERED IN THIS BOOK

The first section of the book (chapters 2–8) 
focuses on the complexity of floodplains as bio-
physical systems, with chapters on floodplain 
hydrology, geomorphology, biogeochemistry, 
ecology, floodplain food webs, and vertebrates.

The second section of this book (chapters 
9–11) examines how these biophysical proc-
esses produce a set of ecosystem services that 
provide value to society. In these chapters, we 
describe how water and floodplain manage-
ment can either diminish or enhance the value 
of these services, with a specific focus on how 
floodplains can be integrated into flood-risk 
management, as “green infrastructure.” This 
section concludes with a series of case studies 
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mental hydrologic processes and attributes of 
lowland floodplain river systems. Thus, this 
chapter focuses primarily on unaltered hydro-
logical processes. The effects of anthropogenic 
changes to hydrology are considered in subse-
quent chapters.

This chapter

1. defines attributes of lowland floodplain 
hydrology and focuses on key attributes 
such as connectivity, magnitude, fre-
quency, duration, timing, rate of change, 
and residence time;

2. describes the various sources of floodplain 
water and how heterogeneous sources of 
water influence floodplain processes; and

3. discusses feedbacks between floodplain 
hydrology and geomorphic and ecological 
processes.

In the next chapter, we follow these interre-
lated themes to more fully show how hydrology 
affects floodplain geomorphology, and how 
hydrology and geomorphology create the tem-
plate for ecosystem processes.

Hydrology has been described as 
“by far the single most important driving 

variable in floodplains” (Tockner and Stanford 
2002). River flows control the processes of ero-
sion and deposition that create f loodplain 
topography—the template upon which distinc-
tive habitats, such as riparian forests, develop 
(Poff et al. 1997; Ward et al. 2002). Groundwa-
ter beneath the floodplain surface strongly 
influences the development of vegetative com-
munities and other ecosystem processes 
(Faulkner et al. 2012). Hydrological processes 
also structure floodplain ecosystems by control-
ling patterns of connectivity, residence time, 
and the flows that allow exchange of organ-
isms, carbon, and nutrients between segments 
of the landscape (Wiens 2002). This chapter 
provides an overview of floodplain hydrology. 
Because of its underlying role in floodplain pro-
cesses, hydrology is also interwoven into all 
subsequent chapters.

Although many temperate f loodplains 
across the world are characterized by modified 
hydrology, effective floodplain management 
and restoration requires understanding funda-

TWO

Hydrology
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12     hydrology

channel are largely inf luenced by riverine 
hydrological attributes, including magnitude, 
frequency, duration, timing, and stage (Poff et 
al. 1997). The attribute of connectivity facili-
tates this relationship between river flows and 
floodplain flows (Amoros and Bornette 2002; 
Brierley et al. 2006). Other attributes of flood-
plain hydrology reflect the interaction of flow 
with floodplain topography, such as the areal 

ATTRIBUTES OF FLOODPLAIN 
HYDROLOGY

Floodplain hydrology is characterized by a wide 
range of interrelated attributes that affect flood-
plain processes and ecology (box 2.1) and these 
attributes ref lect the inf luence of diverse 
sources of water to the floodplain. For example, 
floodplain flows derived from the main river 

GENERAL ATTRIBUTES

connectivity Linkages and pathways for flows 
within and between channels, floodplain 
surfaces, and hyporheic zones.

temporal variability Hydrologic variability 
across a range of timescales, including single 
storm events, as well as climatic patterns and 
changes across diel, seasonal, annual, 
inter-annual, decadal, century, millennial, or 
longer scales; can be cyclic or stochastic.

spatial variability Hydrological patterns and 
changes that vary across floodplains based on 
water sources and topographic and vegetation 
patterns.

SURFACE ATTRIBUTES (SPATIALLY  
AND TEMPORARILY VARIABLE)

flow magnitude (discharge) Volume of 
water per unit time; the magnitude of flow on a 
floodplain can be a combination of flow 
contributed from variable sources.

flow stage Water surface elevation that varies 
spatially with location in channels and irregular 
floodplain topography and varies temporally 
during the passage of a flood wave.

areal extent Measure of the geographic area of 
flooding at a given time period.

depth Vertical extent of inundation.

frequency Number of times over a given 
interval of time that a given flow magnitude or 
floodplain inundation occurs; recurrence 
interval.

residence time Length of time that a given unit 
of water remains in a given place and thus 
reflects the exchange rate of water at that 
place. Residence time can be calculated in 
many ways. One simple method is dividing the 
volume of the area of interest (e.g., floodplain 
extent) by the flow rate.

duration Length of time that a given floodplain 
surface or water body is inundated. Duration 
differs from residence time in that duration 
refers more simply to the amount of time that 
a given area is inundated; an area can have 
long duration of inundation by water with 
either very long residence time (e.g., a pond) 
or very short residence time (e.g., a channel).

timing Dates of occurrence of floodplain flow or 
inundation, such as timing of cyclic seasonal 
floods.

SUBSURFACE ATTRIBUTES (SPATIALLY 
AND TEMPORARILY VARIABLE)

hyporheic flow Shallow groundwater flow 
beneath the floodplain.

water table The top of the zone of saturation; 
the elevation of the surface of hyporheic 
floodplain water.

soil moisture Water content of floodplain 
sediment and soil above the water table.

bank-full flow Surface flow discharge in a 
channel when filled roughly to the top of the 
bank (see chapter 3).

baseflow Low flow discharge in channels 
between storms.

BOX 2.1 • Attributes of Floodplain Hydrology: A Glossary
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water processes. This transfer of water facilitates 
the transfer of energy and materials—including 
sediment, wood, and living organisms—across 
the same flow pathways. Ward (1997), Ward and 
Stanford (1995), and Brierley et al. (2006) define 
riverine connectivity as energy transfer within 
riverine landscapes across three spatial dimen-
sions, longitudinal (up and downstream), lateral 
(from channel to f loodplain), and vertical 
(between surface and subsurface).

Longitudinal Connectivity

Longitudinal connectivity occurs when river 
flow is transferred along longitudinal path-
ways, upstream to downstream, within water-
sheds and is a primary driver of floodplain 
hydrological attributes and ecosystem proc-
esses. Longitudinal connectivity links a down-
stream floodplain with hydrological processes 
throughout the upstream watershed, such as 
precipitation, runoff, and discharge in tributary 
channels. By modifying flow regimes, dams 
affect this longitudinal connectivity and alter 
the movement of water, sediment, and organ-
isms through river systems, changing their 
availability to floodplains (Ligon et al. 1995; 
Kingsford 2000; Fryirs et al 2006).

Lateral Connectivity

Lateral connectivity between rivers and flood-
plains is a dominant theme in the literature on 
floodplain ecosystems (Junk et al. 1989). Resto-
ration of floodplain ecosystems often requires 
reestablishing lateral connectivity between 
main channels and floodplains to reinitiate 
flows of water, sediment, and organisms. The 
importance of lateral connectivity to geomor-
phic and ecological processes is a primary 
theme of this book and we summarize several 
projects to restore this connectivity.

Vertical Connectivity

Vertical connectivity is the connection between 
surface waters and the hyporheic zone, the 

extent and spatial variability of surface water 
inundation, flow depth (stage), velocity, dura-
tion, and residence time.

Floodplain hydrology varies temporally at 
scales ranging from diel fluctuations within indi-
vidual flood events to cyclic patterns (seasonal, 
annual, interannual, decadal, or even longer) to 
long-term climate change (Florsheim and Det-
tinger 2015). In summary, attributes of floodplain 
hydrology arise from interactions between flood-
plain topography and river flows and other sources 
of water; these interactions vary in complex ways 
within short-term events and over long-term cli-
mate patterns and changes. The resulting 
attributes of floodplain hydrology (defined in box 
2.1) can be quantified for different purposes rang-
ing from ecosystem restoration to flood control 
and management. However, these attributes are 
often difficult to quantify. Direct measurement 
over time on large, remote, and/or topographically 
diverse floodplains is logistically difficult. Because 
flow gages are sparse in much of the world, 
within-channel river flow attributes can also be 
difficult to quantify. Recent technological advances 
have improved the ability to visualize and quantify 
floodplain hydrological attributes such as inunda-
tion extent, stage, and connectivity at multiple 
spatial scales (Mertes 2002). For example, Land-
sat and other satellite-based technologies have 
allowed development of high-resolution models 
for floodplain water balance (Beighley et al. 2009) 
and flux (Alsdorf et al. 2000, 2007) in Amazon 
floodplains as well as other applications worldwide 
(Ashworth and Lewin 2012; Baki and Gan 2012; 
Gupta et al. 2012; Trigg et al. 2012; Constantine et 
al. 2014; Rozo et al. 2014).

Hydrologic Connectivity

Hydrologic connectivity is requisite for a flood-
plain that can support dynamic geomorphic 
processes and the ecological processes character-
istic of healthy, productive floodplains. From a 
purely hydrologic perspective, connectivity refers 
to transfer of water along and between pathways 
linking surface and subsurface floodplain com-
ponents through various fluvial and ground-
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channels or abandoned braids and, by raising 
the water table, increase the depth and surface 
area of floodplain water bodies (Tockner et al. 
2000; Ward et al. 2001, 2002). Flow pulses 
also increase a river’s ability to remove and 
transport wood or sediment. Flows large 
enough to inundate the floodplain are associ-
ated with many geomorphic and ecological 
processes on floodplains. Floods of varying 
magnitudes and durations are key for small- 
and large-scale floodplain geomorphic and eco-
logical processes (chapters 3, 5, and 14).

Flow Frequency

Flow frequency, or how often a flow of a partic-
ular magnitude occurs, is inversely related to 
flow magnitude, such that small flows occur 
more frequently than large floods. In lowland 
rivers, frequent small floods, recurring every 
year or so, are often very important for main-
taining floodplain ecosystems (Amoros and 
Bornette 2002). Topographically higher por-
tions of the floodplain are inundated less fre-
quently compared to lower areas, a hydrological 
gradient that strongly influences floodplain 
vegetation patterns. For example, on Passage 
Creek, Virginia, United States, the distribution 
of plant species depends on the frequency of 
exposure to destructive flooding (1996[AQ]).

Flow Duration

The duration or length of time water inundates a 
floodplain is significant for a range of ecological 
and geomorphic processes. For example, predict-
able (e.g., annual) and long-duration overbank 
flows are necessary for certain floodplain eco-
logical processes to occur—such as the accumu-
lation of productivity on floodplains to support 
fish feeding—and these long-duration flows 
form the basis for the flood pulse concept (Junk 
et al. 1989), a dominant paradigm for floodplain 
ecology (discussed in chapter 5). Geomorphic 
processes are also influenced by duration; the 
duration of flows that exceed the magnitude 
required for sediment transport from river to 
floodplain have a strong influence on floodplain 

[AQ: Is the 

year “1996” a 

reference to 

some incident 

in that year or 

should it be a 

reference 

citation?]

heterogeneous shallow aquifer underlying 
floodplain-river system. Vertical connectivity 
features recharge or “downwelling” (movement 
of water from surface to subsurface) and dis-
charge or “upwelling” (movement of water 
from subsurface to surface). Poole et al. (2008) 
expanded beyond vertical connectivity and 
introduced “hydrologic spiraling” to describe 
the three-dimensional integration of longitudi-
nal, lateral, and vertical hyporheic flow paths. 
They note that the length and location of these 
flow paths influence the residence time of water 
within the hyporheic zone along with the bio-
chemical and thermal conditions of the water 
and the biota within hyporheic habitats. Poole 
et al. (2006) suggest that common anthropo-
genic alterations to river systems tend to reduce 
complexity of hyporheic flow dynamics, and 
therefore simplify habitat and ecosystem proc-
esses. These simplifications occur both within 
the hyporheic zone and in its interactions with 
surface waters.

Flow Magnitude, Frequency, Duration, Tim-
ing, and Rate of Change

Geomorphic and ecological processes on flood-
plains are strongly influenced by attributes of 
the river flow regime, including the magnitude, 
frequency, duration, timing, and rate of change 
of the surface water flow (Poff et al. 1997).

Flow Magnitude

Most of the literature on flow magnitude has 
focused on floods that inundate the flood-
plain—by definition flows greater than bank-
full—but river flows at or below bank-full also 
strongly influence floodplain processes. For 
example, baseflows throughout the year, includ-
ing annual minimum flows, influence the 
water table on the floodplain with important 
consequences for floodplain water bodies and 
vegetation (Poff et al. 1997; Shafroth et al. 
1998, 2000). As flow magnitude rises, flow 
pulses (those flows above baseflow but still 
below bank-full) can reinitiate flow in side 
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duration refers more simply to the amount of 
time that a given area is inundated; an area can 
have long duration of inundation by water with 
either very long residence time of water (e.g., a 
pond) or very short residence time of water 
(e.g., a drainage channel with flowing water).

The residence time of water on a floodplain 
is controlled by characteristics of the flood wave 
interacting with the topography of the flood-
plain. The speed of the flood wave traveling 
down a floodplain is controlled by the valley or 
channel slope and by the elevation or stage of 
the flood water, which is a function of flow 
magnitude and valley dimensions. Where flood 
flows are topographically confined to channels 
or narrow floodplains, the restricted cross sec-
tion increases water elevation. This increase in 
elevation leads to greater velocity of the flood 
wave and reduced residence time of the flood 
pulse. In contrast, where a channel is con-
nected to a large floodplain, the expansive cross 
section leads to lower elevation and velocity, 
allowing floodplain storage, attenuation of the 
flood wave, and longer residence time of water 
on the floodplain. Floodplain vegetation can 
also slow water velocities and increase resi-
dence time (Welcomme 1979). Residence time 
tends to be longest in the topographically low-
est portions of floodplains, such as depressions, 
wetlands, and former channels (Naiman et al. 
2005). In addition to surface connections 
between a river’s channels and floodplains, 
subsurface connections influence residence 
time (Tockner et al. 1999).

SOURCES OF FLOODPLAIN WATER

The integration of individual hydrological 
attributes (box 2.1) can be referred to as the 
floodplain’s “flow regime.” A floodplain’s flow 
regime reflects the aggregation of water com-
ing from diverse sources, including the main 
channel, secondary channels, tributaries, shal-
low groundwater or hyporheic zones, and direct 
precipitation. Each of these sources varies in 
terms of magnitude, frequency, duration, timing, 

morphologic changes and development of new 
floodplain landforms (Florsheim et al 2006).

Flow Timing

Because many ecological processes are sea-
sonal, such as species’ reproductive cycles, the 
timing of floodplain flows during the year also 
strongly influences processes such as vegeta-
tion establishment on new floodplain surfaces 
and the ability of juvenile fish to access flood-
plain biomass. For example, long-duration 
inundation events in the Central Valley of Cali-
fornia (United States) are most effective at pro-
moting a range of ecological benefits when they 
occur during the spring (chapter 14; Williams 
et al. 2009).

Flow Rate of Change

The rate of change—or how quickly flow mag-
nitude increases or decreases—on a floodplain 
affects both plants and animals. For example, 
terrestrial animals are more likely to find ref-
uge during floods that rise slowly compared to 
a rapidly rising flood. Similarly, fish are less 
likely to get stranded on the floodplain with a 
slow rate of draining. Successful establishment 
of many riparian tree species, such as cotton-
wood (Populus spp.), requires that the rate of 
decline of the water table (controlled largely by 
the rate of change of flow depth in the river 
channel) does not exceed the ability of seedling 
root growth to keep pace with the declining 
water table (Mahoney and Rood, 1998).

Residence Time of Water

The residence time of water—the rate at which 
water moves through a floodplain—exerts a 
strong influence on physical and ecological 
processes. As discussed in the chapters on eco-
logical processes (chapters 5–8), the residence 
time of water on the floodplain strongly influ-
ences water quality (e.g., turbidity), biogeo-
chemical processes, and ecological processes, 
such as primary and secondary productivity. 
Residence time differs from duration in that 
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tions to the floodplain. Jones et al. (2008) 
found that, similar to surface flows, the direc-
tion of floodplain subsurface flows varied sea-
sonally across the floodplain. Many factors 
influence the subsurface flow direction includ-
ing main channel flow stage, tributary flow 
contributions, and the location and direction of 
hyporheic exchange.

Baseflow in the main river channel has a 
major influence on floodplain hyporheic flows, 
which in turn has important consequences for 
floodplain water bodies and vegetation (Poff et 
al. 1997; Shafroth et al. 1998, 2000). Flows 
greater than baseflow, but still below bank-full, 
raise the floodplain water table, increase the 
depth and surface area of floodplain water bod-
ies, and can initiate flow in abandoned or side 
channels (Tockner et al. 2000; Ward et al. 
2001; Ward et al. 2002). Conversely, when the 
groundwater (hyporheic) level in the floodplain 
is higher than the water surface in the channel, 
hyporheic water held in alluvial sediments 
flows into the river to support baseflows.

Flood Pulse

During a flood pulse, river stage rises and fills 
the channel until it reaches the top of the chan-
nel bank, sometimes referred to as the “flood-
plain lip.” After filling the channel from bank 
to bank, a continued rise in stage results in 
water flowing over the bank and initiating 
“overbank” flow on the floodplain (Wolman 
and Leopold 1957; Leopold et al. 1964; Slinger-
land and Smith 1998). In addition to contribut-
ing water to the floodplain, the flood pulse also 
allows for exchange of sediment, nutrients, and 
aquatic biota between channels and floodplains 
(Junk et al. 1989). In many natural floodplain 
systems, overbank flows occur frequently, on 
the order of every year or two. However, over-
bank flows may occur less frequently in rivers 
that are highly modified anthropogenically, 
such as rivers where flow is regulated by dams 
or where channels are incised.

Once overbank flows begin, the pattern of 
flooding can be complex. In natural river-

and rate of change and so the floodplain flow 
regime varies based on the proportional 
contributions of these sources over time and 
interactions with floodplain landforms and veg-
etation. Here we draw on the variable source 
area concept of Dunne and Leopold (1978)—a 
concept that is well established in hydrology to 
describe processes and sources that contribute 
flow to stream channels—to illustrate the com-
plexity of sources contributing to lowland river 
floodplain hydrology (figure 2.1).

In this section, we describe the various 
sources in the general sequence in which they 
contribute water to the floodplain, beginning 
with the input of water from direct precipita-
tion. We then review interactions of floodplain 
surface and subsurface flows within the flood-
plain hyporheic zone and then the input of 
water from tributaries. Finally, we describe the 
flood pulse, the rise of water along main and sec-
ondary channel banks and onto the floodplain. 
These variable sources of water, and their inter-
actions, contribute to the complexity of biophys-
ical conditions and processes on floodplains.

Direct Precipitation

Rainfall during storms provides a source of mois-
ture to floodplain soils and may raise the water 
level in floodplain wetlands. When rainfall inten-
sity exceeds the infiltration rate in soils, or when 
a clay layer impedes infiltration of water into the 
floodplain sediment, direct precipitation can pro-
duce surface water on the floodplain prior to the 
entry of hyporheic water or river flows.

Hyporheic Flow Contributions

The hyporheic zone is an important source of 
water to floodplains and one that supports dis-
tinct ecological processes. Working on the Dan-
ube River in Austria, Tockner et al. (1999) 
reported that the hyporheic zone was the first 
source of water to contribute flow on the flood-
plain: water seeping from the hyporheic could 
begin to fill low areas of the floodplain during 
periods when the river lacked surface connec-
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Some tributaries flow across floodplains to join 
main rivers and can either subsidize or take 
f low from the f loodplain hyporheic water 
depending on their relative water levels. Tribu-
taries don’t always connect directly to the main 
river channel because a barrier, such as a natu-
ral levee, blocks the flow. In such cases, tribu-
tary flows often contribute directly to the flood-
plain surface flow. For example, prior to human 
modifications, the floodplain of the Yolo Flood 
Basin in Central California, United States, was 
separated from the Sacramento River by a natu-
ral alluvial levee (Gilbert 1917). Flows from 
tributaries spread across the floodplain where 
they merged with flood flows entering the flood 
basin from the main river through upstream 
connections (Florsheim et al. 2011).

Variable Hydrologic Sources and 
Floodplain Processes

The variable sources of floodplain water and 
their interactions contribute to the complexity 
of biophysical processes on floodplains. Moreo-
ver, diverse sources of water, changing over 
time and interacting with floodplain topogra-
phy, can result in a broad range of floodplain 
water quality characteristics such as tempera-
ture, turbidity, and nutrient levels. Within the 
Alluvial Zone National Park of the Austrian 
Danube, for example, maximum and mini-
mum summer water temperatures within vari-
ous floodplain water bodies vary by as much as 
16°C, reflecting variable sources of water (e.g., 
river, tributary, groundwater; Ward et al. 2002). 
During floods, the balance and timing of water 
from different sources influence floodplain 
water quality. In the Yolo Bypass in California, 
an engineered floodplain (see chapter 13), 
inflow from tributaries continues to provide 
additional nutrients to floodplain waters even 
as the floodplain flow begins to drain back into 
the primary source of water, the Sacramento 
River (Schemel et al. 2004).

Due to a diversity of water sources, flood-
plains can become inundated even during peri-
ods when river stages are not sufficient to pro-

floodplain systems with irregular topography, 
overbank flow begins at multiple low elevation 
points along the floodplain-channel boundary, 
resulting in floodplain inundation that is ini-
tially heterogeneous spatially. This incipient 
flood water from the main river then mixes 
with local water already present on the flood-
plain, including water derived from direct pre-
cipitation and tributary inflows (Mertes 1997). 
Large natural floodplains often have multiple 
channels through them, increasing the com-
plexity of inundation processes. A network of 
channels can cross the floodplain at various 
elevations and these channels convey flow from 
upstream and into the floodplain at a range of 
river flow magnitudes. Because of these com-
plex channel forms, a given patch of floodplain 
may receive surface flow initially from a sec-
ondary channel that flows through the flood-
plain prior to receiving lateral flow from the 
immediately adjacent river channel. Bidirec-
tional flow can occur even in a single floodplain 
channel depending on relative flow stages. For 
example, in floodplain rivers with complex 
morphology—such as the Middle Fly River 
(Papua New Guinea), the Lower Mississippi 
River and Birch Creek, Alaska (United 
States)—Rowland et al. (2009) describe “tie” 
channels that carry flow from the main chan-
nel into floodplain lakes during rising river 
stages; during falling river stages, the tie chan-
nels carry flow from the lake back to the main 
channel.

Tributary Flow

Tributaries entering alluvial valleys may inter-
act with floodplains in several ways. Some trib-
utaries terminate in alluvial fans at the junc-
tion with the main river such that stream flow 
infiltrates into the floodplain and fan sediment 
assemblage, becoming subsurface flow that can 
contribute to the floodplain hyporheic water. 
An example of this can be found in the Navarro 
River of northwestern California (United 
States), where small tributaries join the river’s 
discontinuous floodplain (Florsheim, 2004). 
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charge, increasing erosion of the channel bed. 
Fine sediment fractions are more likely to be 
transported downstream, leading to local bed 
material coarsening or incision. Disconnection 
from the floodplain and resultant increased in-
channel scour can be detrimental to riverine 
biota. For example, high flows can scour out 
salmon eggs buried in gravel (Hall and Wiss-
mar 2004) and displace fish, invertebrates, and 
other aquatic organisms. Leveed rivers often 
incise, creating a deep channel through which 
water can move rapidly, with very little habitat 
for invertebrates, fish, and birds. This process 
of channel incision reduces the hydrological 
connection between the channel and floodplain 
because a larger volume of water is needed to 
initiate surface flow on the floodplain. Due to 
this process of incision, levee removal as part of 
a floodplain restoration project may not always 
lead to more frequent surface connectivity, thus 
increasing the challenge of reinitiating flood-
plain processes (Williams et al. 2009).

CONCLUSIONS

Floodplain hydrology is variable and dynamic, 
supporting the most diverse and productive 
ecosystems on Earth. There are numerous feed-
backs between hydrological, geomorphic, and 
ecological processes on the floodplain. A flood-
plain’s geomorphic structure is the template on 
which flooding occurs and shapes how each 
flood affects the local environment. In turn, 
floods can modify the geomorphic structure of 
the floodplain. Over time, these interactions 
between dynamic hydrology and floodplain 
morphology create the diverse ecosystems that 
characterize floodplains (Stanford et al. 2005). 
Hydrological processes also influence flood-
plain ecosystems through attributes of flooding 
(e.g., timing and duration) and through the 
flows of water that mediate exchange of sedi-
ment, organisms, carbon, and nutrients among 
segments of the landscape. Subsequent chap-
ters focus on these connections between hydro-
logic, geomorphic, and ecological processes.

vide lateral overflow from the main river. As 
discussed above, the Yolo Bypass can be par-
tially inundated by smaller tributaries during 
years when it doesn’t receive water from the 
Sacramento River (Sommer, Harrell et al. 
2001). Tributary inflow, hyporheic flows, and 
direct precipitation strongly influence the sub-
sequent hydrological interactions between the 
primary river and floodplain. Prior inundation 
by various sources can affect the extent to 
which main river flows extend laterally on to 
the floodplain, with important implications for 
geomorphic and ecological processes (Naiman 
et al. 2005). Inputs from groundwater and rain 
can maintain intermittent floodplain water 
bodies for much longer than can be achieved 
solely through surface connections with the 
main river (Benke 2001). Thus, these alternate 
sources of water increase the complexity of spa-
tial and temporal hydrological patterns on a 
floodplain beyond that provided by the primary 
river.

FEEDBACK BETWEEN HYDROLOGY AND 
GEOMORPHIC AND ECOLOGIC 
PROCESSES

While this chapter emphasizes how riverine 
hydrology influences conditions and processes 
on the floodplain, presence of a floodplain also 
influences conditions and processes within a 
river channel. The floodplain accommodates 
river flows in excess of channel capacity. Over-
flow onto the floodplain limits the increase of 
stage in the channel, and thus limits the shear 
stress that is exerted on the channel bed and 
banks. In essence, the floodplain relieves pres-
sure on the channel, slowing the increase in 
shear stress with increasing discharge. In some 
cases, this may permit a wider range of sedi-
ment grain sizes to remain on the bed than if 
the floodplain were not connected. When rivers 
are disconnected from their floodplains by 
levees, this “relief” function no longer occurs 
(unless the levee fails or is overtopped) and 
flow depths continue to increase with dis-
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devoted to river classification, large lowland riv-
ers tend to have more developed floodplains 
than smaller upland rivers and have been more 
extensively studied. This chapter describes (a) 
floodplain surface development, (b) channel and 
floodplain erosion, (c) floodplain topography, 
and (d) floodplain classification. Box 3.1 provides 
a glossary of terms used in this chapter.

Here we focus primarily on unaltered geo-
morphic processes; subsequent chapters 
describe anthropogenic changes to the proc-
esses that shape floodplains, and the implica-
tions for floodplain management and reconcili-
ation. Although this book focuses on temperate 
floodplains, there are many more examples of 
unaltered large river floodplain systems in the 
subtropics and tropics. Because temperate and 
tropical floodplains are shaped by similar geo-
morphic processes, we draw on examples from 
tropical rivers when needed.

FLOODPLAIN SURFACE DEVELOPMENT

Several fluvial processes contribute to develop-
ing floodplain surfaces (Nanson and Croke 

A river and its floodplain are one 
integrated system where the river’s geomor-

phic processes erode, transport, and deposit sedi-
ment and organic material to create the morphol-
ogy that underpins f loodplain ecosystems. 
Floodplain geomorphology is controlled by a vari-
ety of factors including geologic setting, sediment 
supply rate, characteristics of sediment, transport 
capacity of the river, and flow regime (Nanson 
and Croke 1992; Poff et al. 1997; Knighton 1998; 
Bridge 2003). The geology and hydrology of the 
upstream watershed also strongly influence the 
downstream floodplain geomorphology.

Research on floodplain geomorphology gen-
erally addresses floodplains from the perspec-
tive of the dynamic processes that form them 
and has greatly expanded in the past several dec-
ades (Carling and Petts 1992; Anderson et al. 
1996; Brown 1997[AQ]; Petts 1998; Marriott 
and Alexander 1999; Bridge 2003; Freitag et al. 
2009; Ritter et al. 2011; Hudson and Middlek-
oop 2015). This chapter provides a basic back-
ground for understanding floodplain geomor-
phology, primarily for large lowland floodplain 
rivers. As described in the section of this chapter 
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GENERAL ATTRIBUTES

lateral accretion Addition of sediment to a 
floodplain surface laterally, usually through the 
sediment deposition on point bars.

vertical accretion Addition of sediment to a 
floodplain surface vertically, through settling 
out of sediment carried in overbank flows.

bank-full (stage) The water surface elevation 
that comes to the top of the river banks.

stream power A measure of the energy of 
flowing water often used to quantify the ability 
of flow to move sediment; it is defined as 
channel discharge (Q), multiplied by channel 
slope, multiplied by the specific weight of 
water.

CHANNEL PATTERNS

sinuosity A measure of the “curviness” of a 
meandering river; the ratio of the length of the 
channel centerline divided by the straight-line 
distance between the same upstream and 
downstream endpoints.

straight Channel with little sinuosity 
(sinuosity ≈1.0).

meandering Channel with bends that alternate 
from side to side; sometimes called a sinuous 
channel. Closely related to meandering, point 
bars are accumulations of bed material 
forming the convex bank on the inside of a 
meandering river bend.

braided Channel with multiple flow paths 
separated by unstable mid-channel bars, called 
braid bars, composed of the same material as 
channel bed material load; bars are lower than 
the floodplain elevation.

anastomosing Multiple channels integrated 
within a floodplain, with stable vegetated 
islands that are at the same elevation and have 
the same sediment composition as the 
surrounding floodplain.

PROCESSES

avulsion A process through which the 
primary flow of a river diverts from an 
established channel and may form a new 
stable channel in a new location on the 
floodplain.

crevasse splay Sediment deposited on a 
floodplain when sediment is transported from 
the main channel to the floodplain during an 
avulsion.

meander migration The pattern of evolution 
of a meandering river as it erodes and deposits 
and the channel progressively moves across a 
floodplain.

OTHER

levee A topographic high or berm adjacent to 
and often parallel to the channel; formed  
when overbank flow deposits sediment next  
to the channel. Natural levees slope downward 
away from the river channel over long 
distances and are often hard to detect visually, 
levees that are human-made usually have 
distinct berms.

oxbow lake Body of water formed when a 
meander bend is cut off and abandoned.

backswamp Low-lying wetland areas, rich in 
organic nutrients, separated from active 
channels; common in the low-gradient 
floodplains of the southeastern United States.

flood basin Low areas on floodplains beyond 
the natural alluvial levees of large river 
systems.

BOX 3.1 • Glossary of Terms Used in This Chapter

Opperman - Foodplains.indd   22 23/03/17   3:03 PM



floodplain geomorphology     23

islands in an anastomosing river are at the same 
elevation or higher than the floodplain, com-
posed of the same sediment as the surrounding 
floodplain sediment assemblages, and are inun-
dated during overbank flows. Anastomosed-
channel floodplain islands tend to be much 
wider and longer than braided channel bars. 
Individual channels in an anastomosed system 
can themselves be braided, meandering, or 
straight. Figure 3.2 shows a section of a river 
that includes examples of all the patterns.

Lateral Accretion and Channel Migration

Rivers can migrate across their floodplains (fig-
ure 3.3). Under equilibrium conditions, this 
process of channel migration deposits sedi-
ment on one side of the channel in roughly 
equal proportion to the sediment eroded on the 
opposite side such that channel width remains 
relatively constant. As a channel meanders, a 
point bar is built on the inside of the bend that 
continues to extend into the stream toward the 
outside cut bank; this bank recedes through 
erosion. As the bar grows toward the cutbank, 
older locations of the point bar become progres-
sively farther from the main channel, and also 
become higher in elevation as sediment is 
deposited. Consequently, more distal areas of 
the point bar are inundated less frequently and 
deposition is mainly of finer sediment, layered 
on top of the older and coarser deposits. This 
process of deposition during meander migra-
tion is a specific type of lateral accretion, and is 
one of the primary processes for building flood-
plain surfaces in meandering rivers. The estab-
lishment of vegetation on a point bar augments 
accretion because vegetation has high hydraulic 
roughness (Knighton 1998). Coarse channel 
deposits left behind as a channel migrates 
become incorporated into the floodplain and 
can eventually serve as preferential flow path-
ways for groundwater (see chapter 2; Naiman et 
al. 2005). The sediment and geomorphic forms 
created by river migration contribute to flood-
plain topographic features, described in a sec-
tion later in this chapter.

1992; Knighton 1998; Bridge 2003). Early 
reviews (e.g., Wolman and Leopold 1957; 
Leopold et al. 1964) emphasized two primary 
processes: (1) deposition on point bars (lateral 
accretion) and (2) deposition on floodplains 
during overbank flows (vertical accretion). On 
the rivers that they studied, generally relatively 
small meandering rivers, Wolman and Leopold 
(1957) found that much of the floodplain devel-
opment resulted from lateral accretion linked 
with within-channel deposits. On larger, low-
land rivers, floodplain development results 
from more diverse processes such as avulsion 
or deposition within channels that later become 
incorporated into the floodplain.

Floodplain geomorphic processes are closely 
associated with the processes that shape a riv-
er’s channel pattern. Therefore, before examin-
ing floodplain development processes, we pro-
vide a brief review of the major types of river 
channel patterns. An early approach classified 
channels as straight, meandering, and braided 
(Leopold and Wolman 1957). More recent clas-
sifications consider additional forms and tran-
sitional forms between these basic patterns 
(Knighton 1998). For the classification we 
describe here, we add “anastomosing” rivers to 
the earlier list. Although often regarded as sub-
set of multichanneled lowland rivers referred to 
as anabranching, we use the term “anastomos-
ing,” referring to lowland multichannel rivers, 
following Knighton (1998).

Lowland rivers may be broadly divided into 
single-channel and multiple-channel rivers 
(figure 3.1). Within those classified as single-
channel rivers, meandering rivers have alter-
nating bends and are sinuous, and so-called 
straight rivers have very little or no sinuosity; 
however, naturally straight rivers are rare. 
Braided rivers have multiple flow paths sepa-
rated by unstable mid-channel bars, while anas-
tomosing rivers have multiple channels sepa-
rated by vegetated stable islands. The bars in a 
braided system are lower in elevation than the 
floodplain, composed of the same sediment as 
the channel bed material load, and are inun-
dated by bank-full flow stage. In contrast, the 
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0.03–0.07 channel widths per year) prior to 
man-made levees and bank armoring (Hudson 
and Kessel 2000)[AQ]. Micheli et al. (2004) 
reported that long-term migration rates on the 
Sacramento River ranged from 2.8 m/year 
(0.008 channel widths per year) in the years 
1896–1946, to 4.2 m/year (0.011 channel 
widths per year) in the years 1946–1997. The 
processes of meander migration are described 
further when we discuss channel and flood-
plain erosion during flooding.

Floodplain development by lateral accretion 
and bar building also occurs on braided rivers. 
Braid-channel accretion is caused by several 
different processes that collectively develop 
floodplains on braided rivers. For example, 
braid bars can become stabilized if the primary 
braid channels shift laterally away from the bar 
(figure 3.4). Large flood events often deposit 
braid bars at high elevations; the bars are 
then not susceptible to being reworked by 
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Lateral accretion (i.e., deposition) and mean-
der migration are two different perspectives 
from which to describe the same phenomenon. 
The rate at which lateral accretion (migration) 
occurs is a function of stream power and bank 
composition (Nanson and Hickin 1986; Larsen, 
Fremier, and Greco 2006). This process is 
described further later in this chapter when we 
discuss the effect of flooding on lateral accre-
tion. The lateral extent of the floodplain, across 
which meander migration can occur, can be 
limited by restraints such as natural topo-
graphic features or constructed levees, bridges, 
and other infrastructure. A river’s migration 
rate varies greatly among years based on indi-
vidual flow events; therefore, migration rates 
are usually expressed as long-term averages. To 
compare between rivers of different sizes, it is 
useful to express migration rates in terms of 
channel widths. The Mississippi River migrated 
at a long-term rate of 45–60 m/year (roughly 

Braided channels

Single sinuous
channel

FIGURE 3.2 Brahmaputra River in central Bangladesh showing channel patterns in flood conditions in September 2014 
(A) and lower flow conditions in October 2014 (B) (after Bridge 2003; USGS 2014[AQ]).
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for Waimakariri River, a braided river in New 
Zealand [Reinfelds and Nanson 1993]) to mil-
lennia (e.g., 1300 years for the River Exe in 
Great Britain [Hooke 1980]). These processes 
are tightly coupled to ecosystem development. 
For example, meander migration creates an age 
gradient of floodplain surfaces upon which 
habitats such as forests can develop (e.g., figure 
3.5). The range in age of floodplain surfaces 
support forests in different stages of ecological 
succession (chapter 6; Salo et al. 1986; Stan-
ford et al. 2005; Greco et al. 2007).

subsequent smaller floods (Nanson and Croke 
1992). Large wood can induce deposition down-
stream of the wood, leading to development of 
a mid-channel bar (Abbe and Montgomery 
1996) or island (Edwards et al. 1999; Gurnell et 
al., 2001). Growth of vegetation in the sedi-
ment deposited behind the large wood can lead 
to further deposition of wood and sediment and 
the formation of a stable island.

Through processes of bank erosion and 
deposition, rivers can rework their entire flood-
plains over a period of centuries (e.g., 250 years 

Overbank deposition

Silt-clay bank material

Island
deposition

Point bar
deposition

Gravel

SandA

B

FIGURE 3.3 Floodplain development through lateral accretion. The channel is migrating to the left. 
Dashed lines indicate initial channel cross section. Note the upward fining in the bar progressively 
building on the right (A) and the mid-channel bar (B) that becomes incorporated into the floodplain 
(after Knighton 1998).
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diverse sources that vary in their suspended 
sediment load (Knighton 1998; Mertes 2000). 
By slowing water velocity, vegetation growing 
on floodplain surfaces increases the vertical 
accretion of fine sediment.

Bridge and Leeder (1979) reviewed existing 
literature for the long-term rates of vertical 
accretion in rivers, mostly in the United States, 
that showed a large range of variability—from 
0.0 to >3000 mm/year. For example, the Mis-
sissippi River, over a period of 30,000 years, 
had an average rate of vertical deposition of 
about 1 mm/year (Fisk 1944). Mertes (1994) 
estimated rates of vertical accretion in the 
Amazon to be 0.8–1.6 cm/day corresponding 
to annual rates of centimeters to meters of 
deposition. On the Cosumnes River, United 
States, floodplain, predisturbance Holocene 
deposition rates of up to about 3.0 mm/year 
kept pace with sea level rise and tectonic basin 
subsidence; anthropogenic disturbances 
caused a rapid increase in floodplain sedimen-
tation rates up to 25 mm/year between 1849 
and about 1920 (Florsheim and Mount 2003).

Deposition of sediment on floodplains can 
be important to the sediment dynamics of the 
entire river system. Floodplain sedimentation 

Vertical Accretion

Overbank flood waters carrying suspended 
sediment will typically leave deposits of silt and 
sand immediately adjacent to the channel 
where the water velocity first slows, while finer-
grained sediment is deposited further away 
from the channel. Vegetation and topography 
influence this basic pattern of preferential sedi-
ment size deposition (Knighton 1998). Vertical 
accretion can be a dominant mode of deposi-
tion and floodplain development in streams 
with frequent overbank flooding, a high load of 
fine sediment, and laterally stable banks that 
resist channel migration (Ritter et al. 1973). 
The contributions of vertical accretion may 
have been overlooked by early researchers 
because channel migration can rework verti-
cally accreted deposits, thus removing evidence 
of the overbank deposition (Knighton 1998).

Rates of overbank deposition can vary 
between years and spatially across a floodplain 
based on characteristics of river flows, such as 
the frequency of overbank flows, and sediment 
characteristics. Rates also depend on floodplain 
characteristics including topography, vegeta-
tion, or the interactions of flood waters from 

Bar surfaces

Vegetated
former bars

Mid-channel
barsFlowing

water

Overbank deposits

Channel fill sands

FIGURE 3.4 Floodplain development in braided channels. As the channel shifts, bars are abandoned 
and become part of the floodplain.
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FIGURE 3.5 Floodplain reworking with meander migration. This figure shows floodplains along a 
reach of the Sacramento River, United States. The floodplain surfaces represent historic channel 
locations. Colors represent floodplain age, and show extensive reworking of the floodplain by progressive 
migration (CDWR 2012).
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the sediment eroded from farm fields in the 
1920s in a Wisconsin, United States, watershed 
was stored downstream in floodplains within 
the channel network. Thus, floodplains are 
effective in sequestering sediment and thereby 
buffering effects of land-use disturbances 
(Gomez et al. 1999; Hupp et al. 2015). Resi-
dence time of sediment in floodplain storage is 
variable and depends on how frequently rivers 
can rework their entire floodplain through 
channel migration or other erosional processes. 
Floodplain storage of alluvium tends to increase 
with valley width and decreasing slope (Ritter 
et al. 2011).

How much sediment is or can be stored on 
a floodplain is an important question for land-
use managers (Dietrich and Dunne 1978; 
Brown 1987) because floodplains can accumu-
late large amounts of sediment (Bendix 1992; 
Walling et al. 1992[AQ]). Various tracers 
related to anthropogenic activities are utilized 
to document floodplain sedimentation in low-
land rivers. For example, sediment from 
hydraulic mining in the Sierra Nevada in Cali-
fornia can be identified by its high quartz con-
tent (Mount 1995). Singer and Aalto (2009) 
used 210Pb (an isotope of lead related to human 
activity) to assess overbank sedimentation rates 
in the Sacramento River’s highly altered flood-
plain system. Walling et al. (1992, 1996) used 
137Cs, a radionuclide found as fallout from test-
ing of nuclear weapons during the middle 
twentieth century, as a marker to aid in dating 
sediment strata to quantify sedimentation 
rates.

Avulsion

Avulsions are dynamic processes through 
which the primary flow of a river diverts from 
an established channel and creates a new stable 
channel across the floodplain. Avulsions are 
triggered by a combination of erosion and depo-
sition and can result in a new channel or reoc-
cupation of an older channel along with the 
creation of new floodplain surfaces. Avulsions 
occur in all types of rivers, meandering, 
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can decrease a river’s suspended sediment load. 
For example, floodplain deposition has been 
shown to be responsible for a decrease of 
20–25% in suspended sediment loads in rivers 
(Walling et al. 1996). In another example, Val-
ett et al. (2005) reported that over 90% of the 
suspended sediment in f lood waters that 
entered a floodplain of the Middle Rio Grande 
(New Mexico, United States) was deposited. 
Removing suspended sediment from the water 
through floodplain deposition may improve 
water quality in the main channel and may 
improve soil development on the floodplain 
itself. When sediment accumulation rates 
increase due to upstream erosion from land 
use, the sediment trapping function of hydro-
logically connected floodplains may help pro-
tect downstream estuaries from excess sedi-
mentation (Noe and Hupp 2005). The 
suspended sediment deposited on the flood-
plain can also provide nutrients to promote 
growth of riparian forests (Yarie et al. 1998). 
However, once a floodplain’s accommodation 
space for sediment is filled, less of a river’s load 
is deposited on the floodplain (Swanson et al. 
2008; Constantine et al. 2014).

Floodplains are composed of sediment 
assemblages and layers that reflect the proc-
esses that form them and can therefore provide 
insight into paleoenvironmental factors that 
existed during floodplain formation (Brown 
1996). Floodplain stratigraphy provides a 
record of climatic variation (Knox 1987; Aalto et 
al. 2003; Malamud-Roam et al. 2006, 2007) 
and land-use changes. For example, a layer of 
“post-settlement alluvium” is found in many 
temperate floodplain rivers. These layers were 
deposited during periods of rapid land-use 
changes, such as the onset of agriculture, 
deforestation, or mining, which resulted in 
elevated rates of upland erosion and deposition 
in lowlands (Jacobson and Coleman 1986; 
Lewin 1996; Lecce 1997; Hupp et al. 2015). The 
increase in overbank deposition on the 
Cosumnes River floodplain after upstream 
land-use changes, described above, provides an 
example. Trimble (1999) found that much of 
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tion) of a crevasse splay occurred further from 
the breach. While an avulsion (i.e., channel 
switching) has not occurred at the site, flood-
plain development that occurred after the 
breach illustrated the types of geomorphic 
processes associated with avulsions and how 
these processes combine to create complex 
floodplain topography.

Florsheim and Mount (2002) documented 
the morphology of splay complexes and con-
cluded that (a) sediment on splay complexes is 
organized into diverse landforms that include 
lateral levees, lobes, and new floodplain chan-
nels that form in the newly deposited sediment; 
(b) the juxtaposition of breach scour and sedi-
ment deposition creates relatively high flood-
plain relief that decreases with distance from a 
breach; (c) relief becomes more pronounced over 
time as higher-magnitude floods scour the old 
floodplain sediment and add new sand and silt 
onto the surface of the splay deposit; and (d) 
sediment is transported in main and secondary 
channels that extend topographic variability fur-
ther down the f loodplain. Florsheim et al. 
(2006) identified a discharge threshold for con-
nectivity and sediment transfer from the chan-
nel to the floodplain and predicted the volume of 
sand deposited in a sand-splay complex using a 
model that assumes floodplain sedimentation is 
proportional to the concentration of sediment 
and volume of water that flows across the 
floodplain.

In anastomosing rivers, avulsion is the 
dominant process that creates the multiple 
channel form. Channels separate and rejoin, 
creating islands with surfaces at the same  
elevation as the floodplain (Richards et al. 
1993). Main, secondary, or tertiary channels 
may be present at different elevations; lower 
elevation channels convey flow before higher-
elevation channels do, such that different chan-
nels carry different portions of the total flow as 
stage rises and falls. Over time, natural levees 
that form adjacent to individual channel seg-
ments isolate lower elevation islands that may 
become wetlands (Smith and Perez-Arlucea 
1994).

braided, anastomosing, and even “straight” 
ones. The recurrence interval for avulsion 
events can vary widely, from once every few 
decades (Kosi River, India) to more than a thou-
sand years (Mississippi River, United States; 
Slingerland and Smith 2004). Avulsions often 
occur when sediment deposition in the channel 
or an obstruction, such as a jam of large wood, 
impedes or blocks flow and forces it onto the 
floodplain (Montgomery et al. 2003).

Avulsion is the dominant process for flood-
plain evolution in some types of rivers. For 
example, anastomosing rivers commonly have 
low gradients, low width-to-depth ratios, and 
cohesive, stable banks. Therefore, channel 
migration rates are low and are a minor con-
tributor to floodplain formation; the dominant 
processes include vertical accretion during 
overbank flow and avulsion. In anastomosing 
rivers, avulsion is characterized by the switch-
ing of channel location during a natural levee 
break as water and sediment from the main 
channel enter the floodplain (Slingerland and 
Smith 2004).

Avulsions both erode and deposit sediment, 
influencing floodplain geomorphology. During 
avulsion, sediment is transported from the 
channel onto the adjoining floodplain, often 
creating a crevasse splay, a fan-shaped sedi-
ment deposit formed when sand and silt are 
transported through a levee break and then 
deposited by the spreading water. Below we 
illustrate how the erosional and depositional 
processes associated with avulsions, including 
the formation of crevasse splays, influence 
floodplain development and topography.

The Cosumnes River (California, United 
States) is the site of a floodplain restoration 
project where management interventions initi-
ated processes similar to those that would occur 
during a natural avulsion. Managers excavated 
a breach in the levee, allowing the river to 
access the floodplain through the breach dur-
ing high flows. When flood waters flowed 
through the breach, erosion occurred on the 
floodplain near the breach where flow velocity 
was highest, while deposition (vertical accre-

Opperman - Foodplains.indd   30 23/03/17   3:03 PM



floodplain geomorphology     31

CHANNEL AND FLOODPLAIN EROSION 
DURING FLOODING

In the previous section, we discussed develop-
ment of floodplain topography, in which we 
described how erosion and deposition form 
floodplain surfaces. In this section, we focus on 
erosion of floodplain surfaces, which can be 
eroded both by channel migration across flood-
plains and by erosive overbank flows. The rate 
and type of erosion vary with channel type, flow 
hydraulics, sediment load in transport, charac-
teristics of the sediment composing the banks 
and floodplain, and vegetation.

Channels respond to floods through changes 
in bed level and planform. Channel changes 
during high flows are a function of (1) initial 
channel form, (2) flow hydrology and hydrau-
lics, (3) channel boundary resistance, (4) sedi-
ment supply, and (5) the historical sequence of 
previous floods (Wohl 2000). The ability of 
flows to alter channel boundaries is a function 
of flow magnitude and duration (Costa and 
O’Connor 1995; Larsen, Fremier, and Greco 
2006) as well as the channel-boundary resist-
ance from sediment and vegetation (Baker and 
Costa 1987; Larsen, Fremier, and Greco 2006). 
The most effective flows in performing geo-
morphic work are those that have the greatest 
cumulative energy over a given time period, 
which is a product of stream power and dura-
tion. Total energy expended by flood flows has 
been directly correlated with total sediment 
transport over time in a river channel (e.g., Wol-
man and Miller 1959). Stream power is the 
product of three values: the channel discharge 
(Q), the channel slope (downstream gradient), 
and the specific weight of water. Cumulative 
stream power is defined as the sum of stream 
power over a specified time interval. Meander 
migration rates can be directly correlated with 
cumulative stream power (Larsen, Fremier, and 
Greco 2006). Although in this section we focus 
on the contribution of floods to meander migra-
tion, a range of flow magnitudes contribute to 
meander migration. Indeed, over time, most 
meander migration work is done by flows of 

In meandering rivers, channel cutoffs are a 
common process of geomorphic adjustment 
that results in changes of channel planform 
(Fuller et al. 2003). While some researchers 
consider cutoffs as a type of avulsion (e.g., 
Rowntree and Dollar 1999; Shields et al. 
2000), others consider them separate proc-
esses (e.g., Brizga and Finlayson 1990) and 
distinguish between cutoffs as events that con-
nect the ends of a meander bend and avulsions 
as larger-scale events that result in the switch-
ing of the primary channel into a new location 
on the floodplain (Brooks and Brierley 2002). 
Below we discuss cutoffs as well as avulsions 
that result in switching of the primary channel 
as mechanisms for floodplain development in 
meandering rivers.

Channel cutoffs can be classified as either a 
neck or a chute cutoff. In either case, the cutoff 
results in a new channel forming across a 
floodplain surface and abandonment of the pre-
vious channel. Cutoffs increase local channel 
gradient and thus the ability to transport sedi-
ment (Knighton 1998). A neck cutoff involves 
the erosion of the narrow strip of land between 
two limbs of a meander bend, while a chute cut-
off is characterized by the incision of an incipi-
ent channel across a point bar or floodplain 
interior to the bend. Following either form of 
cutoff, the abandoned channel can become a 
water body on the floodplain, known as an 
oxbow lake (Greco and Plant 2003; Larsen, Gir-
vetz et al. 2006; Larsen et al. 2007; Michalková 
et al. 2011).

Smith et al. (1989) describe an avulsion 
event on the meandering Saskatchewan River 
(Canada) that resulted in the switching of the 
main channel into a lower area of the flood-
plain. Brooks and Brierly (2002) studied flood-
plain development on the Thurra River in 
southeastern Australia and similarly found that 
avulsions result in the channel relocating to a 
lower part of the floodplain, within which a 
new meander belt forms. In this system, cut-
offs occur within these meander belts with 
greater frequency (once every 1000 years) com-
pared to avulsions (once every 5000 years).
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In addition to channel migration and avul-
sion, erosion of surfaces across the floodplain 
occurs during very high magnitude f lood 
events, particularly flood events with a low sedi-
ment load (Knighton 1998). Wohl (2000) pro-
vides several examples of severe localized flood-
plain erosion. For example, coastal rivers in 
New South Wales (Australia) that have high 
energy but are laterally stable undergo gradual 
vertical accretion due to overbank deposition, 
over a period of hundreds to thousands of years, 
with episodic extreme floods eroding the accu-
mulated alluvium. Inbar (1987) reported the 
erosion of 1 m of sediment from a 100–400 m 
wide floodplain for a distance of 2000 m in the 
Jordan River basin from a single event. When 
significant erosion of floodplain surfaces hap-
pens on a large scale, it can introduce massive 
amounts of sediment into the river. Episodic 
large-scale floodplain erosion greatly compli-
cates the predictions of sediment transport 
rates in such basins (Nanson 1986).

TOPOGRAPHIC FEATURES OF 
FLOODPLAINS

Processes such as channel migration, avulsion, 
and sediment deposition combine to create 
diverse and irregular topographic features on 
floodplains (figure 3.6). These topographic fea-
tures are significant because they constitute the 
physical structure of floodplain ecosystems 
(Florsheim and Mount 2002; Ward et al. 2002). 
Although often erroneously considered to be 
flat, floodplains often display considerable topo-
graphic heterogeneity, with floodplains along 
large rivers having relief on the order of ~10 m. 
Even relatively small differences in topography 
(<1 m) can have significant influences on soil 
characteristics (Thoms 2003), plant communi-
ties (Hupp and Osterkamp 1985; Salo et al. 
1986), and biodiversity (Poff et al. 1997). For 
example, Thoms (2003) found that, on the 
floodplain of the lower Balonne River (Aus-
tralia), channel islands, banks, and natural 
levees had between 70% and 123% more 
total organic carbon in the topsoil than did 

moderate magnitude. This is because, while 
large floods have high magnitude, they often 
have short durations; flows with smaller magni-
tudes but far longer durations can have a greater 
contribution to cumulative stream power.

During overbank flows, broad floodplains 
can dissipate much of the energy that flood 
flows could otherwise exert against channel 
banks. As a result, large floods that inundate 
the floodplain do not exert substantially more 
shear stress on river channel banks than does a 
bank-full flow (Baker and Costa 1987; Larsen, 
Fremier, and Greco 2006). This is because 
such flows do not significantly increase the 
water depth in the main channel. One corollary 
to this effect is that increased force is exerted on 
a stream bank when the boundary is height-
ened by levees or other means because, absent 
the “relief” provided by overbank flows, the 
flood waters are confined in the channel and 
shear stress continues to increase with stage 
and discharge.

As flows erode the banks, the river channel 
migrates into the floodplain and thus erodes 
floodplain surfaces. The rate and type of chan-
nel erosion are influenced by the type of chan-
nel, and, within types, the specific channel 
form. Braided-channel rivers are characterized 
by easily eroded banks with multiple flow paths 
separated by bars, and braided rivers tend to be 
laterally unstable (Knighton 1998). In mean-
dering channels, channel migration occurs 
through erosion of a cutbank with simultane-
ous deposition on a point bar. The spatial pat-
tern of bank erosion is determined by the flow 
path, which in turn is influenced by the chan-
nel curvature (Johannesson and Parker 1989). 
The rate of bank erosion and channel migra-
tion varies as a function of stream power and 
channel resistance (Micheli et al. 2004; Larsen 
et al. 2006[AQ]). Meandering channels of a 
midrange curvature tend to migrate most rap-
idly (Hickin and Nanson 1984). As described 
above, braided and meandering streams can 
rework their entire floodplain through progres-
sive channel migration and periodic cutoffs 
(avulsions).
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increasing topographic heterogeneity of the 
floodplain and influencing patterns of vegeta-
tion establishment (Florsheim and Mount 
2002). Over time, crevasse splays evolve toward 
a set of related topographic features, including 
channels, wetlands, and levees (Smith et al. 
1989; Smith and Perez-Arlucea 1994).

Floodplains of meandering rivers are fre-
quently characterized by “ridge and swale” 
topography (figure 3.6). Subtle ridges form due 
to (a) the sequential development of chute 
channels across a point bar, (b) the migration 
of transverse sand bars onto point bars, or  
(c) the deposition of suspended sediment over a 
point bar, often initiated by wood on the bar. 
The formation of vegetation on the ridges can 
promote further accretion and maintenance of 
the ridge-swale topography (Nanson and Croke 
1992). Wetlands or ponds may form in the 
swales between ridges (Ward et al. 2002). A 
variety of fluvial geomorphic processes create 
diverse water bodies on the floodplain (e.g., box 
3.2). In large floodplains of tropical rivers, the 
proportion of permanent water on a floodplain 
can vary from 5% to 60%, with most systems 
having 10–20% covered in permanent water 

abandoned channels and flat floodplain sur-
faces. Due to differences in inundation fre-
quency and duration, plant communities can 
differ dramatically on surfaces with relatively 
small differences in elevation (Hupp and 
Osterkamp 1996).

Sediment deposits adjacent to the channel 
often form low ridges that become natural allu-
vial levees on riverbanks (Klasz et al. 2014; fig-
ure 3.7). Natural alluvial levees next to the 
channel can be the topographic high point 
within a floodplain (Lewin 1996) because riv-
ers deposit their coarsest load immediately 
adjacent to the channel during overbank flow 
(Knighton 1998). Natural levees then slope 
gradually to lower-elevation areas within the 
floodplain (Hudson and Heitmuller 2003). 
Natural levees flanking river channels gener-
ally display considerable variability in height 
and width, which inf luences inundation 
dynamics as overbank flows can preferentially 
enter the floodplain through low spots in the 
natural levee (see chapter 2).

Crevasse splays also create characteristic 
floodplain topography. After deposition, subse-
quent flows can cut channels through a splay, 

Flowing waterNatural levee

Terrace

Oxbow lake

Marsh

Crevasse
splay

Ridge and swale

Point bar

Lateral accretion
complex

Older lateral
accretion complex

Floodplain
deposits

FIGURE 3.6 Common topographic and hydrologic features of a floodplain.
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(Welcomme 1979). In addition to permanent 
water bodies, floodplains can contain seasonal 
wetlands and channels that contain surface 
water in response to rising river stages, ground-
water, or direct precipitation.

A meandering river can experience both 
“neck” and “chute” cutoffs, as described above, 
which result in the formation of oxbow lakes—
the remnant channel portions that become iso-
lated from the river after the cutoff event 
(Knighton 1998). Oxbow lakes tend to have 
water year-round and so function like lakes, 
whereas side channels, abandoned channels, 
and abandoned braids retain the characteristics 
of a flowing-water feature because they contain 
water primarily when flooding (Ward et al. 
2002). Side channels can be connected to the 
river at one, both, or neither end during low 
flow, and begin to carry more flow as river stage 
rises (Amoros 1991). Floodplains can also con-

Flood-stage water level

Floodplain after flood

Initial floodplain surface

FIGURE 3.7 Natural levees form along the banks of rivers connected to floodplains. Energy dissipates as 
flows spread across the floodplain and slow down. Coarser, heavier materials are deposited nearest to the 
channel.

BOX 3.2 • Build Your Floodplain 
Vocabulary

Scientists in Europe developed a system of 
naming f loodplain water bodies (Amoros 
1991). Eupotamon describes channel features 
with permanent running water; parapotamon 
are off-channel water bodies, or side arms, 
connected to the main channel at their down-
stream end; plesiopotamon are backwaters that 
lack permanent connections to the main chan-
nel but are strongly influenced by river dis-
charge; paleopotamon describes isolated, 
often senescing, floodplain water bodies, such 
as backswamps. For those who enjoy relatively 
obscure linguistics, we recommend linking 
this classification system with a similar one for 
fish (chapter 8), allowing the floodplain scien-
tist to discuss eurytopic fishes that inhabit the 
parapotamon!
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tain a variety of other still-water, flowing-water, 
and semi-f lowing-water bodies, including 
ponds formed as tributaries dammed by large 
wood (Ward et al. 2002) or beavers[AQ].

Flood basins may be the lowest elevation 
areas of a floodplain. Flood basins are low areas 
beyond the natural alluvial levees of large river 
systems. Flood basins commonly contain inter-
nal features such as channels, natural levees, 
and lakes or marshes that may be seasonally 
dry (Gilbert 1917; Bryan 1923; Allen 1965; 
Bridge 2003). Flood basins are often seg-
mented into secondary basins by crevasse 
splays or natural alluvial levees of tributaries 
(Bridge, 2003). The flood basins of the Sacra-
mento Valley (California) are described at 
length in chapter 13.

The term “backswamp” refers to portions of 
flood basins, or entire flood basins, that are 
nutrient rich with organic deposits. Back-
swamps tend to be located in the low areas of 
floodplains not subject to channel migration 
where vertical accretion from overbank flows 
occurs infrequently and at low rates over time 
(Nanson and Croke 1992; Lewin 1996) and 
deposition is dominated by organic matter (Aalto 
et al. 2008). Backswamps, better known as just 
“swamps,” are common in the low-gradient 
floodplains of the southeastern United States, 
and tend to be covered with dense forests.

CLASSIFICATION OF FLOODPLAINS

Classification systems of floodplains can help 
inform restoration and management efforts to 
ensure that actions are appropriate for a given 
type of floodplain. For example, different flood-
plain types will respond differently to flow and 
sediment regime changes. In order to inform 
management actions, classifications are often 
based on the key processes that form the flood-
plain, such as fluvial processes (e.g., meander-
ing, avulsions) and patterns of deposition and 
erosion. Additional parameters often used in 
floodplain classification schemes include the fol-
lowing: (a) large-scale geometry (such as width); 
(b) sediment type (e.g., silts, sand, etc.); (c) micro 
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forms (scroll bars, splays); and (d) some measure 
of hydraulic energy (e.g., stream power).

Common river channel classification sys-
tems provide some insight into the characteris-
tics of the floodplain classification schemes. 
Schumm (1977) broadly classified river chan-
nel networks into erosion, transport, and depo-
sition reaches, with deposition reaches having 
the potential to develop well-defined and broad 
floodplains. The basic channel pattern classifi-
cation described earlier in this chapter (straight, 
meandering, braided, and anastomosing) pro-
vides insights into the primary processes, such 
as meander migration and channel avulsion, 
which build and erode floodplain surfaces.

Early studies of floodplains formed the basis 
for much of the early theory of floodplain devel-
opment, such as the observed predominance of 
lateral accretion and presumed relative unim-
portance of vertical accretion. Subsequent stud-
ies of a broader set of floodplains suggested a 
more diverse range of formational processes. 
To impose some order on this complexity, Nan-
son and Croke (1992) proposed a classification 
system for floodplains based on these develop-
ment processes. Their classification is based 
primarily on energy (stream power) and sedi-
ment type, an indicator of the ability of a river’s 
banks to resist erosion (cohesive vs. noncohe-
sive banks). Their classes have been character-
ized as disequilibrium, equilibrium, and low-
gradient floodplains (Ward et al. 2002). Note 
that this is almost identical to Schumm’s river 
classification into erosion, transport, and depo-
sition reaches. Phillips and Desloges (2015) 
classified alluvial floodplains in areas influ-
enced by glacial processes in southern Canada 
near the Great Lakes based on stream power 
resistance and f loodplain sedimentology 
(essentially percentage of sand), which are 
quite similar to the two main parameters used 
by Nanson and Croke (1992).

Welcomme (1979), focusing primarily on 
how floodplains function for fisheries, defined 
three primary types of floodplain. First, fringing 
floodplains are strips of land flanking rivers, with 
floodplain width generally varying inversely 
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•	 Using Landsat imagery to analyze the 
channel and floodplain types on the largest 
rivers in the world (Ashworth and Lewin 
2012)

•	 Analyzing channel dynamics and floodplain 
processes of the Ganges and Brahmaputra 
rivers (Baki and Gan 2012; Gupta et al. 2012)

Lóczy et al. (2012) used digital elevation mod-
els (DEMs) to classify floodplain types in foothill 
regions of Hungary. Their method is promising, 
as is the work in the Rhone River valley men-
tioned earlier (Notebaert and Piégay 2013), 
because it can be used to analyze floodplain 
types on a large scale, based on digital informa-
tion. Their classification system was able to suc-
cessfully describe changes in floodplain charac-
ter from variables derived from DEMs, including 
floodplain width, local valley confinement, chan-
nel pattern, and valley floor gradient.

CONCLUSIONS

Floodplains are as diverse as the landscapes 
that surround them and despite classification 
attempts they exist as a continuum of types and 
forms. The diversity and dynamism of geomor-
phic processes and forms on floodplains create 
a shifting stage of habitats on which diverse 
organisms can act (Stanford et al. 2005). The 
relationships among hydrology, geomorphic 
processes and patterns, and ecological 
responses are the focus of chapters 3–8. By 
altering the basic hydrological and geomorphic 
processes that maintain this shifting mosaic, 
traditional management of rivers and flood-
plains has generally simplified ecological proc-
esses and communities. As a result, there has 
been a considerable decline in the extent, diver-
sity, and productivity of floodplain ecosystems. 
Fortunately, new models of river and floodplain 
management are emerging that seek to accom-
modate natural geomorphic processes and 
complex floodplain ecosystems. These manage-
ment approaches are the focus of the third sec-
tion of the book.

with channel slope. Second, internal deltas are 
formed where one or more rivers flow over a geo-
logical/topographic feature that causes lateral 
spreading over an alluvial plain. River channels 
generally divide into braided channels that flow 
through such a plain. Because these areas are 
often very expansive and extremely flat, they can 
flood due to direct precipitation in addition to 
f looding from high river f lows. Examples 
include the Gran Pantanal of the Paraguay 
River, the Apure-Arauca tributaries to the Ori-
noco, and the Okavango River Delta, Botswana. 
Third, coastal deltaic floodplains occur near 
where a river enters the ocean where the main 
river channel divides into multiple distributaries 
that flow through a fan-shaped delta produced 
from the deposition of river-borne sediments. 
These are generally not considered to be river 
floodplains because they are also part of estuar-
ies, with strong tidal influences.

Geographic Information Systems (GIS), 
remote sensing, and computer modeling tech-
nologies are in the process of revolutionizing 
how scientists analyze geomorphic forms and 
processes. GIS analyses can provide a much 
greater amount of information to inform clas-
sification systems, and allow the classification 
of extremely large areas. New technologies 
make it possible to understand patterns at much 
greater spatial and temporal scales. Examples 
from around the world include the following:

•	 Analyzing the entire channel network of the 
Rhone valley in France using GIS methods 
to describe and test the environmental 
factors that influence floodplain width 
(Notebaert and Piégay 2013)

•	 Using remote sensing to analyze geomor-
phology in order to distinguish floodplain 
ecosystems in tributaries to the Amazon 
River in Peru (Hamilton et al. 2007)

•	 Using Landsat imagery to study oxbow lake 
formation and the detailed hydrodynamics of 
the floodplain in the Bolivian and Colombian 
Amazon (Trigg et al. 2012; Constantine et al. 
2014; Rozo et al. 2014)
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Floodplains are often “hot spots” of biogeo-
chemical activity, defined as locations that have 
disproportionately high rates of biogeochemi-
cal reactions relative to the surrounding land-
scape due to the presence of appropriate envi-
ronmental conditions and key reactants 
(McClain et al. 2003; Burt and Pinay 2005). 
The biogeochemical activity of floodplains pro-
vides some key ecosystem services, such as 
nutrient retention, and is an important motiva-
tion for restoring and conserving floodplains 
(Mitsch et al. 2001; Brettar et al. 2002; Noe and 
Hupp 2005; Ahearn et al. 2006).

Biogeochemical activity is not evenly distrib-
uted across floodplains because of their com-
plex and diverse structure, including variable 
substrate sizes and characteristics, variable flow 
paths for groundwater, and multiple interfaces 
between terrestrial and aquatic systems (Pinay 
et al. 2000; Sheibley et al. 2006). In addition to 
being “hot spots” of biogeochemical activity, a 
floodplain’s variable flow regime results in “hot 
moments,” defined as “short periods of time 
that exhibit disproportionately high reaction 
rates relative to longer intervening time 

Biogeochemical processes consist 
of the interactions among chemical, geo-

logical, and biological processes that determine 
availability of essential nutrients and other 
materials that sustain life on floodplains. Three 
floodplain processes in particular influence the 
biogeochemistry and nutrient dynamics of 
water and soil: sedimentation, biological assimi-
lation, and biogeochemical transformations. 
Sedimentation is important because water mov-
ing on a floodplain tends to decrease in velocity 
and depth, allowing nutrients adsorbed to sedi-
ment to settle out onto the floodplain. Biological 
assimilation is performed by plants ranging 
from phytoplankton to riparian trees that 
directly assimilate dissolved nutrients. Biogeo-
chemical transformations occur because condi-
tions on inundated floodplains often promote 
biogeochemical reactions, such as the transfor-
mation of dissolved organic carbon (DOC) and 
nutrients into particulate organic carbon (POC). 
Through these processes, f loodplains can 
remove nutrients from river water and trans-
form them into various organic forms, includ-
ing forms that are readily biologically available.

FOUR

Biogeochemistry
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in river water and turbulent mixing as flood 
waters enter the floodplain. Levels of DO then 
tend to drop as floodplain vegetation begins to 
decay, with important implications for aquatic 
fauna. For example, on an experimental flood-
plain along the Rio Grande River, DO in flood-
plain water dropped from an initial level of 3 
mg/L DO (40% saturation) to approximately 
0.5 mg/L DO (Valett et al. 2005), which is 
below the tolerance levels of most fishes and 
other aquatic organisms. Levels of DO can vary 
across a floodplain based on the amount of 
available organic matter and rates of decompo-
sition (Valett et al. 2005), source of water, tem-
perature, and hydraulic residence time. On the 
Cosumnes River, a storm event resulted in the 
transport of a large amount of algal biomass to 
a portion of the floodplain that, due to topogra-
phy, had a long residence time. The influx in 
algal biomass raised respiration rates and 
dropped DO levels from 6.2 mg/L (60% satu-
ration) to 3.0 mg/L (30% saturation) over the 
course of a few days (Ahearn et al. 2006). This 
drop in DO resulted in 100% mortality of juve-
nile Chinook salmon (Oncorhynchus tshawyt-
scha) within an experimental enclosure; juve-
nile salmon in an enclosure less than 100 m 
away remained in good health (Jeffres et al. 
2008), illustrating the potential for considera-
ble spatial heterogeneity in biogeochemical 
processes and water quality on floodplains.

The photosynthetic activity of phytoplankton 
can influence DO levels, with DO rising during 
the day with photosynthetic activity and then 
dropping at night due to respiration and the bio-
logical oxygen demand of detritus and sus-
pended organic solids. During periods of dis-
connection or long hydraulic residence time, 
floodplain water bodies can stratify with higher 
DO near the surface and low DO at the bottom. 
The Rio Grande floodplain, described above, had 
levels near 0 mg/L DO at the bottom, approxi-
mately 2 mg/L DO at the surface, and 4–5 mg/L 
DO at depths between 50 and 100 cm (the depth 
where DO was highest reflected the depth at 
which river water entered the floodplain, due to 
thermal stratification; Valett et al. 2005).

periods” (McClain et al. 2003). Hot moments 
occur when hydrological processes reactivate or 
bring into contact biogeochemical reactants 
and/or create the necessary environmental con-
ditions, such as anoxia or long hydraulic resi-
dence time, to promote biogeochemical proc-
esses (McClain et al. 2003).

Due to the spatial complexity of floodplains 
and inter- and intra-annual variability of flows, 
biogeochemical processes can vary spatially and 
over time; floodplains can act as sinks, sources, 
or transformers of nutrients—as well as heavy 
metals and pollutants—and these roles can vary 
annually, seasonally, or even within a single 
flood event (Mitsch et al. 2000[AQ]; Valett et al. 
2005). The same floodplain can act as a sink for 
an inorganic form of a nutrient and a source of 
the organic form of that nutrient; a wetland or 
riparian forest can be a sink for a nutrient dur-
ing the growing season and a source of the 
nutrient through detritus during periods of 
hydrological connection following the growing 
season (Mitsch et al. 2000). The biogeochemi-
cal activity of a floodplain, and whether it will 
be a source, sink, or transformer of nutrients, is 
based on river water chemistry, characteristics 
of the floodplain hydrology (timing, duration, 
and spatial pattern of inundation), and charac-
teristics of the floodplain, including soil types 
and the available pool of organic matter (Valett 
et al. 2005). Very few studies have tried to 
directly quantify fluxes to and from floodplains 
during the timescale of a flood event to docu-
ment when, and under what conditions, flood-
plains are sinks, sources, or transformers of 
biogeochemical reactants (Tockner et al. 1999; 
Ahearn et al. 2006). Here we briefly review 
some of the better understood phenomena 
including dissolved oxygen (DO) flux, nutrient 
transformation in soils, mercury flux, nutrient 
retention, and, finally, temporal patterns of 
sequences and fluxes.

DISSOLVED OXYGEN FLUX

DO in floodplain waters is generally initially 
high upon first inundation, due to high levels 
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diffusion of oxygen through saturated soil can 
be orders of magnitude slower than diffusion 
through a porous and well-drained soil. Flood-
plain soils subject to extended inundation can 
be characterized as hydric, meaning that they 
formed during periods of inundation sufficient 
to cause anaerobic conditions. Coarse flood-
plain soils, such as abandoned channel depos-
its with gravel, may lack hydric characteristics 
because they do not become sufficiently water-
logged to become anaerobic (Mitsch et al. 
2000).

Within floodplain soils, a sequence of oxida-
tion-reduction, or redox, reactions proceeds 
based on the availability of oxygen and other 
electron acceptors. Oxidation is broadly defined 
as a molecule’s loss of hydrogen or an electron 
(and an increase in oxidation number), whereas 
reduction is the gaining of hydrogen or an elec-
tron (and a decrease in oxidation number). The 
decomposition of organic matter proceeds fast-
est when oxygen is available to act as a terminal 
electron acceptor for oxidation (Mitsch et al. 
2000).

Anaerobic conditions can form in fine-tex-
tured floodplain soils within hours to days after 
inundation, although a thin oxidized layer can 
remain at the surface of the soil at the soil-water 
interface. Oxidized ions (e.g., Fe3+, Mn4+, NO−

3, 
and SO−

4) may remain in this layer, while 
reduced forms are found in lower layers (e.g., 
ferrous and manganous salts, ammonia, and 
sulfides). As oxygen is depleted, the soil’s redox 
potential (a measure of electron availability in a 
solution) drops and a sequence of other chemi-
cals act as the electron acceptor. For example, 
one of the initial reactions that occurs following 
oxygen depletion is the reduction of nitrate 
(NO−

3) to nitrite (NO−
2), creating N2O or N2 

gas. With increasingly lower redox potential, a 
series of other ions become electron acceptors, 
such as manganese (manganic compounds 
reduced to manganous compounds), then iron 
(ferric ions are reduced to ferrous ions), then 
sulfur (sulfates are reduced to sulfites). Under 
the lowest redox potentials (the most reduced 
conditions), carbon dioxide or organic matter 

Rapid destratification, due to abrupt changes 
in surface temperature or high winds, can 
cause rapid mixing of the water, drops in DO, 
and fish kills. Floating mats of vegetation gen-
erally contribute to low DO levels because they 
suppress phytoplankton, reduce aeration by 
reducing wind and wave action on the water 
surface, and use up oxygen when they decay 
(Welcomme 1979).

SOILS AND NUTRIENT TRANSFORMATION

Much of the biogeochemical activity of flood-
plains, including denitrification and methano-
genesis (see below), depends on anoxic condi-
tions and the interface between well-oxygenated 
and anoxic zones in floodplain soils and at the 
soil-water boundary (Mitsch et al. 2000; Ford 
et al. 2002). During periods of disconnection 
between river and floodplain, these biogeo-
chemical hot spots occur primarily within wet-
lands, at interfaces between groundwater flow 
paths and riparian vegetation, and at the inter-
face between the channel and the floodplain, 
including the hyporheic zone. During periods 
of connection and inundation, the “hot 
moments,” much larger areas of the floodplain 
can contribute to high rates of biogeochemical 
activity as the interface between oxygenated 
and anoxic conditions expands and contracts.

As described above, DO in floodplain waters 
is often initially high upon first inundation and 
low DO or anoxic conditions subsequently 
occur as organic matter begins to decay and 
floodplain soils become saturated (Welcomme 
1979). Soil texture strongly influences soil oxy-
gen conditions and biogeochemical reaction 
rates. Soil texture can be highly heterogeneous 
across a floodplain due to variable patterns of 
deposition and erosion and varying amounts of 
organic material (Pinay et al. 2000). Flood-
plain soils can range from being primarily 
mineral (e.g., recent channel deposits) to con-
taining high proportions (>20–35%) of organic 
material (Naiman et al. 2005, 2010). Fine- 
textured soils are more likely to support anoxic 
conditions because they are poorly drained and 
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were 2–4 times greater than those of the short 
IFI floodplain, even as inundation increased 
respiration by 50 times on the short IFI flood-
plain. The high respiration rates led to low DO 
on the long IFI floodplain but not on the short 
IFI floodplain (although the hydraulic resi-
dence time also likely influenced respiration 
rates).

MERCURY

Recently, researchers have examined how mer-
cury cycles in the Central Valley river system in 
California, United States, illustrating how 
floodplains influence the cycling of minerals 
and nutrients. Mercury was used during his-
toric gold mining, which, along with mercury 
mines, introduced large quantities of mercury 
into rivers flowing into the Central Valley. 
Much of this mercury is still present in the 
Central Valley hydrologic system. Wetlands, 
including floodplains, provide the necessary 
conditions for converting inorganic mercury 
into methylmercury, a form that is toxic to ani-
mals including humans. Thus, mercury 
cycling is an important consideration for the 
management and restoration of California 
floodplains (Alpers et al. 2008[AQ]).

Under low oxygen or anaerobic conditions, 
inorganic mercury can undergo methylation to 
form methylmercury, a toxin that can bioaccu-
mulate through a food web. Methylation first 
requires the conversion of various forms of 
inorganic mercury into a reactive form (“reac-
tive Hg(II)”), a process that is facilitated by 
high concentrations of dissolved organic matter 
(DOM). Second, reactive Hg(II) is converted to 
methylmercury by anaerobic sulfate-reducing 
bacteria. Because wetlands generally contain 
both high levels of DOM and low-oxygen or 
anoxic conditions, they tend to have much 
higher rates of methylation compared to open-
water or other environments. Episodic wetting 
and drying—particularly complete drying 
between inundation events—can promote the 
formation of reactive Hg(II), and thus methyla-
tion. Because floodplains contain soils with 
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itself becomes the electron acceptor and is 
reduced to methane gas (CH4) and other low-
molecular-weight organic compounds. This is 
referred to as methanogenesis and produces 
what is commonly called “swamp gas” (Mitsch 
et al. 2000), a major contributor to global 
warming.

OTHER FACTORS INFLUENCING 
BIOGEOCHEMICAL PROCESSES

In addition to hydroperiod, floodplain sediment 
(soil) characteristics, and oxygen dynamics, 
floodplain biogeochemical activity is also influ-
enced by the water chemistry of surface and 
groundwater inflows. The nutrient load and 
ionic composition of river and floodplain water 
is a function of characteristics of the precipita-
tion, geology, and land use of the contributing 
watershed (Welcomme 1979). Spink et al. 
(1998) sampled floodplain soils along seven 
temperate rivers in Europe and North America 
and observed that soil mineralization rates and 
nutrient availability were positively correlated 
with levels of nutrients in river water.

Other properties of the floodplain itself also 
influence biogeochemical activity, including 
the available pool of organic matter, which is a 
function of vegetative productivity, time since 
last flood (Valett et al. 2005), and land-use prac-
tices on the floodplain. For example, wide-
spread grazing in tropical and subtropical 
floodplains results in major contributions of 
manure, which can locally influence chemical 
and nutrient conditions (Welcomme 1979). 
Flooding history can influence biogeochemical 
processes as prolonged absence of flooding can 
lead to greater accumulations of organic matter. 
Valett et al. (2005) found that a floodplain that 
had been disconnected from the river for over 
50 years (long “inter-flood interval” or IFI) had 
three times the standing stock of large wood 
and an order of magnitude greater standing 
stock of leaf litter than a floodplain that was 
still connected and thus frequently flooded 
(short IFI). When the long IFI floodplain was 
experimentally inundated, respiration rates 
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or through loss of nitrogen gas following deni-
trification. For example, approximately two-
thirds of the nitrate load entering an experi-
mental floodplain along the Rio Grande, Texas, 
United States, was retained by the floodplain 
(Valett et al. 2005), while a Danube River flood-
plain in Europe retained 45% of the nitrate it 
received (Tockner et al. 1999). Woltemade 
(2000) reported that wetlands could remove up 
to 68% of nitrate from water draining agricul-
tural land. As described below, residence  
time strongly influences the ability of a flood-
plain to process and assimilate nitrogen. For 
example, due to low residence time of water  
in floodplains during a flood event in 2011,  
BryantMason et al. (2013) found that the Atcha-
falaya River Basin, which flows into the Gulf of 
Mexico, retained only 7% of the nitrate that 
flowed into it. For this system to remove more 
nitrogen, Piazza (2014) recommends increas-
ing connectivity between rivers and floodplains 
and other biogeochemical “hot spots” where 
longer residence can promote sedimentation 
and denitrification. For the Mississippi River 
basin as a whole, Mitsch et al. (2001) recom-
mend large-scale restoration of wetlands and 
floodplain forests (10–25 million ha within the 
300 million ha basin) to significantly reduce 
the export of nitrogen to the Gulf of Mexico, 
which is impaired by excess nutrients contrib-
uting to a hypoxic zone (see chapter 11).

Denitrification is a critical step in the nitro-
gen cycle as it is the primary way that nitrogen is 
lost from terrestrial and aquatic systems and 
returned to the atmosphere. Riparian and flood-
plain soils can serve as locations of denitrifica-
tion, which requires a source of nitrogen oxides 
(such as nitrates), anaerobic conditions, hetero-
trophic denitrifying bacteria, and organic mate-
rial that can serve as an electron donor (figure 
4.1). Denitrification can occur when water with 
nitrates intercepts an anoxic zone in which 
microbial denitrification can take place, such as 
in wetlands and in the hyporheic zone (Burt and 
Pinay 2005). Denitrification can occur across 
broad areas during extensive floodplain inunda-
tion as the spatial extent of saturated, anoxic 

high DOM, episodic anoxic conditions, and 
complete drying between inundation events, 
they are of particular concern for mercury 
cycling (Alpers 2008).

Phytoplankton and other algae can assimi-
late aqueous methylmercury, thus allowing the 
toxin to enter the food web. Bioaccumulation 
can then occur within invertebrates, fish, mam-
mals, and other organisms, with increasing 
concentrations at higher levels in the food web. 
Henery et al. (2010) found that juvenile Chi-
nook salmon rearing in the Yolo Bypass, Cali-
fornia, a seasonally inundated floodplain envi-
ronment (see chapter 13), accumulated 
methylmercury faster in their tissues than did 
juvenile salmon rearing in the Sacramento 
River. They noted that this differential uptake 
of methylmercury as juveniles would become 
insignificant, in terms of adult tissue concen-
tration, because juveniles rear in these different 
environments for only relatively short time and 
adults are roughly three orders of magnitude 
larger than juveniles.

RETENTION OF NUTRIENTS

Riparian forests and riverine wetlands have 
been recognized as filters that reduce the load-
ing of nutrients, including nitrate and phos-
phorous, into rivers and streams from adjacent 
agricultural fields and uplands. The ability of 
riparian vegetation and wetlands to reduce 
nutrient loading into surface waters has been 
observed at scales ranging from the field (Peter-
john and Correll 1984[AQ]; Woltemade 2000; 
Forshay and Stanley 2005;) to the landscape 
(Omernik et al. 1981; Lowrance et al. 1984; 
Osborne and Kovacic 1993). In general, the 
presence of wetlands, including riparian forests 
and floodplain wetlands, will result in a water-
shed retaining more nutrients, and exporting 
more organic material, than a watershed lack-
ing these wetlands (Mitsch et al. 2000).

Floodplains are frequently sinks for nitrate-
N (Tockner et al. 1999; Forshay and Stanley 
2005; Valett et al. 2005) either through plant 
uptake, which may lead to temporary retention, 
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and biogeochemical processing between the 
large floods of a wet year and the small floods 
in a dry year. These estimates may be high 
because the mesocosm experiments provided 
optimal N-removal conditions.

By monitoring actual flood events, Ahearn 
et al. (2006) reported that the Cosumnes River 
floodplain retained 17% of total inorganic nitro-
gen during a flood event. The varying retention 
rates are strongly influenced by the size of the 
floodplain relative to the contributing water-
shed and other factors that influence hydraulic 
residence time (Woltemade 2000).

Several other nitrogen transformations 
occur in floodplains including nitrification, 
ammonification, and nitrogen fixation (Mitsch 
et al. 2000; figure 4.1). Nitrogen fixation entails 
the conversion of gaseous N2 to organic nitro-
gen by bacteria or cyanobacteria (blue-green 
algae). Vascular plants, such as the riparian tree 

soils expands. High residence time is important 
for this to occur (Woltemade 2000), and thus 
greater rates of denitrification occur on broad 
floodplains than on narrow floodplains along 
high gradient rivers (Burt and Pinay 2005).

Sheibley et al. (2006) used laboratory tech-
niques and mesocosms to investigate the poten-
tial for the Cosumnes River floodplain (see fig-
ure 13.2) to remove nitrate. They found that the 
denitrification potential of the floodplain soil 
varied widely and was influenced by soil prop-
erties such as the percentages of organic mat-
ter, total nitrogen, and clay in the soil. Extrapo-
lating from the rates of denitrification within 
mesocosms on the floodplain, Sheibley et al. 
(2006) estimated that the Cosumnes flood-
plain could remove a small proportion of the 
total annual flux of nitrate in a wet year (1–4%) 
but a relatively high proportion in a dry year 
(24%) because of differences in residence times 
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FIGURE 4.1 Nitrogen transformations in a floodplain wetland (adapted from Mitsch et al. 2000).
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nel are rarely connected have much lower rates 
of sediment and nutrient retention than hydro-
logically connected river-floodplain systems. 
Thus, reconnection of floodplains has been rec-
ommended as a strategy for reducing sediment 
and nutrient loading to downstream systems 
such as estuaries (Noe and Hupp 2005).

TEMPORAL SEQUENCES AND FLUXES

Tockner et al. (1999) describe three phases of 
river-floodplain connectivity that govern flood-
plain biogeochemistry and productivity, based 
on their study of a floodplain along the Danube 
River (Austria). During Phase I, the floodplain is 
hydrologically decoupled from the river; nutri-
ents in floodplain water bodies, such as oxbow 
lakes, are low as phytoplankton compete for 
resources and undergo high grazing pressure 
from zooplankton. This can be described hydro-
logically as the “disconnection” phase and eco-
logically as the “biotic interaction phase.” During 
Phase II, floodplain water bodies receive nutri-
ent-rich groundwater inflows due to rising river 
stage and, hydrologically, this phase is referred to 
as “seepage inflow.” The increased nutrient avail-
ability and long residence time spurs develop-
ment of phytoplankton and, thus, biologically 
this is the “primary production phase.” This 
phase can also be characterized as a “flow pulse” 
(Tockner et al. 2000) with below-bank-full con-
nectivity between river and floodplain.

During flood pulses (Phase III), large vol-
umes of river water enter the floodplain, result-
ing in low residence time of water on the flood-
plain and greatly increased discharge from the 
floodplain. Much of the transport of material to 
and from the floodplain occurs during these 
connections; thus, Tockner et al. (1999) refer to 
this period as the “transport phase.” For exam-
ple, 84% of the discharge from the floodplain 
and greater than 90% of the flux of suspended 
solids (SS), POC, fine particulate organic mat-
ter (FPOM), and coarse particulate organic 
matter (CPOM) occurred during the transport 
phase. All of this flux occurred during only 3% 
of the sample period (Tockner et al. 1999).

white alder (Alnus rhombifolia), can fix nitrogen 
through a symbiotic relationship with nitrogen-
fixing bacteria of the genus Rhizobium (Mitsch 
et al. 2000; Naiman et al. 2010). Within ripar-
ian forests of red alder (A. rubra) in the Pacific 
Northwest, rates of nitrogen fixation can exceed 
300 kg/ha/year (Naiman et al. 2010). Mitsch 
and Gosselink (2000) provide detailed descrip-
tions of the biogeochemical transformations of 
nitrogen and several other nutrients.

Because phosphorous is often adsorbed to 
sediment particles, it is usually retained by 
floodplains through deposition of sediment, 
and phosphorous retention rates are often cor-
related with sediment deposition rates (Noe and 
Hupp 2005). Thus, it is the hydraulic character-
istics of riparian vegetation (high roughness) 
and wetlands (low velocity) that promote phos-
phorous retention through sediment deposition 
(Burt and Pinay 2005). A riverine swamp along 
the Illinois River, Unite States, received 10 times 
as much phosphorous as was released from the 
swamp, with the majority of phosphorous reten-
tion occurring through sediment deposition 
during a flood (Mitsch et al. 1979). Retention of 
phosphorous has also been observed in experi-
mental riverine wetlands in Illinois (Mitsch et 
al. 1995) and in a restored and managed flood-
plain along the Rio Grande (Valett et al. 2005).

Hydraulic residence time (i.e., the age of 
water on a floodplain) exerts a strong control 
over biogeochemical fluxes. Deposition rates of 
particulate matter, sediment, and the nutrients 
adsorbed to sediment increase with residence 
time. Similarly, longer residence time allows for 
more opportunities for biological assimilation 
(e.g., phytoplankton taking up nutrients from 
the water column) and biogeochemical trans-
formation. The residence time during a specific 
flood event can determine whether a floodplain 
is a source or sink for a given constituent.

Infrastructure that disrupts upstream and 
local hydrological connectivity can greatly influ-
ence biogeochemical activity, both by reducing 
direct inundation of floodplains and by reduc-
ing residence time (Gergel et al. 2005). River-
floodplain systems in which the river and chan-
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exporter of DOC and Chl a. In large floods, fluxes 
of biogeochemical constituents are dominated by 
the transport phase, but the flushing and drain-
ing phases can be relatively important during 
small floods. Because small floods have propor-
tionately more flow occurring during the long-
residence time draining phase, during which 
processing can occur, a sequence of small floods 
are more effective at absorbing Nitrogen and pro-
ducing Chl a (phytoplankton) than a single large 
flood event (for the same volume of water).

The hydraulic residence time of the trans-
port phase has a particularly strong influence 
on biogeochemical processes on a floodplain. 
The relative size of a floodplain will strongly 
influence the residence time during transport 
phases, which will tend to dominate overall 
fluxes, and thus this relative size plays a large 
role in the biogeochemical behavior of the 
floodplain. For a floodplain that is small relative 
to its upstream watershed, such as the 
Cosumnes, the transport phase will be charac-
terized by a very short residence time and mini-
mal floodplain processing. In contrast, a flood-
plain that is large relative to its upstream 
watershed can have greater range of residence 
times during flood events, including the trans-
port phase. These phases, and their influence 
on floodplain primary productivity and the 
export of biologically available carbon, are dis-
cussed further in chapter 7.

CONCLUSIONS

Just as flood waters change the floodplain, 
floodplains change flood waters through bioge-
ochemical processes. The influence of these 
processes depends on connectivity and resi-
dence time of water. Floods that include long 
periods of high residence time are most likely to 
result in high biogeochemical activity, espe-
cially biological assimilation and biogeochemi-
cal transformations. The potential for flood-
plains to “filter” water of undesirable nutrients 
and chemicals is receiving greater attention and 
is an additional justification for restoring and 
managing floodplains (chapter 9).

Based on their research on the Cosumnes 
River floodplain (California, United States), 
Ahearn et al. (2006) and subsequent unpub-
lished research expanded on Tockner’s concep-
tual model of f loodplain biogeochemistry 
dynamics and further partitioned the flood 
pulse/transport phase into three subphases: the 
flushing, transport, and draining phases. A 
flood pulse can begin with a flushing phase, as 
river water displaces antecedent f loodplain 
water, characterized by the initial export, or 
“flushing,” from the floodplain of water with a 
chemical signature distinct from that of the 
river water. During flushing, solutes, sediment, 
and organic matter are exported from the flood-
plain as they are pushed out by incoming river 
water. The flushing phase ends when floodplain 
outflow and inflow have similar chemical signa-
tures. Thus, the flushing phase is defined by 
chemical as well as hydrological parameters 
and will not occur during all flood events; a 
flushing phase requires antecedent water on the 
floodplain that arises from a nonriverine source 
(e.g., direct precipitation) or, if riverine in ori-
gin, has developed distinct characteristics in 
terms of chemistry, turbidity, or temperature. 
During the flushing phase the Cosumnes flood-
plain exported DOC and chlorophyll a (Chl a).

The transport phase begins when floodplain 
inflows and outflows have similar water charac-
teristics. Residence time is low during the 
transport phase, with mean residence time esti-
mated at only 1.2 hours on the Cosumnes flood-
plain. Due to low residence time, little process-
ing occurs on the f loodplain and so the 
floodplain is not a source of products produced 
by floodplain processes, such as Chl a. How-
ever, because the floodplain has lower velocities 
and greater roughness than the river, deposi-
tion and retention of sediment and nutrients 
does occur during the transport phase.

The transport phase ends when floodplain 
outflow exceeds inflow, and the draining phase 
commences. During the draining phase, hydro-
logical residence time increases and, during the 
event described by Ahearn et al. (2006) the 
Cosumnes f loodplain again became a net 
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tion. Flooding renews riparian forests through 
enrichment of soils and creation of optimal 
conditions for recruitment of many trees and 
shrubs. Flooding of land often creates a flush of 
nutrients and detritus that supports blooms of 
zooplankton and other invertebrates, which are 
fed upon by fish, waterfowl, and other animals. 
Not surprisingly, floodplains support some of 
the largest freshwater fisheries in the world, 
especially in Southeast Asia (Welcomme 1979).

This chapter has two overarching themes. 
First, temperate f loodplain ecosystems are 
intricately linked to the ecosystems of rivers 
that flow through them; both riverine and 
floodplain ecosystems are strongly influenced 
by the river’s flow regime. Second, hydrological 
connectivity between river and f loodplain 
across a broad range of flows is required to 
maintain floodplain ecosystem processes and 
river-floodplain interactions. We begin by dis-
cussing these two key concepts—flow regime 
and connectivity—before discussing how they 
together underpin processes that create and 
maintain dynamic habitats on floodplains.  
We conclude with a review of several major  

Floodplains support complex and 
diverse ecosystems that are among the 

most productive on the planet. They can sup-
port levels of primary and secondary productiv-
ity that exceed that of many purely terrestrial or 
aquatic ecosystems (Tockner and Stanford 
2002). Both the productivity and diversity of 
floodplains are strongly controlled by dynamic 
and variable connectivity with river and hypo-
rheic flows (chapter 2). The intermittent pulse 
of flood waters is largely responsible for high 
floodplain productivity (chapter 7), while high 
flows induce erosion and deposition, which 
increases habitat heterogeneity (chapter 3). 
This heterogeneity in turn contributes to high 
levels of biodiversity (Salo et al. 1986). Riverine 
faunas, ranging from invertebrates to freshwa-
ter dolphins (Martin and da Silva 2004), use 
and often depend upon f looded habitats. 
Numerous fish species use floodplains for 
spawning, rearing, and feeding, and as refuge 
from harsh conditions found in flooding rivers, 
such as high turbidity and turbulent water. 
Waterfowl flock to flooded lands to feed, rest, 
and escape predators, especially during migra-
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The typical timing of peak flows in rivers 
varies from region to region. Arthington (2012) 
describes 15 distinct flow regime groups from 
around the world based on Haines et al. (1988), 
which are distinguished in part by timing of 
peak flows. Eleven of the groups occur in tem-
perate regions. Flood seasonality is relatively 
predictable in most rivers, except those that are 
categorized as temperate aseasonal rivers 
(chapter 1). For example, in regions with a Med-
iterranean climate, flooding occurs in winter 
and early spring. However, even in rivers with 
predictable seasonal flooding, event timing, 
extent, and duration can vary within a region 
and between years due to shifting precipitation 
patterns, topography, and other factors. The 
biota of floodplains reflects these differences in 
variability. Native fishes in regions with fairly 
predictable flooding, such as the Central Valley 
of California, are often adapted to use flood-
plain habitats, while such adaptations are 
largely lacking in fishes of highly unpredictable 
systems such as the Brazos River, Texas, and 
Murray-Darling River, Victoria, Australia.

Floodplains are subject to processes of ero-
sion and deposition from both in-channel flows 
(e.g., erosion of a cutbank) and overbank flows 
and other processes such as channel avulsion 
(chapter 3). Thus, patches of substrate and veg-
etation are continually being destroyed, 
reworked, and created, resulting in a shifting 
mosaic of habitat types (Salo et al. 1986; Rich-
ards et al. 2002; Ward et al. 2002, Stanford et al. 
2005). These geomorphic processes also lead to 
subtle differences in floodplain topography; rela-
tively small differences in elevation can result in 
biologically significant differences in distance to 
the water table during the nonflood season and 
in differences in depth and duration of flooding. 
These differences exert strong influences on 
plant community composition, also contributing 
to the mosaic of vegetation types on the flood-
plain (Poff et al. 1997; Stella et al. 2011).

Floodplain ecosystem processes depend on 
connectivity and a dynamic flow regime and 
this dependence explains why floodplains—
and particularly those in temperate regions—

conceptual frameworks for river-floodplain eco-
systems that prominently feature connectivity 
and dynamic processes.

FLOW REGIME AND CONNECTIVITY

Floodplain ecosystems are intimately linked to 
river flow characteristics, including magnitude, 
frequency, duration, seasonality, and rates of 
change (Poff et al. 1997; Yarie et al. 1998; Trush 
et al. 2000). As a result, floodplain ecosystems 
respond to a broad range of flows. For example, 
the water table within the floodplain hyporheic 
zone is influenced by the stage in the adjacent 
river and so periods of low river flow correspond 
to a lowering of the floodplain water table; flood-
plain vegetation and water bodies, such as ponds 
and wetlands, are influenced by the fluctuating 
level of the water table over time. Even during 
periods of low flow, subsurface connectivity 
between rivers and floodplains can help main-
tain water-loving shrubs and trees such as wil-
lows and cottonwoods. River flows rising to just 
below bank-full reinitiate flow into secondary 
channels and, through the rising water table, 
provide subsurface inflow to floodplain water 
bodies (chapter 2). Frequent, long-duration over-
bank flooding supports and maintains numer-
ous ecological processes (Junk et al. 1989), while 
rare, high-magnitude events induce erosion and 
deposition on the floodplain, generating a shift-
ing mosaic of topographic features and habitat 
types (Stanford et al. 2005, chapter 3).

Due in large part to hydrologic variability, 
the physical characteristics of active floodplains 
are constantly changing in time and space. 
Floodplain patches often cycle through stages, 
sequentially displaying characteristics of ter-
restrial, wetland, lentic, and lotic habitats 
within a single year. In some systems, a flood 
pulse occurs in most years with predictable 
timing and often inundates large portions of 
the floodplain. In other rivers, such as the Bra-
zos River, Texas, United States, flood timing is 
unpredictable in terms of season, and the 
extent of inundation varies dramatically (Zeug 
et al. 2005).
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lacking (Tockner and Stanford 2002). Flood-
plains are hypothesized to support high levels of 
biodiversity for three main reasons. First, flood-
plains connected to natural rivers experience 
frequent ecological disturbance events (floods, 
erosion, deposition) that alter existing habitats 
and thereby release resources or create new 
space for colonization. Over time, this dyna-
mism results in an ever-shifting array of habitat 
types that support high levels of biodiversity 
(Salo et al. 1986). Second, as f loodplains 
undergo dramatic seasonal changes, they can be 
temporarily occupied by species from adjacent 
ecosystems, including both terrestrial (forests 
on higher terraces) and aquatic (river channel) 
ecosystems. For example, insects such as grass-
hoppers will colonize f loodplains during 
extended dry periods. They are forced to move to 
higher elevations at the onset of flooding, 
attracting large, diverse flocks of birds to feast 
on this easily available prey. Third, temperate 
floodplains are subject to invasions by alien 
(nonnative) species (chapter 9), which may tem-
porarily increase species richness but can con-
tribute to extirpations of some native species in 
the long run. Increasingly, temperate floodplain 
ecosystems support food webs containing both 
native and alien species, functioning as what are 
best described as novel ecosystems (chapter 9).

Disturbance

The general pattern of frequent but variable 
flooding appears to provide an intermediate 
level of disturbance that can increase levels of 
plant species richness in a region (i.e., the inter-
mediate disturbance hypothesis [IDH]; Connell 
1978). Within active floodplains, disturbance is 
frequent enough to prevent competitive exclu-
sion by a few dominant species of plants (Salo et 
al. 1986; Pollock et al. 1998), while enough ref-
ugia from frequent disturbance exist to ensure 
that the system contains more than just “weedy” 
plant species (Grime 1979, 1988). Pollock et al. 
(1998) found that patterns of species richness of 
plants on floodplains corresponded to predic-
tions of Huston’s dynamic-equilibrium model 

have been extensively degraded or converted to 
other land uses: most water-management activ-
ities alter connectivity and river flow regimes. 
Dams affect longitudinal connectivity and dis-
rupt downstream movement of sediment and 
nutrients, reducing or eliminating their deposi-
tion on floodplains. Dams also disrupt or elimi-
nate upstream and downstream movement of 
organisms, such as fish species that spawn in 
headwaters and rear in floodplains. Dams with 
large storage capacities alter river flow regimes, 
especially those dams managed to capture 
flood waters and reduce flood crests. Similarly, 
levees and floodwalls disconnect floodplains 
from river flows to protect land uses that are not 
compatible with inundation.

The dependence of floodplain ecosystems 
on flow and connectivity means that floodplain 
restoration often focuses either on reconnect-
ing floodplains or on restoring components of 
the flow regime, or both (Opperman et al. 
2013). On regulated rivers, Yarnell et al. (2015) 
recommend combining these two restoration 
needs by integrating functional flows with 
management of floodplain surfaces to promote 
connectivity. The functional flows approach 
recognizes that reinstating the full natural flow 
regime is unrealistic in managed systems, and 
instead proposes to manage reservoir releases 
in order to recreate targeted components of the 
natural hydrograph. The targeted components 
support the most essential geomorphic, eco-
logical, or biogeochemical processes, such as 
peak flows that can drive geomorphic change 
on floodplains. Integrating functional flood-
plains within water-management systems is a 
major focus of chapters 10–15 of this book.

DIVERSITY, DISTURBANCE, AND 
SUCCESSION

Diversity

Floodplains are often described as centers or 
hotspots of biodiversity (Hauer et al. 2016), 
although data for global patterns of floodplain-
dependent or floodplain-associated species are 
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Various studies have described the impor-
tance of floodplains or floodplain-associated 
habitat types (e.g., wetlands and riparian for-
ests) to biodiversity (Hauer et al. 2016). For 
example, Stanford et al. (2005) reported that 
nearly 70% of regional vascular plant species 
were found on one floodplain site, the Nyack 
floodplain on the Middle Fork of the Flathead 
River, Montana. Although riparian/floodplain 
habitats represent less than 1% of the land area 
in the Inyo Mountains of southeastern Califor-
nia, approximately three quarters of vertebrate 
species in this region use riparian corridors at 
some point during their life history (Kondolf et 
al. 1987). Similarly, wetlands, many of which 
are on floodplains, represent approximately 5% 
of US land surface but are critical habitat for 
35% of endangered species (Kusler 1996). 
Aquatic species are imperiled at far higher rates 
than terrestrial species (Ricciardi and Rasmus-
sen 1999) and this is due, in part, to losses of 
floodplains and, more generally, to widespread 
hydrological alteration, including loss of hetero-
geneity in aquatic habitats (Poff et al. 1997; 
Richter et al. 1997; Tockner and Stanford 2002). 
Remnant floodplains often contain habitat types 
that have elsewhere been converted to other 
land uses, such as forests within a landscape 
dominated by agriculture. They thus harbor 
species that have been extirpated elsewhere in 
the region. In general, the importance of ripar-
ian vegetation and other floodplain habitats is 
magnified in dry areas or in areas with highly 
variable precipitation patterns (Jolly 1996).

Due to the processes of channel migration 
and floodplain erosion and deposition, a mosaic 
of floodplain landscape elements (i.e., habitat or 
patch types) are continuously being created and 
destroyed (Stanford et al. 2005). When a patch 
of habitat is destroyed at one location, that same 
habitat type has likely been created by other 
processes at other locations along the river cor-
ridor; the overall proportion of a given element 
may thus remain relatively stable in the land-
scape over time (Galat et al. 1998; Naiman et al. 
2010). For example, floodplain lakes and other 
water bodies are continually being created 

(Huston 1979), which considers productivity as 
well as disturbance to predict species richness. 
This model predicts that the greatest plant spe-
cies richness will occur on sites with intermedi-
ate levels of disturbance (e.g., flooding) and 
intermediate levels of productivity. Whether 
IDH and the Huston model apply to animals 
using floodplains remains to be tested. Dodds 
(2009) notes that there is little direct evidence 
for IDH in floodplain and stream ecosystems 
overall because so many other factors, including 
magnitude, timing, and length of floods, also 
affect biodiversity. The number of potential 
influencing factors makes it hard to define pre-
cisely what “disturbance” or “intermediate dis-
turbance” means to floodplain organisms other 
than plants. Regardless, research on riverine 
food webs has found that frequent flooding can 
increase food-web length and increase the flow 
of energy to higher trophic levels (Wooton et al. 
1996), which potentially increases the diversity 
of organisms within a floodplain. During a dis-
turbance event, such as very large flood that can 
scour the floodplain, the heterogeneous topog-
raphy and vegetation on the floodplain can con-
tain low-velocity refugia for aquatic species, 
such as within jams of large wood. Following a 
disturbance, recolonization follows the same 
three axes of connectivity described in chapter 
2: longitudinal, lateral, and vertical (Peters et al. 
2016).

If flooding can increase biodiversity, the 
absence of flooding should, over time, reduce 
floodplain biodiversity (Sparks et al. 1990). 
This reduction occurs through loss of physical 
processes that create diverse habitat mosaics 
and because plant species that do not depend 
on flooding are favored, including those that 
can form monospecific stands (e.g., tamarisk). 
Thus, from an ecological perspective, floods are 
not destructive events, but rather they are the 
driver needed to create and maintain diverse 
habitats in which floodplain biotas thrive (Stan-
ford et al. 2005). Prevention of floods is conse-
quently the greatest stressor to floodplain eco-
systems in the modern world (see the 
discussion of succession below).
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erosion of the floodplain, creating areas of bare 
ground and new floodplain water bodies, or to 
channel avulsion and associated floodplain 
sedimentation and new channel formation 
(Ward et al. 2002).

River-management actions, such as adding 
levees and regulating flow, generally reduce 
dynamic processes and connectivity, also reduc-
ing the frequency of disturbance events. Thus, 
over time, river management generally allows 
successional processes to progress toward a 
more homogenous and less complex mosaic of 
habitats (Bravard et al. 1986; Decamps et al. 
1988; Amoros 1991; Barnes 1997; Ward et al. 
2001). For example, because flow regulation of 
the Danube River has reduced the frequency of 
large floods, existing water bodies are being 
converted to terrestrial habitats within the 
floodplain below Vienna (Tockner and Schie-
mer 1997). Hale (2004) found that floodplain 
reserves on the Wisconsin River that were not 
connected to rivers with dynamic hydrographs 
lost early successional communities. Succes-
sional processes in floodplain forests are dis-
cussed further in chapter 6.

The processes of island formation and 
destruction in braided rivers effectively illus-
trate the concepts of disturbance, succession, 
and habitat mosaics (figure 5.1). High-flow 
events erode and reshape or destroy islands 
while incipient islands are simultaneously 
being created, often behind wood jams in the 
channel (Abbe and Montgomery 1996; Edwards 
et al. 1999; Gurnell et al. 2005). Shifting chan-
nels can lead to islands becoming connected to 
the riparian forest and, conversely, channel 
avulsion can lead to a portion of the riparian for-
est becoming an island. These dynamic proc-
esses result in a diversity of forest ages and 
structure (Gurnell and Petts 2002). Rivers with 
flow regulation generally have fewer islands and 
tend to transition to single-thread channels 
flanked by mature riparian forests.

The processes of island formation, evolu-
tion, and destruction integrate attributes of 
hydrology, geomorphology, and vegetation, and 
require a dynamic riverine environment and 

through channel migration and avulsion. 
Through successional processes over time, these 
lakes become marsh and eventually revert to ter-
restrial habitat. While individual lakes come and 
go, the overall proportion of lake to marsh to ter-
restrial plain may remain relatively constant if 
the floodplain is active (Welcomme 1979), simi-
lar to the concept of a “shifting-mosaic steady 
state” described by Bormann and Likens (1979). 
Floodplain ecosystems must be quite large and 
connected to rivers with natural flow regimes to 
sustain these steady-state dynamics without con-
tinuous human intervention (Ward et al. 2002).

Succession

Floodplain habitats can undergo succession, the 
processes through which an ecosystem under-
goes changes in species composition and struc-
ture over time (Salo et al. 1986; Greco and Plant 
2003). The relatively frequent disturbance 
regime of floodplains results in the creation of 
floodplain surfaces (e.g., bare ground) or fea-
tures (e.g., an oxbow lake) where ecosystems can 
develop through succession. In the absence of 
disturbance, successional processes can lead to 
forests that are more uniformly mature and less 
diverse in terms of plant species, age classes, 
and structure (Decamps et al. 1988). Through 
the hydrarch succession process, floodplain 
water bodies gradually fill with silt and organic 
matter and transition from open water to marsh 
to terrestrial habitat (Amoros 1991).

Dynamic hydrologic and geomorphic proc-
esses are required to counteract the tendency 
for successional processes to homogenize chan-
nel forms, water bodies, and floodplain plant 
communities (Welcomme 1979; Ward et al. 
2002). High-magnitude flows reset the succes-
sional stage of plant communities by removing 
mature forest through erosion while creating 
new areas for regeneration through sediment 
deposition. Similarly, high-magnitude flows 
can reset the successional stage of an oxbow 
lake by removing a sediment or vegetation plug 
or scouring out the lake bed (Amoros 1991). 
Further, very large flows can lead to widespread 
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ecology have not always reflected that flood-
plains and rivers function as an integrated bio-
physical system. One reason for this is that 
nearly all large rivers in the temperate world 
were heavily altered prior to scientific study 
(Benke 1990; Bayley 1991; Dynesius and Nils-
son 1994; Nilsson et al. 2005). Initially, aquatic 
ecologists did not fully recognize the extent of 
this alteration and so did not appreciate the 
importance of floodplains to riverine ecosys-
tems (Bayley 1991). Below we review major con-
ceptual frameworks for river-floodplain ecol-
ogy; the evolution of these frameworks over 
time reflects the growing appreciation for the 
importance of floodplains.

RIVER CONTINUUM CONCEPT

The central concept guiding river ecology in the 
temperate world in recent decades has been the 
River Continuum Concept (RCC; Vannote et al. 
1980). As a model, the RCC describes how river-
ine biota, sources of energy, turbidity, and tem-
perature regime change in a downstream direc-
tion with increasing stream order (figure 5.2). 

connectivity between river and f loodplain. 
Ward et al. (2002) suggest using islands (e.g., 
number per river kilometer) as landscape-level 
indicators of river corridor condition and of the 
extent to which natural processes are operat-
ing, including biological processes. Similarly, 
Dykaar and Wigington (2000) suggest using 
the area of islands and bars as a geomorphic 
indicator of river-floodplain integrity on the 
Willamette River in Oregon. They reported an 
80% decline in island and bar area between 
1910 and 1988 due to flow regulation and bank 
armoring. In Central California, flow regula-
tion and bank armoring of major rivers have 
contributed to loss of islands and the simplifica-
tion of river channels toward single-thread 
channels (The Bay Institute 1998). Such sim-
plification results in loss of ecosystem complex-
ity and biodiversity.

MAJOR CONCEPTUAL FRAMEWORKS FOR 
RIVER-FLOODPLAIN ECOLOGY

While floodplains are intimately connected to 
rivers, conceptual models developed for river 

FIGURE 5.1 Island forming near the floodplain in the braided Chilcotin River, BC, Canada, during early summer high 
flows due to glacial melting. Gravel deposits in the shifting channel strand drifting trees, which accumulate and cause 
additional gravel deposition on the bar. Trees and shrubs colonize the protected gravel, and under the right conditions, 
the island can grow to a fairly large size and support a diverse floodplain forest, as the island in the background does. In 
this photo, the stranded trees are on the upstream end of the bar, while new vegetation is established on the downstream 
end (photo by Carson Jeffres).
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A. River Continuum Concept B. Flood Pulse Concept

C. Riverine Productivity Model D. River Wave Concept
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FIGURE 5.2 River ecosystem models describe energy sources, biotic production, and change through space and time. 

(A)  The river continuum concept describes a longitudinally linked gradient punctuated by local effects 

(B)  The flood pulse concept emphasizes lateral connectivity with the floodplain  

(C)  The riverine productivity model focuses on the contribution of edges 

(D)  The river wave concept integrates components from preceding models, describing energy flows as waves in time and/or 
space. (See Humphries et al. 2014.)
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The pulsing of the river discharge, the flood 
pulse, is the major force controlling biota in 
river-floodplains. Lateral exchange between 
floodplain and river channel, and nutrient recy-
cling within the floodplain have more direct 
impact on biota than the nutrient spiraling dis-
cussed in the RCC (Vannote et al. 1980). We 
postulate that in unaltered large river systems 
with floodplains in the temperate, subtropical, or 
tropical belt, the overwhelming bulk of the river-
ine animal biomass derives directly or indirectly 
from production within the floodplains and not 
from downstream transport of organic matter 
produced elsewhere in the basin.

Thus, the FPC posits that the position of a 
patch of habitat along a lateral transect from the 
river channel through a floodplain has greater 
influence on ecosystem processes within that 
patch than does its position along a longitudi-
nal transect, from headwater to mouth, as pre-
dicted by the RCC.

Many large lowland rivers feature a predict-
able annual flood pulse event that connects the 
river with its floodplain and allows for exchange 
of water, energy, nutrients, and organisms. 
This connectivity provides an energetic subsidy 
to the riverine ecosystem in three ways. First, 
river organisms can follow the expanding edge 
of water as it moves across the floodplain and 
directly access food resources on newly flooded 
land, such as terrestrial insects and plants 
(Junk et al. [1989] refer to the floodplain inun-
dated during the flood pulse as the “aquatic-
terrestrial transition zone”). For example, fish 
utilizing the floodplain can eat leaves, fruits, 
and nuts of floodplain trees, as well as terres-
trial invertebrates and other organisms caught 
in flood waters (Welcomme 1979; Chick et al. 
2003). Second, during sustained flood pulses, 
floodplains become areas of high productivity 
in the water column (chapter 7) with food webs 
driven by autochthonous production (phyto-
plankton, periphyton, and aquatic macro-
phytes) and decomposition of terrestrial vegeta-
tion. Rates of decomposition and nutrient 
cycling may be increased by sequential wetting 
and drying (Junk et al. 1989). Although the 

The RCC predicts that invertebrate diversity is 
maximized in middle-order reaches and that 
low-order (headwaters) and high-order reaches 
(large rivers) will have lower diversities of inver-
tebrates. For large rivers, the RCC predicts that 
most productivity will be derived from upstream 
sources because depth and turbidity will limit 
autochthonous sources (internally produced, 
such as algae and aquatic plants) and the small 
ratio of channel perimeter to channel width will 
limit allochthonous (externally produced) 
sources, such as organic material from riparian 
forests. Thus, the RCC predicts that nearly all 
carbon available to drive large-river food webs 
comes from upstream, suggesting that down-
stream reaches depend on the “leakiness” of 
upstream reaches.

The RCC has proved to be a useful model 
for discussion and several studies promptly 
tested the concept, providing various examples 
of confirmation, disagreement, and refinement 
(e.g., Cuffney 1988). Examining several large 
rivers for consistency with the RCC, Sedell et 
al. (1989) reported that confined rivers with 
minimal floodplains conformed relatively well 
with the RCC, while rivers with extensive flood-
plains conformed less closely, noting that the 
most productive areas in rivers are those con-
nected to floodplains.

FLOOD PULSE CONCEPT

Junk et al. (1989) recognized the absence of 
floodplains in the RCC and, in response, devel-
oped the Flood Pulse Concept (FPC). Based on 
research conducted on unregulated rivers, 
including both tropical (the Amazon) and tem-
perate (the Illinois) rivers, the FPC introduced 
a lateral component to the longitudinal, head-
waters-to-mouth, paradigm of the RCC. The 
FPC posited that, within reaches with extensive 
floodplains, ecosystem productivity was largely 
controlled by lateral interactions of river and 
floodplain and not by longitudinal linkages of 
headwaters to main-stem river (figure 5.2). 
Junk et al. (1989, p.112) state:
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2010–2011 flood in the Murray-Darling system, 
the Chowchilla floodplain (67 km2) exported a 
large quantity of zooplankton into the Murray 
River (approximately 6 tonnes/day dry weight), 
increasing the abundance of zooplankton 
downstream of the floodplain compared to 
upstream. Junk et al. (1989) state that large, 
piscivorous fishes that are adapted to main-
channel habitats, and do not themselves move 
onto floodplains, often rely on prey species that 
do feed and grow on floodplains. Floodplains 
can continue to export nutrients to rivers dur-
ing baseflow periods through hyporheic flow 
(Stanford and Ward 1988). Floodplain produc-
tivity can also be exported to adjacent terrestrial 
ecosystems, as when spiders feed upon emer-
gent insects produced in floodplain habitats 
(Ward 1989). However, other studies have 
found that floodplains are relatively closed sys-
tems that retain most of the productivity gener-
ated or processed within them (Hamilton and 
Lewis 1987; Lewis 1988). Thus, the extent to 
which floodplain productivity supports down-
stream riverine ecosystems or adjacent terres-
trial ecosystems requires further study (Ball-
inger and Lake 2006).

The FPC was derived from systems with 
floods that occur relatively predictably and have 
considerable duration, during a time of year 
that allows high productivity because of high 
light levels and warm temperatures (Johnson et 
al. 1995). The predictability of flooding likely 
influences the extent to which biota adapts to 
f loodplain habitats. In general, species in 
regions with unpredictable flood pulses do not 
exhibit behavioral or life-history adaptations 
that take advantage of floodplains (Johnson et 
al. 1995; King et al. 2003). In fact, unpredicta-
ble floods may be harmful to species (Junk et 
al. 1989).

Johnson et al. (1995) posit that floods of 
intermediate duration maximize productivity. 
If floods are of short duration, autochthonous 
production will be minimal and many species 
will not be able to complete the floodplain-
dependent portions of their life histories. If 

FPC emphasizes the importance of terrestrial 
resources to the floodplain subsidy, recent 
research suggests that this may have been over-
emphasized and that carbon derived from auto-
chthonous sources within the inundated flood-
plain, particularly various forms of algae, is 
more labile (biologically available) than carbon 
derived from terrestrial plant sources (Wine-
miller 2004; Junk and Bayley 2008). These 
two mechanisms for energy subsidy hinge on 
riverine organisms accessing expanded sources 
of productivity on the floodplain. A third proc-
ess that subsidizes riverine ecosystems is trans-
port of carbon, nutrients, materials, and organ-
isms back into the river as the floodplain drains 
during flood recession. In this way, floodplain 
productivity can benefit organisms that do not 
actually move onto the floodplain.

Sequential terrestrial and aquatic productiv-
ity, and its exchange through dynamic flow 
regimes and connectivity, results in rapid recy-
cling of organic matter and the characteristic 
high productivity of river-floodplain systems 
(Bayley 1991). For example, production of ani-
mal biomass on floodplains is estimated to be 
3.5 times that of terrestrial habitats (Tockner 
and Stanford 2002). Bayley (1995) describes 
floodplain ecosystems as having a “flood-pulse 
advantage.” This advantage refers to the signifi-
cantly greater per-unit-area production of fish 
within rivers with a dynamic flow regime and 
connectivity with a floodplain compared to riv-
ers or reservoirs lacking such connection via a 
flood pulse. Supporting the flood-pulse advan-
tage, Risotto and Turner (1985) found that the 
amount of bottomland hardwood forest, a proxy 
for extent of floodplain, was a significant pre-
dictor of fish biomass within a given reach of 
the Mississippi River.

Several studies have found that floodplain 
productivity can be exported to riverine ecosys-
tems, consistent with the FPC. In Georgia’s 
Ogeechee River, the flux of organic matter from 
floodplains to the river exceeded primary pro-
ductivity in the river by a factor of seven (Benke 
2001). Furst et al. (2014) found that, during the 
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cal importance for both the river and the flood-
plain by influencing habitat conditions within 
floodplain channels, the water table, and hydrol-
ogy of floodplain water bodies. This emphasis 
on the ecological importance of a broad range of 
flows largely parallels the concept of the natural 
flow regime (Poff et al. 1997).

Tockner et al. (2000) also expanded on the 
FPC to emphasize the importance of diverse 
sources of flood water, including direct rainfall, 
tributary water, overland runoff, soil water, and 
rising groundwater, in contrast to the FPC’s 
original emphasis on lateral overflow from a 
large river. The source of water can have an 
important effect on ecological responses to 
flooding due to differences in temperature, 
nutrients, and hydraulic properties. For exam-
ple, overbank flow can have high velocities, 
while hyporheic inundation has very low or no 
velocity (see chapter 2).

SHIFTING HABITAT MOSAIC

Tockner, Lorang et al. (2010, p.77) state that the 
Shifting Habitat Mosaic (SHM) concept “recog-
nizes that the interaction of physical and bio-
logical processes in a floodplain produces a 
continually changing spatial pattern of habitats 
fostering high biodiversity.” Stanford et al. 
(2005) suggest that the SHM can unify many 
of the diverse conceptual models and theories 
of how river floodplains function as biophysical 
systems. The SHM focuses on how hydrologic 
processes create, maintain, and change diverse 
patches of habitat across three dimensions on a 
floodplain (longitudinal, lateral, and vertical).

Flooding drives geomorphic processes such 
as meander migration and avulsion that contrib-
ute to various channel forms, water bodies (e.g., 
from cutoff events and localized scour on the 
floodplain), and diverse patches of varying age 
and vegetation composition. In addition to con-
tributing to heterogeneity of surface habitat 
patches, these geomorphic processes also con-
tribute to heterogeneity of subsurface patches. 
For example, the process of channel abandon-
ment results in coarse subsurface deposits that 

flood pulses are very long, floodplains can take 
on characteristics of a lotic system and experi-
ence stagnation and low levels of dissolved oxy-
gen. Further, a very long flood pulse will limit 
the terrestrial growth phase of plants (Ahn et 
al. 2004), which is a key part of the productivity 
advantage of river-floodplain systems. Interme-
diate levels of flooding have also been posited to 
maximize diversity of habitats and species on 
floodplains (Richards et al. 2002) although the 
relationship between flood flows and biodiver-
sity is complex and thus rarely fits simple mod-
els (Dodds 2009).

In the decades after publication of the FPC, 
researchers have attempted to adapt it to a broad 
range of temperate systems, including those in 
which flooding may be less predictable, of 
shorter duration, and/or occurs during times of 
the year less conducive to productivity (e.g., 
winter, with short daylight and low tempera-
tures; Thorp et al. 1998; Gutreuter et al. 1999; 
Tockner et al. 2000; Sommer, Harrell et al. 
2001). Although the transferability of specific 
aspects of the FPC to some temperate systems 
has been questioned (Thorp et al. 1998), the 
general concept of a flood-pulse advantage for 
species, especially fish, has been confirmed in 
numerous temperate systems (e.g., Gutreuter 
et al. 1999; Sommer, Nobriga et al. 2001).

Tockner et al. (2000) extended the FPC to a 
broad range of river systems by expanding 
beyond the concept’s original focus on predict-
able, long-duration events. They emphasized 
the importance of a diversity of flows, ranging 
from below-bank-full “flow pulses” to rare major 
f lood events. They also drew a distinction 
between unpredictable and high-magnitude 
“erosive flooding” events and the long-duration 
flood pulses of the FPC. Erosive flooding shapes 
the geomorphology of rivers and floodplains 
and thus provides the physical template for habi-
tat heterogeneity and biodiversity, while flood 
pulses promote productivity on the floodplain 
and exchange of material between rivers and 
floodplains. In addition to the overbank flood 
pulses emphasized by the FPC, below-bank-full 
events, termed “flow pulses,” also have ecologi-
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RIVERINE PRODUCTIVITY MODEL

Thorp and Delong (1994) introduced the River-
ine Productivity Model (RPM) as a response to 
both the RCC and FPC. While the RCC predicts 
that large-river food webs are driven by the 
export of organic matter from the upstream 
watershed and the FPC posits that large-river 
food webs are dominated by floodplain produc-
tivity, the RPM holds that large-river food webs 
are driven by local autochthonous production, 
including phytoplankton, periphyton, and mac-
rophytes, and direct inputs from the riparian 
zone, not limited to periods of floodplain inun-
dation. Thorp and Delong (1994) argue that 
although organic carbon derived from upstream 
sources may represent the largest pool of car-
bon within a river reach, this imported organic 
matter tends to break down slowly and be less 
biologically available than the smaller pool of 
more labile carbon from autochthonous and 
local allochthonous sources, such as that con-
tained in fresh leaves rather than leaf frag-
ments that have already been highly processed 
by bacteria and insects upstream. Thus, the 
carbon assimilated into food webs can largely 
originate from internal or local sources even 
though total ecosystem carbon is dominated by 
detritus from upstream sources.

A later iteration of the RPM (Thorp and 
Delong 2002) maintained the emphasis on the 
importance of autochthonous production by 
algae and de-emphasized the importance of 
local riparian inputs. Thorp and Delong (2002) 
cite numerous studies that demonstrate the 
importance of algal pathways in food webs, 
even where algae represented a relatively small 
proportion of the overall available carbon. The 
relative importance of various carbon sources, 
including from upstream, local riparian, and 
within-f loodplain sources, is elaborated in 
chapter 7.

RIVER WAVE CONCEPT

Humphries et al. (2014) offered the River Wave 
Concept as a single conceptual model that 

provide preferential pathways for groundwater 
through a floodplain. During periods of low 
flow, the interaction of water from various 
sources—surface, upwelling from the subsur-
face, and water entering from other sources 
such as tributaries—contributes to a range of 
water quality, temperature, and productivity 
across the floodplain. For example, primary pro-
ductivity is much higher in zones of upwelling 
because the water contains greater nutrients.

The habitat mosaic of a floodplain is com-
posed of patches that vary in their successional 
stage, productivity, water quality, species com-
position, and other characteristics; emergent 
properties of floodplains occur through the 
interactions between these patches (Tockner, 
Lorang et al. 2010). The proportion and loca-
tion of these patches change through time in 
response to rapid events, such as a flood clear-
ing established vegetation, and processes that 
occur over longer timescales, such as vegeta-
tion establishing and maturing on fresh allu-
vial deposits (Stanford et al. 2005).

Tockner et al. (2010) suggest that the SHM 
and FPC can collectively serve as the “two fun-
damental concepts” that explain the develop-
ment and evolution of floodplain ecosystems 
and processes. They indicate that the FPC 
applies primarily to processes that occur dur-
ing a period of inundation with little attention 
to the physical turnover of biophysical struc-
ture or habitats of the floodplain. In contrast, 
the SHM emphasizes the physical turnover of 
structures and habitats in response to flood 
events and ecosystem responses (e.g., forest 
regeneration) over time.

A conceptual model for Central Valley flood-
plains (Opperman 2012) provides a similar 
division, with processes split among submod-
els. The first submodel focuses on processes 
that develop and maintain the complex physical 
template of the floodplain, corresponding to the 
SHM. Other submodels focus on processes that 
occur during inundation events, such as 
increased primary productivity and exchange 
of organisms between patches, corresponding 
to the FPC.

Opperman - Foodplains.indd   55 23/03/17   3:08 PM



56     ecology

The River Wave Concept describes a lowland 
flood pulse characteristic of the FPC as a long, 
low-amplitude wave at the lower end of the river 
that is the summation of shorter, higher-
amplitude waves from upstream tributaries, 
which may each have somewhat different tim-
ing of high-flow events. As predicted by other 
models, upper tributaries provide organic mat-
ter inputs that accumulate in the stream and 
riparian zone during low-flow periods. This 
organic matter is carried downstream by the 
crest of the wave of flow and can be deposited 
on floodplains as the wave amplitude declines.

Humphries et al. (2014) argue that, because 
stream biotas evolved in response to the flow 
characteristics of their local rivers, they are sen-
sitive to the shape, amplitude, wavelength, and 

draws on three of the concepts discussed above 
(RCC, FPC, and RPM). The River Wave Con-
cept considers streamflow as a series of waves 
travelling longitudinally (downstream) and lat-
erally (on and off floodplains), with the waves 
varying in shape, amplitude, wavelength, and 
frequency (figure 5.2). There are two basic 
types of river waves: those characterized by 
flood peaks in response to precipitation events 
in the watershed, which show high crests and 
move rapidly through the system, and those 
created by baseflow conditions, with long wave-
lengths. The shapes of these waves are further 
influenced by the interactions of climate, hydr-
ogeology (e.g., groundwater storage), and geo-
morphology (e.g., extent of connected 
floodplains).

The focus of most temperate floodplain studies is 
on the expansive seasonal floodplains of large riv-
ers and on the extensive flooding that often occurs 
there. However, floodplain processes also occur at 
much smaller scales and, as on larger floodplains, 
these processes depend on flow regime and con-
nectivity. The various river conceptual models dis-
cussed previously suggest that small-scale flood-
plains can cumulatively export productivity 
downstream to rivers. Here, we discuss different 
manifestations of “miniature floodplains,” includ-
ing those that flank small streams and also the 
edges of larger streams or rivers that are activated 
during minor increases in flow. This discussion 
also applies to narrow floodplains along the edges 
of channels that are constrained and therefore 
lack access to more expansive floodplains.

Halyk and Balon (1983) reported that flood-
plain pools along a small stream in Ontario, Can-
ada, provided an important contribution to fish 
production in the system. Similarly, a mountain 
meadow is essentially a miniature floodplain 
flanking the stream flowing through it and provid-
ing important habitat for birds, amphibians, and 
fish (Purdy et al. 2012). Mountain meadow 
streams typically spill over their low banks onto 
the meadows during snowmelt events. Meadows 

can retain a large volume of water that is slowly 
released during the summer months, maintaining 
mesic soil conditions for plant growth in the 
meadow and maintaining streamflow during dry 
periods. In some mountain regions, meadows can 
be quite extensive along streams in mid-elevation 
valleys and these not-so-miniature floodplains can 
provide important habitat for salmonids, includ-
ing migratory forms (Bellmore et al. 2012).

Channel edges, including the edges of large 
rivers with steep banks, can also serve as minia-
ture floodplains. Flow pulses that inundate edge 
habitat are often associated with successful repro-
duction of certain fish species, because this edge 
habitat provides many of the same benefits for 
fish as do large, inundated floodplains. These ben-
efits include cover, lower water velocities, warmer 
temperatures, and higher flood densities. For 
example, a six-week flow increase in Putah Creek, 
California, in spring greatly improves spawning 
success of native fishes (Kiernan et al. 2012). 
While most of Putah Creek is incised and thus not 
connected to extensive floodplains, this flow pulse 
“connects” the river to edge habitats where larval 
fish can rear in a 1–2 m wide band of flooded veg-
etation along the stream edge (P. Moyle, unpub-
lished observations).

BOX 5.1 • Miniature Floodplains: Unappreciated Phenomena?
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frequency of river waves. These characteristics 
are analogous to the ecological importance of 
f low magnitude, duration, and frequency 
described by the natural flow regime (Poff et al. 
1997). Understanding these adaptive responses 
therefore allows biologists and managers to bet-
ter predict what will happen as flow regimes 
change, whether from natural events, flow 
management, or climate change.

Conceptual frameworks presented here 
share a common emphasis on the underlying 
importance of flow regime and connectivity for 
maintaining floodplain processes and the ben-
efits they provide. The importance of flow 
regime and connectivity hold true even for 
small and unusual floodplains (box 5.1).

CONCLUSIONS

Floodplain ecosystems are intricately linked to 
the rivers that flow through them and are struc-
tured by hydrologic (chapter 2), geomorphic 
(chapter 3), and biogeochemical processes 
(chapter 4). Both riverine and floodplain eco-
systems are strongly influenced by the river’s 
flow regime. Hydrological connectivity between 
river and floodplain across a broad range of flow 
levels is required to maintain floodplain ecosys-
tems and river-floodplain interactions. These 
basic attributes of floodplain ecosystems are 
common themes within the broader conceptual 
models that explain how riverine ecosystems 
function. Flooding translates downstream 
through longitudinal connectivity, integrating 
basin-scale inputs of runoff, sediment, nutri-
ents, and organic matter. As a rule, flooding 
can only drive geomorphic and ecological proc-
esses on floodplains where they are hydrologi-
cally connected to the river. In a given region, 
there is likely to be a direct, positive relation-
ship between total floodplain area connected to 
rivers and levels of productivity, biodiversity, 
and ecosystem services supported by 
floodplains.

Floodplain-dependent species and communi-
ties are therefore vulnerable to the numerous 
management activities that reduce longitudinal 
connectivity and flow variability (e.g., dams and 
diversions) and lateral connectivity with flood-
plains (e.g., riprap and levees). Because this 
water-management infrastructure is widespread, 
particularly within temperate river basins, flood-
plain ecosystems and their associated species 
have been greatly reduced in extent across the 
temperate world (Tockner and Stanford 2002). 
Further, floodplains that remain connected are 
often highly degraded and feature biota with a 
high proportion of nonnative plants and ani-
mals. They can consequently be characterized as 
novel ecosystems (chapter 1). River and flood 
managers are increasingly recognizing the value 
of remnant floodplains, not just for their envi-
ronmental values but also as part of flood-risk-
reduction strategies. This recognition is also 
catalyzing the reconnection of portions of previ-
ously disconnected floodplains (Opperman et al. 
2009). Using floodplains to store and convey 
flood waters allows them to function as “green 
infrastructure” within flood-management strate-
gies. Additionally, these connected floodplains 
can be managed to provide multiple benefits, 
including restoration of biodiversity and ecosys-
tem services (Tockner et al. 2010); this multipur-
pose management is the focus of chapter 10.

Designing systems that deliver multiple 
benefits requires that both scientists and man-
agers understand the effects of ongoing and 
potential management actions on basic flood-
plain processes and on the novel ecosystems 
that most temperate floodplains now support. 
In the next three chapters, we first examine 
more closely the ecological importance of com-
plex plant communities on floodplains (chapter 
6) and how floodplain processes affect ecosys-
tems through primary and secondary produc-
tion (chapter 7). We then assess how verte-
brates, especially fish, use both natural and 
modified floodplains (chapter 8).
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ZONATION

Floodplain vascular plant communities are pat-
terned into zones that reflect the interactions of 
soil characteristics, hydroperiod, and flood dis-
turbance (Stella et al. 2013). Floodplain soils 
are heterogeneous due to variable sediment 
sizes as well as to variable organic matter and 
nutrient content (Naiman et al. 2005). The 
typical hydroperiod—the repetitive seasonal 
patterns of inundation and/or water table 
level—and soil characteristics create regular, 
predictable patterns of vegetation zonation, 
while intermittent disturbance from high-
energy flood events introduces stochasticity 
into these patterns by opening new space for 
plant colonization (Spink et al. 1998; Stanford 
et al. 2005).

Floodplains support high produc-
tivity of valued species, especially fishes 

and waterfowl. These species are supported by 
floodplain food webs that are fueled by primary 
productivity from sources both local and dis-
tant and by species from single-celled algae to 
massive trees. In chapters 6–8, we focus on 
various components of these food webs. This 
chapter begins with a discussion of the zona-
tion of plant species on floodplains, from 
aquatic to terrestrial, before focusing on vascu-
lar plants that grow on land surfaces that  
are only intermittently flooded. For conve-
nience, we refer to these plants as “terrestrial” 
vegetation. Terrestrial sources of primary  
productivity—including trees, shrubs, and 
grasses—grow on floodplain surfaces that are 
only temporarily or occasionally flooded and 
they photosynthesize primarily between peri-
ods of inundation, although some grasses may 
start to grow while flooded. Due to their impor-
tance on temperate floodplains, the chapter 
emphasizes floodplain forests (often referred to 
as riparian forests).

SIX

Floodplain Forests

In this chapter, we use the term “floodplain forest,” 
but intend for this term to be equivalent to “riparian for-
est.” Generally, riparian forests are regarded as being 
characteristic of river edges, while floodplain forests are 
characteristic of wide reaches of valley floor, with multiple 
channels. However, the two types of forest are in reality 
difficult to separate in areas with extensive floodplains.
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and Descamps 1997). Through the growth of 
adventitious roots, new trees can establish from 
vegetative propagules—including stems, 
branches, or even whole live trees—that have 
been moved and deposited by a flood (Francis 
and Gurnell 2006; Opperman et al. 2008).

Due to factors such as nutrient-rich soils 
and access to water, floodplain perennial plants, 
especially trees, often have high growth rates. 
As a result, temperate floodplain forests tend to 
have higher basal area and stem density than 
adjacent upland forests (Naiman and Descamps 
1997). The high growth rate and productivity of 
floodplain forests is due in part to periodic 
inundation events that deposit sediment, nutri-
ents, and organic matter (Yarie et al. 1998). In 
semiarid regions, flooding contributes to this 
productivity by recharging groundwater and 
thus increasing the water available during the 
growing season, particularly if flooding occurs 
during or relatively soon before a period of 
drought stress (Robertson et al. 2001; Stella et 
al. 2013). Extended periods of inundation, due 
to extended flood events, management actions, 
or beavers, can reduce growth of floodplain for-
ests and lead to mortality of floodplain trees 
(Mitsch et al. 1979; Conner et al. 1981). For 
example, f lood-control operations on the 
Roanoke River, Virginia (United States) pro-
duced artificially long overbank flows, causing 
mortality of saplings within the floodplain for-
est (Pearsall et al. 2005). In fact, Jackson and 
Pringle (2010) caution that in highly modified 
river systems, reduced connectivity between 
river and floodplain may be desirable at times, 
such as where “novel” riparian vegetation has 
established following alteration of natural flood 
regimes and become a refuge for rare species.

Floodplain forest processes and patterns—
including regeneration, succession, and hetero-
geneity—are linked to various components of 
the hydrograph and the dynamic hydrologic 
and geomorphic processes of the floodplain 
environment (Decamps et al. 1988; Trush et al. 
2000; Bendix and Stella 2013; Marks et al. 
2014). The relationship between floodplain for-
ests and a variety of flow characteristics repre-

Welcomme (1979) described five primary 
vascular plant zones on floodplains:

1. Permanent water with submerged vegeta-
tion only (e.g., oxbow lakes)

2. Permanent flooded areas with rooted or 
floating emergent vegetation

3. Seasonally flooded areas with emergent 
vegetation

4. Areas that are occasionally flooded 
(between mean flood and highest flood 
levels)

5. Areas that are not flooded, but whose water 
table is influenced by the flood regime

Zones 4 and 5 include riparian/floodplain 
forest, grassland, or savanna, depending on the 
hydroperiod, soil type, and time since distur-
bance. The local climate and depth to ground-
water also determine the vegetation composi-
tion of the floodplain. In regions with sufficient 
precipitation year-round, floodplains tend to be 
forested, although in many parts of the world 
previously forested floodplains have become 
grasslands or savannas through clearing and 
grazing (Welcomme 1979).

FLOODPLAIN FORESTS AND  
RIVER FLOW REGIMES

Temperate floodplains are often covered in a 
mosaic of patches of forest with different ages, 
species composition, and structure (Stanford et 
al. 2005). Many trees characteristic of flood-
plains display specific adaptations to the 
dynamic floodplain environment (Kozlowski et 
al. 2002). For example, they may have seeds 
that can float with seed release synchronized 
with the natural flow regime so that high flows 
can distribute seeds to appropriate germination 
sites (Stella et al. 2006). Reflecting their posi-
tion on surfaces frequently exposed to geomor-
phic processes, floodplain trees often have flex-
ible stems and the ability to grow adventitious 
roots, such as roots that sprout from a trunk or 
stem that has been buried in sediment (Naiman 
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Stella et al. (2006) found that the period of 
maximum cottonwood seed release could be 
predicted by a degree-day model which, com-
bined with historical hydrological and tempera-
ture analysis, indicated that cottonwoods 
release their seeds to coincide with peak runoff 
during spring snowmelt.

Although cottonwoods are tolerant of inun-
dation, seedlings and small saplings can suffer 
high mortality due to physical scouring or dep-
osition during subsequent floods (Wilcox and 
Shafroth 2013). Therefore, conditions for large 
pulses of cottonwood recruitment are charac-
terized by specific patterns of interannual vari-
ability: a large flood in the year of seedling 
establishment, which provides for extensive 
areas of freshly deposited alluvium for estab-
lishment, followed by several years of smaller 
floods that minimize scour mortality of sap-
lings. These relationships between hydrological 
variability and riparian tree dynamics have 
been summarized in conceptual models such 
as the Recruitment Box Model (Mahoney and 
Rood 1998; figure 6.1), which Rood et al. 
(2005) recommend as a basis for restoring 
flood flows in diverse floodplain river systems.

Because of these specific f low-related 
requirements for regeneration, establishment 
of cottonwoods and other riparian vegetation is 
tightly coupled with flow regime. On regulated 
rivers, capture of floods by reservoirs can 
diminish availability of fresh alluvium and thus 
diminish rates of seedling establishment. Res-
ervoir management can also lead to rapid reces-
sion rates that can desiccate seedlings 
(Mahoney and Rood 1998). For example, in the 
western United States, reservoirs that store 
water for irrigation often capture much of the 
snowmelt flood pulse, which can change the 
recession limb of the spring flood pulse below 
the dam from a gradual decline to a sharp 
decline, resulting in very rapid lowering of river 
levels and water table elevation. Along regu-
lated rivers, regeneration may be restricted to a 
narrow riparian band where the water table is 
close enough to the surface to allow roots to 
reach it during early growth stages. However, 

sents one of the best-studied examples of link-
ages between hydrological variability and 
floodplain ecosystems. Multiple flow levels 
have significance for riparian forests, including 
those ranging from periodic high-energy floods 
to minimum baseflows. Forest dynamics are 
also influenced by other characteristics of the 
hydrograph, such as recession rate and interan-
nual variability.

Cottonwoods and poplars (Populus spp.) pro-
vide an illustrative example of the relationship 
between riparian/floodplain tree population 
dynamics and river flow regimes (Lytle and 
Merritt 2004); they have a life history that is 
characteristic of many temperate riparian/
floodplain tree species, such as willows (Salix 
spp.). Cottonwoods release seeds in spring that 
are transported by either wind or water (Braatne 
et al. 1996). To establish, cottonwood seedlings 
require bare, mineral soil with abundant sun-
light and soil moisture. Thus, cottonwoods 
regenerate most effectively on recently depos-
ited alluvial substrate, such as sand and gravel 
on point bars. Strahan (1981) found that cotton-
woods and willows established only on fully 
exposed alluvium and no cottonwood or willow 
seedlings were found below the canopy of 
mature trees. To establish, survive, and grow, 
seedlings’ roots require contact with moist soil. 
As river stage declines, the roots must grow 
downward to keep up with declining water 
tables. Seedlings experience high mortality if 
the water table drops faster than the rate of 
downward extension of root systems (Kranjcec 
et al. 1998; Stella et al. 2010). On point bars, 
the water table is strongly influenced by river 
levels and so cottonwood establishment is 
strongly influenced by the rate of recession of 
river flows as they transition from high spring 
flows to low summer flows (Mahoney et al. 
1998[AQ]).

Because seedling establishment depends on 
presence of bare, moist substrate, cottonwoods 
have evolved to release seeds during periods of 
high runoff when appropriate establishment 
sites are most likely to have been created. For 
example, on the Tuolumne River, California, 
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tant in rivers in which flow regulation or cli-
mate change has negatively impacted primary 
regeneration processes along point bars.

FOREST SUCCESSION AND 
SPATIAL PATTERNS

Floodplain forests are structured by both inter-
nal (autogenic) successional processes, such as 
vegetative competition and facilitation, and 
external (allogenic) successional processes, 
such as the riverine-controlled processes of 
scour, inundation, sediment deposition, and 
depth to groundwater (Edwards et al. 1999; see 
chapter 5 for a more general discussion of suc-
cession). Successional sequences are often ini-
tiated following a flood as seedlings become 
established on the bare mineral soil deposited 
by the flood; in fact, tree regeneration on newly 
deposited point bars is sometimes used as an 
example of primary succession, the ecosystem 
development that starts on bare soil and goes 
through a series of progressively more diverse 
stages (Clements 1936; Morris and Stanford 
2011). Small floods can initiate successional 
processes in localized patches, whereas large, 

this band is often very close to the active chan-
nel where seedlings may be exposed to pro-
longed inundation or may become scoured or 
buried during high flows (Wilcox and Shafroth 
2013; Kui et al. 2014). Regeneration of cotton-
woods and similar species is thus often greatly 
diminished below dams, and riparian forests 
can become dominated by older trees that 
established under a previous flow regime (Bra-
dley and Smith 1986; Rood and Mahoney 1990; 
Snyder and Miller 1991; Stella et al. 2003). The 
loss of dynamic flows and disturbance on the 
floodplain can result in a greater proportion of 
riparian vegetation reproducing through vege-
tative propagation or clonal growth, rather than 
through sexual reproduction through seed ger-
mination (Douhovnikoff et al. 2005).

In addition to establishment along point 
bars, abandoned channels provide important 
sites for regeneration of riparian vegetation. 
Stella et al. (2011) found that nearly half of the 
area of floodplain forest along a reach of the 
Sacramento River was associated with aban-
doned channels. Regeneration associated with 
abandoned channels, or other off-channel 
floodplain features, may be particularly impor-
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vegetation (figure 6.2). This gradient repre-
sents both time and elevation; locations further 
away from the channel are older and higher 
elevation. Point bars and other depositional fea-
tures near the active channel are dominated by 
early successional species such as cottonwoods 
and willows. Further away from the river chan-
nel is mid-successional forest containing spe-
cies such as mature cottonwood and willow that 
had established earlier when that surface was 
bare alluvium. Additional trees species present 
are those that are capable of establishing and 
growing under the willow-cottonwood over-
story. Even further from the river (and thus an 
older surface) are forests dominated by later 
successional species—those that established 
under the original overstory but now dominate, 
while the short-lived early successional species 
have diminished or disappeared from the 
stand.

Beyond zonation along lateral gradients, 
floodplain forests display other spatial patterns. 
While the discussion above emphasized an 
orderly pattern of forest along a meandering 
river, a variety of processes—including channel 
cutoffs and human disturbance—also influ-
ence the distribution of riparian tree species 
and age classes, thus introducing patchiness 
into the lateral gradients. Anastomosing rivers 
are dominated by geomorphic processes, such 
as avulsion, that are more episodic and less con-
sistent than meander migration and therefore 
floodplain vegetation along anastomosing river 
channels is patchy rather than displaying dis-
tinct zonation of species or age classes (Ward et 
al. 2002).

At larger spatial scales, at the river land-
scape scale, floodplain forests can be described 
by the Shifting Habitat Mosaic concept (SHM; 
chapter 5), which holds that while specific 
floodplain plant communities may appear and 
disappear at the site level, largely driven by 
flood events), the total amount of each commu-
nity will remain relatively constant at the land-
scape scale (Tockner et al. 2000; Lyle and Mer-
ritt 2004; Stanford et al. 2005). On the Flathead 
River, Montana, United States, the mosaic 

floodplain resetting floods (chapter 14) can do 
so across much of the floodplain (Lytle and 
Merritt 2004).

In addition to creating conditions that initi-
ate successional processes, flood events interact 
with forest community dynamics throughout 
the successional sequence. For example, peri-
odic sediment deposition from floods leads to 
aggradation of the forest floor, resulting in sur-
faces that become inundated less frequently, 
allowing different species to colonize. Further, 
some mid-successional species require mineral 
soil for effective regeneration, and are thus pre-
vented from establishing beneath trees until a 
flood buries the accumulated organic litter 
layer with alluvium. The buried organic layer 
can then provide nutrient sources for develop-
ing trees (Yarie et al. 1998). While flooding and 
sediment deposition influences plant regenera-
tion, plant growth affects weathering and nutri-
ent availability of deposited sediment. Plant 
roots and decomposing organic matter dramat-
ically increase rates of weathering of deposited 
sediments, increasing the availability of nutri-
ents such as phosphorous (Naiman et al. 2010).

Within floodplains that experience natural, 
or near-natural, hydrologic and geomorphic 
processes, the distribution of trees and other 
plants, in terms of age, size, and species, is a 
function of the dynamic hydrologic processes 
of the river—which create and continue to 
influence the landforms where stands of trees 
grow—and autogenic successional processes 
that operate within the stands (Strahan 1981; 
Hupp et al. 1985[AQ]; Fierke and Kauffman 
2006). A meandering river provides the most 
apparent expression of the relationship between 
geomorphic processes and forest dynamics and 
distribution. Meandering rivers remove mature 
vegetation as they cut into banks while deposit-
ing substrate for new vegetation communities 
on the associated point bar, usually across the 
river (chapter 3). As a result of these processes, 
floodplains of a meandering river can display 
zonation of plant species’ composition along a 
lateral gradient moving away from the river 
along a point bar to the beginning of upland 
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TREES AND GEOMORPHIC PROCESSES

The discussion above emphasizes how riparian 
plant dynamics are influenced by geomorphic 
processes on the floodplain. In turn, trees and 
shrubs can influence floodplain geomorphol-
ogy (Gurnell et al. 2002[AQ]; Bendix and Stella 
2013). For example, willows can grow on an 
alluvial plug, a deposit that forms between a 
side channel and the main channel. Willow 
growth can then promote further deposition on 
the alluvial plug, which can eventually lead to 
hydrologic isolation of the side channel, except 
during high flows. Very high flows can restore 
the connectivity by blowing out the alluvial 
plug and vegetation (Amoros 1991).

Floodplain forests are the source of large 
wood—both dead wood and live wood (Opper-
man et al. 2008)—that can exert considerable 
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contained 10 distinct vegetation types or 
phases, ranging from an initial phase of bare 
substrate to mature forest (Egger et al. 2013). 
As described in chapter 5, river regulation can 
reduce the frequency and/or magnitude of 
flood flows that underpin this pattern, and so 
forests along regulated rivers may become 
more homogenous than a patchy mosaic. Geer-
ling et al. (2013) emphasize the importance of 
integrating the SHM into floodplain restoration 
and propose cyclic floodplain rejuvenation as a 
basic concept to guide restoration projects. For 
this concept to operate, it requires having a 
large enough area of floodplain so that natural 
processes can work or, in the absence of ade-
quate flows, enabling managers to manipulate 
the floodplain to mimic natural processes of 
disturbance and succession.

Active

Low flow

Baseflow

FloodplainTerrace Floodplain TerraceBank-full

Baseflow and fresh
alluvium colonized

by seedlings

Valley oak and
mixed forest

Terrace
grassland

Cottonwood/mixed forest Valley oak
forest

Riparian scrub
and willow

FIGURE 6.2 Generalized cross section of a historic Central Valley, California, floodplain, showing dominant woody 
vegetation. Along meandering rivers in California’s Central Valley, point bars and early successional forests are 
dominated by Fremont cottonwood (Populus fremontii), red willow (Salix lasiandra), and arroyo willow (S. lasiolepis). 
Mid-successional forests include box elder (Acer negundo), black walnut (Juglans hindsii), and Oregon ash (Fraxinus 
latifolia). Higher on the floodplain are late successional forests that are rarely inundated and dominated by valley oak 
(Quercus lobata; Strahan 1981; Stella et al. 2003). Note that this figure illustrates a riparian corridor along a river with a 
natural flow regime; along rivers lacking regular flooding, mature forest can occupy more of the floodplain (chapter 5).
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tion on such nuclear islands comes from 
sprouts from partially buried trees, usually wil-
lows and poplars (Edwards et al. 1999; Francis 
and Gurnell 2006; Opperman et al. 2008).

Historically, volumes of wood in temperate 
rivers and floodplains were much higher than 
today, with much wood removed through “snag-
ging” to improve navigation. The Atchafalaya 
once featured a logjam that was 170 km long, a 
physical structure that greatly increased the 
hydrological connectivity between the river 
channel and floodplains. Nearly a half century 
of effort was required to remove sufficient  
wood to make the Atchafalaya navigable, in 
1880 (Wohl 2011). Similarly, the influence of 
wood from beaver activity is also reduced from 
previous levels. Throughout North America, 
beaver once numbered between 60 and 400 
million and, by using wood to make dams, it  
is estimated they created 200 million acres of 

influence on geomorphic processes (Naiman et 
al. 2010), ranging from influencing small-scale 
topographic variation on the floodplain (Flor-
sheim and Mount 2002) to creating massive 
wood jams that lead to channel avulsion (Mont-
gomery et al. 2003). Wood can be transported 
on to the floodplain from the upstream water-
shed, although much of the wood is derived 
from local inputs from channel migration and 
cutoff events (Naiman et al. 2010). Wood 
deposited on the floodplain during flood flows 
can promote deposition of fine sediment, which 
serves as substrate for riparian seedlings. Seed-
lings and saplings growing in this alluvium 
can also be protected from scour during subse-
quent high flows by the upstream wood. This 
process can lead to formation of forested islands 
in the floodplain (Fetherston et al. 1995; Abbe 
and Montgomery 1996). Along the Taglia-
mento River, Italy, much of the initial regenera-

That fishes can benefit from riparian forests is fairly 
obvious: trees shade the water, making it cooler; 
provide complex cover when they fall into a river; 
provide substrate for invertebrate prey; and are 
important in shaping the topography of floodplains 
and stream channels. But there is growing realiza-
tion that fish can benefit riparian forests as well. 
The classic studies of Goulding (1980) showed that 
fishes are major dispersers of seeds of tropical 
floodplain trees in the Amazon. Chick et al. (2003) 
have shown fish can also disperse seeds in temper-
ate floodplains. They noted red mulberry (Morus 
rubra) and swamp privet (Forestiera acuminata) 
fruit were found in the stomach of channel catfish 
(Ictalurus punctatus) in the floodplain of the Missis-
sippi River, United States. They then demonstrated 
that, not only did the seeds germinate after being 
passed through a catfish digestive system, but also 
the process improved germination success. The 
importance of this phenomenon is not known, but 
this study suggests that dispersing plants by fish 
may be more common than realized.

Another example of where fish benefit forests 
has been documented along rivers with healthy 

salmon runs. In these rivers, salmon, in the form 
of decaying carcasses, deliver marine-derived 
nutrients to riparian trees and floodplain forests 
(Naiman et al. 2010; Morris and Stanford 2011). 
Helfield and Naiman (2001) report that Sitka 
spruce (Picea sitchensis) in the riparian forests of 
rivers with salmon runs derived approximately a 
quarter of their foliar (leaf) nitrogen from marine 
sources, delivered through the decomposing bod-
ies of salmon or by the processing of salmon 
through the digestive tracts of carnivores and 
scavengers. Trees supported by marine-derived 
nitrogen grew significantly larger than trees in 
riparian forests of rivers lacking salmon runs. 
Because larger trees benefit salmon habitat— 
particularly in the form of large instream wood—
this represents a positive feedback loop between 
salmon and floodplains. Merz and Moyle (2006) 
found that salmon carcasses were also providing 
nutrients to an agricultural crop growing along the 
Mokelumne River (California, United States). Up 
to a quarter of the foliar nitrogen in Vitis vinifera 
plants was marine derived, an ecological pairing 
of wine and salmon.

BOX 6.1 • Can Fishes Help Forests?[AQ]
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(2001) estimate up to 200,000 ha could be 
restored to floodplain forest with a high degree 
of ecosystem function, although not necessarily 
identical to the historic forests that once existed.

These hardwood forests exist in an 
extremely flat alluvial landscape and so small 
differences in topography, measured in centim-
eters, can create large differences in plant com-
munities. The most productive regions of the 
floodplain, featuring the largest trees, are on 
higher ground, such as the natural levees and 
other low ridges that are characterized by sandy 
or silty loams (Stanturf et al. 2001). Three addi-
tional forest types are recognized: cypress-
tupelo, elm-ash-hackberry, and riverfront 
(Hodges 1997; Stanturf et al. 2001). The 
cypress-tupelo forest is associated with low 
areas that are permanently flooded (swamps). 
This forest type can remain unchanged for 
hundreds of years and some bald cypress 
stands are 200–300 years old. The elm-ash-
hackberry forest is the most abundant forest 
type, occurring on sites with poorly drained 
soils that are typically flooded annually (Stan-
turf et al. 2001). The riverfront forest is charac-
terized by trees such as cottonwood and shrubs 
such as willow as the early successional spe-
cies; they are replaced by shade-tolerant maples 
(Acer spp.) and hackberry/sugarberry (Celtis 
spp.) if no tree-removing flood occurs.

wetlands. By dramatically slowing drainage and 
runoff, this use of wood by beavers would have 
had widespread influences on hydrology and 
geomorphic processes in North America. On 
floodplains, beaver dams create ponds (Pollock 
et al. 2004) and affect vegetation through rais-
ing the water level. The influence of beavers 
may have been particularly important in arid 
regions where beaver dams raised the water 
table and effectively expanded the extent of wet-
land and riparian habitat (Andersen and Sha-
froth 2010).

HARDWOOD BOTTOMLAND FORESTS OF 
THE SOUTHEASTERN UNITED STATES

It is easy to forget how extensive temperate 
floodplain forests once were because today’s 
remnant forests are mostly quite small. One of 
the most spectacular examples of little-appreci-
ated floodplain forest is the hardwood bottom-
land forest of the southeastern United States 
(figure 6.3), which once covered about 40–50 
million ha of coastal plain from Texas to Vir-
ginia. The forests were associated with the 
lower reaches of many rivers meandering 
across the low-gradient landscape (Stanturf et 
al. 2001). Today, most of that forest is gone, 
either converted to agriculture and/or isolated 
behind flood-control levees. Stanturf et al. 

FIGURE 6.3 A floodplain forest on the Lumber River, North Carolina (photos by Amber Manfree).
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processes strongly influenced by hydrologic 
and geomorphic processes driven by river 
flows. In turn, floodplain trees—both alive and 
dead—affect geomorphic processes including 
avulsion and sediment deposition. Floodplain 
forests are important sources of habitat, food, 
and organic material for the ecological proc-
esses and species described in the next two 
chapters. As discussed in more detail in chap-
ter 8, floodplain forests often support high lev-
els of animal biodiversity, in part due to their 
diverse tree species, size classes, and structures 
(Naiman et al. 2005). In addition to supporting 
terrestrial species, when trees fall into the water 
they provide habitat and structure for fish and 
other aquatic species. Floodplain trees and 
other vascular plants also contribute large 
amounts of detritus that are processed within 
aquatic food webs, the focus of the next 
chapter.

The importance of such forests for biodiver-
sity is magnified in regions where forests are 
otherwise rare due to climate (e.g., semiarid 
regions) or because of conversion to agriculture 
or other land uses (Jolly 1996). In areas such as 
the southeastern United States, floodplain for-
ests often provide the last remaining large 
expanses of native forest in a region, important 
as refuges for a wide array of species. Restoration 
of these forests generally requires restoration of 
floodplain processes (Stanturf et al. 2001).

These forests provide important habitat for 
wildlife and are especially renowned for sup-
porting high diversity of both resident and 
migratory birds. They can also provide refuges 
for large mammals in the region. For example, 
in Louisiana, black bears (Ursus americanus) 
are now primarily found in remnant bottom-
land hardwood forest, along the Mississippi 
and Tensas Rivers and in the Atchafalaya Basin 
(Louisiana Department of Wildlife and Fisher-
ies 2015). The forests are drained by bayous, 
essentially slow-moving streams that can be 
nearly static during late summer but that often 
support distinctive fish faunas (Chen et al. 
2015). These bayous are the main delivery and 
exit system for flood waters during the winter 
wet season, so they can function more like riv-
ers during periods of high precipitation and 
runoff[AQ]. Their high biodiversity has made 
hardwood bottom forests a target of large-scale 
restoration programs, which have had varying 
degrees of success (Stanturf et al. 2000, 2001). 
However, there is growing realization that res-
toration also has benefits for flood-risk manage-
ment, because farmland restored to forest does 
not have to be protected by levees.

CONCLUSIONS

Floodplain forests are productive and dynamic, 
with forest establishment and successional 
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ceptual models, scientists held a general view 
that in situ primary production on inundated 
floodplains was not very important in riverine 
food webs. This view is changing.

In this chapter, we first look at terrestrial 
and aquatic sources of primary production that 
contribute to aquatic food webs on floodplains. 
We emphasize both terrestrial contributions, 
primarily through detritus, and the major role 
of in situ aquatic production. We then discuss 
secondary production, primarily from zoo-
plankton and aquatic macroinvertebrates. Fish 
and other members of higher trophic levels are 
discussed in chapter 8. Microbial production is 
mentioned only briefly because of general lack 
of floodplain-specific information.

SOURCES OF PRIMARY PRODUCTION

Floodplain food webs are driven by carbon pro-
duced by plants both on the floodplain and 
imported from elsewhere in the river network 
(chapter 5). While the previous chapter dis-
cussed the ecology of “terrestrial” primary pro-
ducers, such as floodplain trees, in this chapter 

Floodplains are typically highly 
productive of organic matter and so flood-

plain food webs often support high concentra-
tions of fish and wildlife. In this chapter, we 
review the foundations of food webs for higher 
trophic levels: primary production (from photo-
synthesis) and secondary production (from 
consumption of primary production). The 
study of primary and secondary production is 
important in stream ecology (Allan 1995; Cush-
ing and Allan 2001), stimulated in part by the 
development of the River Continuum Concept 
(Vannote et al. 1980; chapter 5). However, most 
studies focused on streams when they are not 
flooding and on areas upstream of floodplains. 
Junk et al. (1989) proposed the Flood Pulse 
Concept (FPC), in part because the River Con-
tinuum Concept (RCC) did not adequately 
explain the sources of productivity in the lower 
reaches of rivers, especially on floodplains. For 
temperate regions, the study of primary and 
secondary production on floodplains was fur-
ther constrained by the extreme alteration of 
river-floodplain systems. As a result of limited 
study of healthy systems and incomplete con-

SEVEN

Primary and Secondary Production
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carbon to metazoan food webs (Junk et al. 
1989), in part because vascular plant material, 
both living and dead, seemed to dominate the 
carbon budget of floodplains (Hamilton et al. 
1992). For example, Bayley (1989[AQ]) 
reported that the primary productivity of an 
Amazon floodplain was dominated by aquatic 
macrophytes (69% of total carbon) and forest 
litter (24%) with relatively small proportion 
represented by phytoplankton (5%) and peri-
phyton (2%) although he acknowledged that he 
likely underestimated periphyton due to incom-
plete sampling.

Although detrital carbon from vascular 
plants can dominate the total pool of carbon 
available to floodplain food webs, such carbon 
is highly resistant to biological processing 
(refractory), compared to algal carbon, which 
can be processed quickly (labile; Thorp and 
Delong 1994). Earlier studies may have over-
emphasized the importance of detrital path-
ways because results gleaned from gut samples 
of detritivorous fish and other organisms 
assumed that ingestion of detritus was equiva-
lent to assimilation. However, evidence from 
gut samples can be misleading because organ-
isms may be ingesting detritus primarily for 
the value of the associated biofilm—periphy-
ton, fungus, and bacteria that can coat the sur-
face of detritus—and are primarily assimilat-
ing the labile components of the biofilm. 
Research with chemical markers (stable iso-
topes and fatty acids [FA]) has indicated that 
detritus is less important to the food webs that 
support higher trophic levels than previously 
thought and, in most floodplains, algae is the 
primary contributor to food webs (Hamilton et 
al. 1992; Thorp et al. 1998; Sobczak et al. 
2005). We explore the question of sources of 
carbon for floodplain food webs in a later sec-
tion of this chapter.

AQUATIC PRIMARY PRODUCTION

Aquatic primary production on floodplains 
comes from aquatic macrophytes and algae, 
both phytoplankton and periphyton. Macro-
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we focus on sources of primary productivity 
that contribute to aquatic food webs on the 
floodplain (e.g., trees are discussed in this 
chapter only in terms of their contributions to 
food webs in the river or within the inundated 
floodplain).

Carbon from both terrestrial and aquatic 
sources can enter floodplain food webs in dis-
solved and particulate forms. Particulate and 
dissolved forms of organic matter are function-
ally distinguished by size; dissolved forms can 
pass through a 1.0 μm filter (Sobczak et al. 
2002). Particulate organic matter (POM) is 
composed of phytoplankton, bacteria, protozoa, 
detritus, and other organic matter adsorbed to 
mineral sediment particles. Particulate forms 
are much more biologically available because 
organisms such as zooplankton can ingest 
them directly. Dissolved forms must first be 
converted to particulate forms by passing 
through the microbial loop, transforming dis-
solved organic carbon into particulate carbon in 
the form of bacterial or protozoan biomass. 
This additional step results in large losses in 
energy from respiration (Sobczak et al. 2002; 
Jassby et al. 2003).

During inundation, carbon sources to 
aquatic food webs include both external (alloch-
thonous) and internal (autochthonous) sources. 
External sources include matter from the river, 
from floodplain forests, and from other terres-
trial vegetation that grows when the floodplain 
is not inundated. Internal sources include phy-
toplankton, aquatic macrophytes, and emergent 
plants that grow following inundation.

DETRITUS IN FOOD WEBS

Detritus, generally defined as dead organic 
matter along with associated microorganisms, 
is a major contributor to the pool of POM and is 
derived both from riverine inputs and from veg-
etation growing in the floodplain, such as mac-
rophytes, periphyton, and leaf litter from flood-
plain trees (Muller-Solger et al. 2002). Early 
studies of floodplain food webs emphasized the 
importance of detritus as the main source of 
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On a California floodplain, Ahearn et al. (2006) 
found that phytoplankton growth was initially 
limited by nitrogen availability. Later in the 
inundation season, the phytoplankton commu-
nity shifted from diatoms and green algae to 
nitrogen-fixing cyanobacteria, and further algal 
growth became limited by phosphorus availa-
bility (Grosholz and Gallo 2006). Phytoplank-
ton blooms can deplete the water of nutrients 
leading to declines in productivity. Subsequent 
inundation, in situ mineralization of organic 
matter, or inflows of nutrients from other 
sources (e.g., tributaries) can replenish nutri-
ents in the water column and continue to main-
tain phytoplankton growth (Schemel et al. 
2004).

Grazing

In lakes, grazing by zooplankton has long been 
recognized as a major driver of phytoplankton 
abundance. When floodplain conditions allow 
zooplankton populations to establish and per-
sist (e.g., periods with low water velocity and 
high residence time), zooplankton grazing 
pressure can lead to declines of phytoplankton 
(Grosholz and Gallo 2006). A similar relation-
ship may exist for grazing on periphyton 
attached to aquatic macrophytes by herbivorous 
insects and snails.

Hydrology

Hydrology (flow) is the master variable that 
causes the algal community to shift in species 
and abundance during the course of an inunda-
tion event. Sampling in the Yolo Bypass, Cali-
fornia, indicated that the initial phytoplankton 
response to inundation was from fast growing 
and small species, adapted to higher velocity, 
turbid environments, including picoplankton 
(Synechococcus), nanof lagellates, small dia-
toms, and filamentous cyanobacteria (Sommer, 
Harrell, Solger et al. 2004). Sommer, Harrell, 
Solge et al. (2004) characterized such phyto-
plankton species as “first responders” that help 
provide rapid initial primary productivity to 

phytes and algae can remain in permanent 
aquatic habitats, such as oxbow lakes or river 
channels, and respond to inundation by grow-
ing and reproducing within temporally flooded 
habitats. Phytoplankton are unicellular algae 
suspended in the water column, while periphy-
ton consist of algae attached to inundated veg-
etation or other substrates. Major classes of 
algae include diatoms, green algae, and cyano-
bacteria (blue-green algae; Cushing and Allan 
2001). Increasingly it appears that carbon 
derived from algal sources is the main source of 
carbon for floodplain food webs (Araujo-Lima 
et al. 1986; Hamilton et al. 1992; Thorp et al. 
1998). Algae can be a major contributor to pri-
mary productivity in permanent floodplain 
water bodies and on broad expanses of flood-
plain during extended periods of inundation. 
The productivity of algae is regulated by four 
primary factors: light, nutrients, grazing by 
zooplankton, and hydrology.

Light

Photosynthetic activity increases with light lev-
els so algal productivity is reduced in turbid 
waters but increases in flooded areas where fine 
sediments have dropped out due to lower water 
velocity. Due to higher light levels and warmer 
temperatures, algal growth is greater during 
spring or summer flooding compared to winter 
(Cushing and Allan 2001). Thus, the produc-
tivity described in the FPC (chapter 5) is most 
relevant for rivers where flooding generally 
coincides with periods of the year with warmer 
temperatures and greater light levels (Schramm 
and Eggelton 2006).

Nutrients

Algal growth depends on the uptake of dis-
solved nutrients from the water column. These 
nutrients are supplied through river inflow or 
from the processing of organic matter through 
biogeochemical pathways (chapter 4). Algal 
productivity can be limited by low nutrient lev-
els, particularly nitrogen (Welcomme 1979). 
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phases: f lushing, transport, and draining 
phases. During the flushing stage, flood waters 
push antecedent water off the floodplain, poten-
tially exporting algal biomass from floodplain 
water bodies into the river. During the trans-
port phase, phytoplankton productivity on the 
floodplain is limited by low residence time and 
may be restricted to shallow, littoral zones 
(analogous to the “inshore retention concept” 
of Reckendorfer et al. [1999] and Schiemer et 
al. [2001]). Finally, phytoplankton biomass 
increases and peaks during the draining phase 
as water velocity decreases and residence time, 
water temperature, and water clarity all 
increase. However, draining is often inter-
rupted by additional f lood pulses. During 
draining periods with long hydrological resi-
dence time, phytoplankton productivity can 
increase with water depth, primarily because 
deeper water lacks emergent vegetation. Emer-
gent vegetation can reduce phytoplankton pro-
ductivity due to (1) shading; (2) allelopathic 
chemicals from macrophytes, and (3) higher 
densities of zooplankton associated with vege-
tation that can exert grazing pressure (Ahearn 
et al. 2006).

Ahearn et al. (2006) noted that the peak in 
chlorophyll-a in water leaving the floodplain 
during the draining phase can be attributed to 
both an increase in overall residence time of 
floodplain water and more peripheral parts of 
the floodplain beginning to drain. These more 
distal areas included shallow littoral zones that 
had greater residence time and thus greater 
algal productivity and biomass; this productiv-
ity is exported as the distal areas drained. 
Therefore, the peak of algal biomass is due to 
both temporal and spatial heterogeneity of the 
water. The falling limb or draining stage of the 
hydrograph produces more algal biomass. By 
draining, the areas that have produced high 
algal biomass during previous parts of the flood 
cycle mix with the rest of the floodplain water 
for overall export. Both the Cosumnes River 
and Yolo Bypass floodplains (in the Central Val-
ley of California, United States) produce peak 
concentrations of phytoplankton during the 

support floodplain food webs. As residence 
time of the water increases in response to 
decreased flows, the phytoplankton community 
becomes increasingly dominated by larger spe-
cies, such as diatoms and green algae. In the 
next sections, we explore how the flow regime 
and other factors affect primary productivity by 
phytoplankton, periphyton, and aquatic plants.

PHYTOPLANKTON

The density of planktonic algae in flowing 
water systems is generally inversely propor-
tional to flow velocity because of downstream 
displacement of cells. High densities of phyto-
plankton are generally restricted to slow-mov-
ing waters and thus during initial phases of 
flooding are primarily found in floodplain 
water bodies, in backwaters or low-velocity river 
channel margins (Reckendorfer et al. 1999; 
Schiemer et al. 2001). Biomass accumulation 
of phytoplankton will not occur if the hydro-
logical residence time is shorter than phyto-
plankton growth rates (Schemel et al. 2004). 
Thus, phytoplankton productivity generally 
increases with increasing hydrological resi-
dence time (Hein et al. 2004). Concentration of 
chlorophyll-a, an indicator of phytoplankton 
productivity, was positively correlated with resi-
dence time of floodplain water in California’s 
Central Valley (Schemel et al. 2004; Ahearn et 
al. 2006). However, the relationship between 
residence time and productivity is not linear 
because with increasing residence time, phyto-
plankton can decline from nutrient depletion 
and grazing by zooplankton (Grosholz and 
Gallo 2006).

Based on work on a Danube floodplain, 
Tockner et al. (1999) partitioned floodplain 
aquatic primary productivity dynamics into 
three phases of ecological processes that corre-
spond to the three hydrologic phases described 
in chapter 4. Here we focus on the third phase 
(“transport”), which features surface connec-
tions between the river and floodplain. Ahearn 
et al. (2006) expanded this concept further by 
partitioning the transport phase into three sub-
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and aquatic macrophytes (figure 7.1). Periphy-
ton is generally difficult to measure accurately 
and so there are few quantitative studies of 
their role; one study that did attempt to meas-
ure productivity of epiphytic (attached) peri-
phyton found approximately 10 times as many 
attached algal cells as floating cells (Welcomme 
1979). Though difficult to measure, some evi-
dence suggests that periphyton may contribute 
more to food webs than do phytoplankton (Wel-
comme 1979). For example, Bunn et al. (2003) 
found that filamentous algae were the primary 
source of energy for aquatic consumers in Aus-
tralian floodplain water bodies. Lopes et al. 
(2015) found that periphyton provided the pri-
mary source of energy for bottom feeding fish 
sampled in floodplain habitats of the Paraná 
River (Brazil).

In addition to providing a food source, 
periphyton contribute to habitat complexity; 

draining phase that can greatly exceed the 
threshold required for growth of zooplankton 
populations (Muller-Solger et al. 2002). 
Because a long residence time generally pro-
motes the greatest phytoplankton productivity, 
Ahearn et al. (2006) suggest that maximum 
export from the floodplain to river would occur 
through several flood pulses, with sufficient 
temporal intervals between them. Managers 
could achieve this pattern in areas where flood-
ing could be managed (e.g., through gates or 
reservoir releases).

PERIPHYTON

In addition to phytoplankton, periphyton can 
be an important source of algal productivity 
(Douglas et al. 2005). Periphyton consists of 
algal films and filamentous growth on fixed 
surfaces, such as logs, terrestrial vegetation, 

FIGURE 7.1 Attached filamentous algae mats growing on aquatic macrophytes and emergent vegetation, Cosumnes 
River floodplain, California, United States (photo by Jeff Opperman).
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bon that exits the microbial loop to enter higher 
trophic levels; Bunn et al. (2003), using isotope 
analyses, suggest the proportion is likely small. 
Although aquatic macrophytes may not provide 
a dominant portion of the energy for aquatic 
organisms, they provide important shelter and 
structure for fish (Hayse and Wissing 1996) 
and invertebrates (Welcomme 1979) and also 
can provide a structural substrate for periphy-
ton (Lewis et al. 2001), which is more available 
to biological processing (Hamilton et al. 1992; 
Lopes et al. 2015). Though most studies empha-
size the importance of algal carbon to flood-
plain food webs, Magana (2013) reported that 
aquatic macrophytes in the floodplain of the 
Rio Grande (United States) were an important 
source of food for chironomids and other 
aquatic invertebrates.

SOURCES OF CARBON TO SUPPORT 
FOOD WEBS

Understanding how energy f lows through 
trophic levels, the sources of primary produc-
tivity that underpin food webs, and how those 
flows and sources change through time is fun-
damental to understanding how floodplain eco-
systems function and how to manage and con-
serve them. These questions, particularly the 
sources of organic matter at the base of meta-
zoan food webs in rivers and floodplains, have 
become the subject of a scientific debate (Roach 
2013). In fact, three of the conceptual frame-
works reviewed in chapter 5—the RCC, the 
FPC, and the Riverine Productivity Model 
(RPM)—focus to a great extent on the sources 
and flows of organic matter through food webs. 
For large river-floodplain systems, the RCC 
suggested that the most important source of 
carbon is detritus imported from upstream, 
while the FPC emphasized the importance of 
flooded terrestrial vegetation. With the RPM, 
Thorp and Delong (1994, 2002) pointed out 
that both of those sources were fairly recalci-
trant and they suggested that local aquatic 
(periphyton, phytoplankton, and aquatic mac-
rophytes) and riparian (e.g., freshly deposited 

long strands or clumps of algae can provide 
habitat for invertebrates that is rich in food 
resources and sheltered from predation (Power 
1995).

AQUATIC MACROPHYTES

Aquatic macrophytes are often abundant on 
floodplains, with their importance and species 
composition directly tied to the amount of per-
manent water on the floodplain (lakes, ponds, 
ditches) and the frequency with which these 
waters are hydraulically connected to the flood-
ing river. On a Danube River floodplain, for 
example, Janauer et al. (2013) found that macro-
phyte abundance and diversity were associated 
with depth and connectivity of floodplain water 
bodies in complex ways. Thus, some species 
had their highest abundance in deeper lakes 
with low frequency of connection to the main 
channel, while others were associated with 
areas with more frequent connections. Puijalon 
and Bornette (2013) noted that the degree of 
scouring by flood flows determined in part 
what species are present, with some early suc-
cessional species (e.g., Elodea canadensis) 
becoming established most quickly in flooded 
areas with long durations of inundation.

Despite their patchy patterns of occurrence, 
aquatic macrophytes often provide most of the 
carbon from primary productivity within inun-
dated natural floodplains. A large biomass of 
macrophytes can be produced during extended 
periods of flooding, especially in tropical flood-
plain systems. Subsequent death and decompo-
sition of this biomass can lead to hypoxic condi-
tions within the remaining aquatic habitat 
(Winemiller 2004).

Although aquatic macrophytes can domi-
nate plant biomass in some floodplain systems, 
recent research suggests that they contribute 
little carbon to floodplain food webs. Macro-
phytes enter food webs primarily as detritus 
and, because macrophyte detritus is resistant to 
biological processing, it is processed primarily 
by microbes (Winemiller 2004). Few studies 
have quantified the amount of processed car-

Opperman - Foodplains.indd   74 23/03/17   3:08 PM



primary and secondary production     75

FA profiles. Rude et al.(2016), studying 
bluegills (Lepomis macrochirus) collected in the 
Illinois River (United States) and floodplain 
habitats, found that fish collected from the 
floodplain had FA profiles consistent with con-
sumption of productivity derived from aquatic 
sources, while fish from the river had FA pro-
files indicating greater consumption of produc-
tivity derived from terrestrial sources. Young et 
al. (2014) found similar results between the FA 
profiles of channel catfish within river and 
floodplain habitats of the Kaskaskia River (Illi-
nois, United States). Based on this evidence, 
researchers in both tropical (Hamilton et al. 
1992) and temperate (Thorp et al. 1998; Sobc-
zak et al. 2005) floodplains have concluded 
that, despite the dominance of living and detri-
tal vascular plant material within the overall 
carbon pool, aquatic food webs in floodplains 
were supported primarily by algal carbon.

However, more recently, researchers have 
begun to question the generalization that algal 
carbon underpins floodplain food webs, noting 
that the relative importance of algal and detrital 
sources can shift over time and is strongly 
influenced by hydrology and associated param-
eters, such as turbidity (Pingram et al. 2014; 
Cook et al. 2015). For example, during periods 
of flooding with high turbidity, detrital sources 
(allochthonous inputs of terrestrial vegetation 
or macrophytes) can grow in importance rela-
tive to algae (Zeug and Winemiller 2008a[AQ]). 
Reflecting that food webs can shift based on 
hydrology, Magana (2013) found that the Rio 
Grande silvery minnow, Hybognathus amarus, 
an endangered cyprinid, consumed algae dur-
ing periods of low flow but switched to eating 
chironomids during floods and the chirono-
mids fed primarily on aquatic macrophytes.

Additionally, detritus can become covered 
by biofilms composed of periphyton as well as 
microbial and fungal communities that assimi-
late detrital carbon into the biofilm. Consump-
tion of biofilm, such as by invertebrate “scrap-
ers,” provides a route from detritus to the 
mesofauna food web via the microbial loop 
(Cook et al. 2015).

[AQ: The year 

has been 

changed to 

“2008a” in 

reference 

citations 

“Zeug and 

Winemiller 

2008.” Please 

check and 

confirm.]

leaf litter from channel margins) sources pro-
vide carbon that is more biologically accessible 
and therefore more important to river food 
webs in some rivers. Rather than suggesting 
that the RPM replace earlier models, they noted 
that the RCC may be most appropriate for head-
water streams and small rivers, the FPC for riv-
ers with extensive floodplains, and the RPM 
applicable to large rivers with confined chan-
nels, such as the Ohio River.

A vast literature has accumulated as 
researchers have examined river-floodplain 
food webs to test, refine, and combine these 
conceptual frameworks. As noted above, initial 
work that focused on what organisms were 
ingesting, as opposed to what they were assimi-
lating, may have overemphasized the impor-
tance of detritus.

Moving beyond studies of ingestion, 
researchers began to report that algae—though 
often a relatively small portion of the total car-
bon pool—was the most important source of 
carbon for higher trophic levels. For example, 
Sobczak et al. (2005) found that although phy-
toplankton represented less than 10% of the 
organic matter at a site in the Sacramento River 
(United States), it provided more than 90% of 
the carbon available to zooplankton (detritus 
dominated the carbon pool, but very little was 
biologically available). Studies using isotopic 
signatures or FA biomarkers within organisms 
such as fish have further improved understand-
ing of sources of carbon because these chemi-
cal markers reveal assimilation, not just inges-
tion. Hamilton et al. (1992) found that most 
fish in an Amazonian floodplain had isotopic 
signatures, indicating that they relied on food 
sources supported by algal carbon. The flood-
plain they studied was dominated by grass 
mats (C4). While many organisms were found 
within the grass mats, few of them were actu-
ally obtaining carbon produced by the grasses; 
this included species that ingested grass detri-
tus but primarily assimilated the associated 
bacteria and algae. FA within animal tissue can 
also be used to indicate sources of food because 
terrestrial and aquatic vegetation have different 
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tebrate taxa include Tubificidae, Chironomidae, 
ephemerid and baetid mayflies, various snails, 
and prosobranch and sphaeriid mollusks[AQ]. 
Larvae of the dipteran family Chironomidae 
can be the dominant invertebrates in some 
floodplain habitats, as exemplified by the inver-
tebrate biota of the Yolo Bypass (Benigno and 
Sommer 2008). Zooplankton and many mac-
roinvertebrates are often associated with float-
ing and emergent plants (Power et al. 1995) and 
densities may be greater along floodplain mar-
gins and littoral habitats than in open waters 
(Welcomme 1979).

Zooplankton

Similar to phytoplankton, zooplankton num-
bers are generally low in flowing waters but can 
become quite high in floodplain water bodies 
and backwaters. For example, in the Danube 
River, zooplankton density was found to be 15 
times greater in a backwater and 30 times 
greater in an isolated floodplain water body 
than in the main river (Welcomme 1979). Sim-
ilarly, Grosholz and Gallo (2006) found that 
zooplankton biomass was 10–100 times greater 
within floodplain habitats of the Cosumnes 
River than within the main river channel. Most 
zooplankton consume algal or detrital carbon.

Zooplankton generally cannot reproduce in 
waters with flow velocities >0.4 m/s (Rzoska 
1978). In waters that allow reproduction, zoo-
plankton population density can initially 
increase with hydrological residence time, in 
large part tracking the increasing algal produc-
tivity (Keckeis et al. 2003). With further 
increases in residence time, zooplankton may 
reach a peak and then begin to decline, due to a 
declining food base and increased fish preda-
tion (Baranyi et al. 2002; Keckeis et al. 2003; 
Grosholz and Gallo 2006). Zooplankton can be 
displaced from floodplain habitats by high-
velocity water during floods but can reestablish 
quickly after floods, both from colonization 
from upstream areas and by emergence from 
diapause stages in the sediment, triggered by 
environmental cues (Moghraby 1977; Boulton 

[AQ: Please 

check 

whether 

“baetid” 

should be 

“Baetis” or 

“baetis.”]

Roach (2013) undertook a review of studies 
that used chemical markers (isotope and FA 
analyses) to track sources of productivity for 
river and floodplain food webs. She found that 
C4 grasses contributed to floodplain food webs 
in only 1 of 26 studies reviewed, while C3 plants 
were significant contributors in 5 studies. Algae 
were the primary contributor to food webs in 
most of the studies (21 of 26). In her conclu-
sions, Roach wrote that “rather than debate 
which conceptual model is most accurate,” it 
would be most useful to understand how vari-
ous factors—such as hydrology, sediment load, 
and nutrient availability—influence the relative 
importance of sources of productivity and how 
these factors and sources change over time” 
(p.295). For example, she found that carbon 
from C3 plants (detritus) tended to be an impor-
tant source of productivity within rivers that 
were relatively turbid and that detrital carbon 
increased its importance during periods of 
high flow and high turbidity. Further, sampling 
period may be affecting conclusions as Roach 
(2013) found that many of the studies that con-
cluded that algae were predominant sources of 
productivity only sampled during low-flow peri-
ods. Thus, both Roach (2013) and Zeug and 
Winemiller (2008a, p.1741) suggest that 
researchers not seek “a single conceptual model 
of carbon dynamics (that) can apply to all riv-
ers.” Instead, they should seek to understand 
the range of factors that influence sources of 
carbon, how those factors vary over time and 
space, and how their sampling methods can 
account for that variability.

SECONDARY PRODUCTION: 
ZOOPLANKTON AND AQUATIC 
MACROINVERTEBRATES

Zooplankton and other invertebrates are the 
primary trophic linkages between the various 
sources of primary productivity and higher-
level consumers such as fish (Keckeis et al. 
2003). The zooplankton fauna of floodplains is 
often dominated by rotifers, copepods, and 
cladocerans. Common floodplain macroinver-
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lateral (Malmqvist 2002) and longitudinal gra-
dients (Reese and Batzer 2007). Along both 
gradients, the floodplain hydroperiod (e.g., fre-
quency, duration, and season of inundation) 
strongly influences the distribution of inverte-
brate species and communities. In general, 
sites with infrequent and short-duration flood-
ing are dominated by resident terrestrial inver-
tebrates or by rapidly developing aquatic inver-
tebrate species, while sites subjected to 
frequent, long-duration flooding are dominated 
by species characteristic of wetlands, often with 
desiccation-resistant stages (Reese and Batzer 
2007).

Floodplains can support considerably higher 
invertebrate productivity than adjacent river 
channels (Gladden and Smock 1990; Benke 
2001). In two forested streams in Virginia, 
Smock et al (1992) reported that 67–95% of 
total invertebrate production was derived from 
the floodplain. Various habitat features within 
the floodplain are important to invertebrates, 
such as f loating and emergent vegetation, 
which can provide cover from predators (Wel-
comme 1979). Floating algal mats can provide 
habitat for some invertebrates. The mats, 
warmed by the sun, provide conditions for 
rapid growth and development of invertebrates, 
such as chironomid midges, and provide shel-
ter from predators. Power (1995) described 
floating algal mats as “food-rich, sun-warmed 
floating incubators for invertebrates.” Large 
wood can be a particularly important habitat 
feature for invertebrates, both in floodplains 
and in river channels, because wood provides 
habitat for burrowing invertebrates, shelter 
from predation, and a stable substrate for 
attachment and feeding. By trapping organic 
matter, wood can also boost food availability 
(Smock et al. 1992; Benke 2001; Benke and 
Wallace 2003; Winemiller 2004).

Some invertebrates persist in resting stages 
in floodplain soils during dry periods and may 
contribute a large proportion of the inverte-
brates during initial floodplain inundation 
(Boulton and Lloyd 1992; Benigno and Som-
mer 2008). Boulton and Lloyd (1992) took dry 

and Lloyd 1992). Rotifers are characterized by 
rapid colonization and reproduction and so can 
initially dominate the zooplankton taxa after 
inundation (Keckeis et al. 2003).

Due to the long residence time and low water 
velocity of much of the Cosumnes River flood-
plain, zooplankton densities attained levels one 
to two orders of magnitude greater than in the 
main river channel. Zooplankton biomass gen-
erally peaked 10–25 days after flood events (Gro-
sholz and Gallo 2006). This pattern of popula-
tion growth is likely due to both increasing 
reproductive success as water velocities declined 
and increasing food resources, especially phyto-
plankton, with increasing residence time 
(Ahearn et al. 2006). On the Cosumnes flood-
plain, fish predation exerted strong influence on 
zooplankton populations: both zooplankton 
populations and the size of zooplankton 
declined as the abundance of larval and juvenile 
fish, which feed on zooplankton, increased. 
Later in the season, zooplankton populations 
again increased as fish predation focused more 
on aquatic insects (Grosholz and Gallo 2006).

Zooplankton can consume both algal and 
detrital carbon, but algal carbon has signifi-
cantly greater food quality for zooplankton. The 
availability of algal carbon is therefore the most 
important regulator of zooplankton productiv-
ity, even where detrital carbon dominates the 
carbon budget (Sobczak et al. 2002; Jassby et 
al. 2003). Remnant Central Valley floodplains 
export water that provides high concentrations 
of high-food-quality algal carbon for zooplank-
ton feeding, particularly during draining fol-
lowing f looding with long residence time 
(Ahearn et al. 2006; Schemel et al. 2004).

Aquatic macroinvertebrates

Aquatic invertebrate populations can be main-
tained in seasonally inundated floodplain habi-
tats through migration (e.g., decapod crusta-
ceans), dormancy (e.g., some mollusks and 
insects), and recolonization (many aquatic 
insects). Macroinvertebrates within river- 
floodplain systems are distributed along both 
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ing 50–90% of their energy from aquatic inver-
tebrates and one species, the winter wren (Trog-
lodytes troglodytes), deriving 98% of its energy 
from aquatic invertebrate species. In a review of 
energy fluxes from rivers into terrestrial food 
webs, Ballinger and Lake (2006) cite studies 
that report that insectivorous birds are attracted 
to inundated floodplains to feed on emerging 
chironomids. However, they conclude by not-
ing that despite the fact that floodplains are 
known to be highly productive and thus have 
the potential to be major sources of energy for 
adjacent terrestrial food webs, “there is a dearth 
of data on the value of flooding on lowland riv-
ers to terrestrial food webs and we are not aware 
of any research addressing this knowledge gap” 
(p.23).

CONCLUSIONS

Floodplain food webs are supported by carbon 
from a variety of sources, with recent research 
suggesting that algal carbon, from both phyto-
plankton and periphyton, is the most important 
source for primary consumers, even in flood-
plains where the pool of available carbon is 
dominated by detritus. Algal growth rates tend 
to be greatest when flooding corresponds to 
periods with warm temperatures and high sun-
light. Under these favorable conditions, algal 
productivity reaches its maximum within 
flooded areas with high residence time of the 
water. This primary productivity supports food 
webs encompassing diverse consumers, includ-
ing various vertebrate species that are high pri-
orities for management, such as fish and water-
fowl (chapter 8). Thus, one of the key factors 
determining the abundance of f loodplain-
dependent vertebrate species is the overall pro-
ductivity of floodplain food webs. Management 
strategies focused on increasing production of 
fish or other vertebrates can be guided by an 
understanding of the conditions that favor 
floodplain food-web productivity.

soil samples from a floodplain along the Mur-
ray-Darling River (Australia) and experimen-
tally wetted them in a laboratory to examine 
invertebrate emergence. The soil samples were 
taken from portions of the floodplain with vary-
ing inundation recurrence frequencies (annu-
ally, 1 in 7, 1 in 11, and 1 in 22 years). They found 
that the dry floodplain soils acted as a “seed 
bank” from which invertebrates emerged soon 
after wetting. Even a soil that had not been 
inundated in 14 years produced an invertebrate 
biomass exceeding that reported from swamps 
in the area. The sediment that had been annu-
ally flooded produced the greatest biomass of 
invertebrates: cladocerans and rotifers emerged 
within 2 days and ostracods emerged after 2 
weeks. Only protozoans emerged from the sedi-
ments that were rarely flooded. They suggest 
that the seed bank of invertebrates can provide 
important food resources for fish and waterfowl 
soon after inundation (until other sources can 
contribute) and that reduction of flood fre-
quency can endanger this resource. While 
floodplain soils can act as a seed bank, with the 
potential to boost productivity during initial 
inundation, this productivity may be lost to till-
ing and cropping of the land during the dry 
season.

Terrestrial invertebrates can also be an 
important part of floodplain food webs (Wel-
comme 1979). For example, earthworms can be 
an important food resource for fish such as 
adult Sacramento splittail as they move onto 
newly inundated floodplains (Moyle et al. 2004).

Because adult stages of many aquatic inver-
tebrate species leave the water, floodplain inver-
tebrate productivity can provide a significant 
food subsidy to terrestrial organisms including 
predatory invertebrates, birds, and bats 
(Malmqvist 2002). For example, Nakano and 
Murakami (2001), in a nonfloodplain study, 
found that invertebrates from a stream pro-
vided 26% of the annual energy demand for 
forest birds with half of the bird species deriv-
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now recognized as extremely important to the 
abundance and persistence of numerous fish 
species in river systems with climates ranging 
from tropical (Welcomme 1979; Agostinho et 
al. 2004) to arid (Modde et al. 2001) to temper-
ate (Risotto and Turner 1985; Beechie et al. 
1994; Pander et al. 2015). For example, in Cali-
fornia’s Central Valley, only recently has it been 
recognized that a number of declining fish spe-
cies have a strong dependence on floodplains. 
These species include the endemic Sacramento 
splittail, Pogonichthys macrolepidotus (Sommer 
et al. 1997; Moyle et al. 2004;), and Chinook 
salmon, Oncorhynchus tshawytscha (Sommer, 
Nobriga et al. 2001). The latter is one of the 
most important harvested species in the state.

Beyond the main river channel, floodplain 
systems have two primary habitat types that are 
important to fishes: permanent f loodplain 
water bodies and seasonal floodplains. The per-
manent water bodies include oxbow lakes, 
ponds, marshes, sloughs, and secondary river 
channels that support fish year-round. Seasonal 
floodplains are the floodplain surfaces that are 
inundated on a seasonal basis but are dry for 

The importance of floodplains 
to fishes was largely unappreciated until 

Welcomme (1979) and Goulding (1980) 
reviewed floodplain fisheries and fish ecology. 
While fishery managers and scientists had widely 
recognized that fishes were found on floodplains 
in abundance, even in temperate regions, they 
generally believed that floodplain use had, if any-
thing, negative effects on fish populations, due to 
stranding as water receded. In this chapter, we 
discuss (a) general concepts of floodplain fish 
ecology (b) classification systems for floodplain 
fishes, (c) fish stranding on floodplains, (d) use 
of floodplains by Pacific salmon, as a well-studied 
example of fish use of floodplains in temperate 
rivers, and (e) floodplain food webs and fish. We 
then briefly discuss the importance of flood-
plains to other vertebrates and conclude with an 
example of a floodplain food web, integrating the 
topics of chapters 5–8.

FLOODPLAIN FISH ECOLOGY

Although the importance of floodplains to fish 
was initially misunderstood, floodplains are 

EIGHT

Fish and Other Vertebrates
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duration of inundation of floodplains. Dutterer 
et al. (2013) reported similar findings for the 
Apalachicola River in Florida, United States. 
Risotto and Turner (1985) found that the 
amount of bottomland hardwood forest, which 
they used as a proxy for floodplain, was a signifi-
cant predictor of fish biomass produced by vari-
ous sections of the Mississippi River and its 
tributaries. Similarly, Alford and Walker (2013) 
demonstrated the importance of forest-covered 
floodplains to fisheries in a distributary of the 
Mississippi River.

Floodplain habitats provide numerous bene-
fits to fish species and fish use floodplains for a 
range of behaviors including mating, spawning, 
rearing, feeding, and avoidance of adverse river-
ine conditions. For example, during periods of 
early-season flooding, when river water is rela-
tively cold, floodplain water generally has lower 
velocities, is less turbid, and can be warmer 
than water in the river (Sommer, Nobriga et al. 
2001). In the lower Mississippi River, blue cat-
fish (Ictalurus furcatus) of all sizes grew larger 
when they had access to extensive floodplains 
for foraging. The more rapid growth was likely 
caused in part by warmer water temperatures 
on the floodplain; during the time catfish used 
the f loodplain, water temperatures were 
between 16°C and 20°C, which tended to be sev-
eral degrees warmer than the adjacent river 
(Schramm and Eggleton 2006). Further, fish 
may be less vulnerable to predators, such as 
birds and piscivorous fish, when dispersed on 
extensive, vegetated floodplains than when con-
centrated in river channels (Sommer, Nobriga 
et al. 2001). However, during draining phases, 
fish can be concentrated in pools and lakes and 
become increasingly vulnerable to predation 
(Moyle et al. 2007) as discussed in the section 
on fish stranding on floodplains.

Floodplains contribute to the productivity of 
fish populations both because fish gain access 
to terrestrial resources, including insects, 
seeds, fruits, and leaves (Chick et al. 2003; 
Winemiller 2004), and because high primary 
production by algae on floodplains (Ahearn et 
al. 2006) supports abundant zooplankton and 

much of the year. Much of this chapter focuses 
on those seasonally flooded habitats because 
they can be extremely important as spawning 
and rearing areas for many species of fish and 
because of their high productivity (chapters 6). 
However, in many river systems, oxbow lakes 
are key to supporting high fish production and 
diversity (Buijse et al. 2002).

Fish species use floodplains in diverse ways, 
ranging from those that only appear on flood-
plains “by accident” to obligate f loodplain 
spawners (species that require specific features 
of a floodplain for spawning) to year-round resi-
dents in permanent waters. The predictability 
(frequency), seasonality, and duration of flood-
ing all influence the extent to which the fish 
fauna of a given river system will have devel-
oped adaptations to using seasonal floodplains 
(King et al. 2003). Where flooding is relatively 
frequent and predictable in terms of season, 
many fish species will show adaptations to take 
advantage of floodplain habitat and resources, 
such as floodplain spawning. Where flooding is 
unpredictable, fish species are much less likely 
to have evolved adaptations to take advantage of 
flood pulses, although floodplain access can 
still be highly beneficial, especially if oxbow 
lakes are a key habitat (Winemiller 2004).

The most productive freshwater fisheries in 
the world, such as those in the Mekong and 
Amazon Rivers, occur in tropical floodplain riv-
ers that retain a natural flood pulse that is pre-
dictable and inundates extensive areas for long 
durations (Welcomme 1979). The Mekong Riv-
er’s fishery provides protein to tens of millions 
of people and is primarily supported by produc-
tivity derived within floodplain lakes and other 
habitats during long-duration monsoonal flood-
ing (Coates et al. 2003). Rivers with intact flood-
plains have significantly higher production of 
fish than rivers or reservoirs that lack a dynamic 
flood pulse, a phenomenon characterized as the 
“flood-pulse advantage” (Bayley 1991, 1995). 
Illustrating linkages between floodplain inun-
dation and fish production, Welcomme (1979) 
reported that fish production in the Danube 
River was directly proportional to the extent and 
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and hatching of embryos and for larval or juve-
nile fishes to reach a stage where they can leave 
the floodplain as it drains. Longer duration than 
this minimum can yield further benefits 
because the juveniles can take advantage of the 
high-resource habitats to grow large enough to 
actively forage and avoid predators once they 
leave the f loodplain (Ribeiro et al. 2004; 
Magana 2013). The combination of abundant 
food, reduced velocities, warmer temperatures, 
and sanctuary from predators can make sea-
sonal floodplains highly desirable habitat for 
juvenile fishes (Holland 1986; Paller 1987). In 
fact, survival and growth of floodplain-adapted 
larval and juvenile fishes generally increases on 
floodplains compared to adjacent rivers (Ribeiro 
et al. 2004; Jeffres et al. 2008).

Floodplain habitats are strongly influenced by 
hydrological characteristics (seasonality, fre-
quency, magnitude, and duration of flooding) 
and require connectivity with the river. There-
fore, fish populations that depend on floodplain 
habitats are vulnerable to flow alterations and 
separation of floodplains from rivers by levees. 
For example, many fish species in the Missouri 
River system, United States, spawn when water 
temperature is between 15°C and 25°C. Histori-
cally, floodplain inundation mostly coincided 
with water temperatures in that range. Currently, 
much of the floodplain has been disconnected by 
levees and, due to flow regulation, remaining 
floodplains are rarely inundated when water tem-
peratures are within the range for spawning. In 
part due to these changes in floodplain hydrology 
and connectivity, the Missouri River commercial 
fish harvest declined 80% from the 1880s to the 
1990s (Galat et al. 1998).

King et al. (2003) developed a conceptual 
model that describes the relative importance of 
seasonal floodplains to riverine fish faunas. The 
model holds that fish faunas are more likely to 
contain species with strategies for seasonal 
floodplain use when (a) the annual flood pulses 
are predictable in timing, (b) flooding regularly 
occurs during periods with favorable water tem-
peratures, (c) annual flooding lasts for extended 
periods (months), and (d) extensive areas are 

aquatic invertebrates, often at densities consid-
erably higher than in the adjacent river (chap-
ters 7). Temperate floodplains are most produc-
tive when flooding coincides with warmer 
temperatures (e.g., spring to summer), and fish 
gain the most benefit from feeding on flood-
plains during these warmer floods. In the 
upper Mississippi, a system where flooding 
often coincides with cold temperatures, species 
with behaviors that allowed them to take advan-
tage of floodplain habitat, such as largemouth 
bass (Micropterus salmoides) and bluegill (Lep-
omis macrochirus), showed increased growth 
during a year with an unusual warm-weather 
flood, while a species not known to use flood-
plains (white bass, Morone chrysops) did not 
show increased growth (Gutreuter et al. 1999).

The abundant food resources on floodplains 
can provide important nutrition to fish prior to 
spawning (Moyle et al. 2004) and for larval and 
juvenile fish after hatching (Ross and Baker 
1983; Sommer, Nobriga et al. 2001; Agostinho 
et al. 2004; Grosholz and Gallo 2006). In the 
Central Valley, abundant food resources on 
floodplains support faster growth for juvenile 
Chinook salmon compared to adjacent main 
stem river habitats (figure 8.1; Sommer, 
Nobriga et al. 2001; Jeffres et al. 2008). 
Because f loodplains provide high-resource 
environments, many fish species time their 
reproduction so that their larvae and juveniles 
can rear on floodplains (Welcomme 1979). In 
tropical rivers, many of the most abundant and 
economically important fish species spawn 
only in floodplain habitats and have spawning 
periods that coincide with predictable annual 
flooding (Welcomme 1979; Hogan et al. 2004).

Because floodplains can provide important 
habitat for both spawning and rearing, the 
duration and extent of inundation can be par-
ticularly important for regulating year-class size 
of fish species that spawn on f loodplains 
(Gomes and Agostinho 1997; Sommer et al. 
1997; Madsen and Shine 2000; Dutterer et al. 
2013; Pander et al. 2015). For fishes that spawn 
on seasonal floodplains, the minimum duration 
of inundation must be sufficient for spawning 
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isolation. Although oxbow lakes may connect 
only infrequently to the river, they apparently are 
a major source of recruits to river fish popula-
tions, especially for large long-lived species such 
as gar (Lepisosteus spp.) and buffalo (Ictiobus 
spp.). A similar pattern seems to exist for the 
Danube River in Europe (Buijse et al. 2002).

The floodplains of California’s Central Val-
ley represent an intermediate level of fish use of 
floodplains. In this region, the timing of runoff 
and flooding, from winter rainstorms and 
springtime snowmelt, is consistent and so the 
seasonality of flooding is predictable. However, 
due to high interannual variability in the 
amount of precipitation, the extent and dura-
tion of flooding is not predictable or consistent 
(see chapter 12; Feyrer et al. 2006). Thus, only 
a few species appear to be floodplain depend-
ent, such as Sacramento splittail. Most native 
fishes and many alien fishes, however, use 
floodplains opportunistically. Many species—
such as juveniles of Chinook salmon—have 
behaviors that allow them to take advantage of 
floodplain habitats, including entering flood-
plains when conditions are favorable and leav-
ing floodplains before conditions become unfa-
vorable and before they could become stranded. 
For these species, rearing and foraging on 
floodplains increases growth and survival for 
those individuals that use floodplain habitats 
(Sommer, Nobriga et al. 2001; Sommer, Har-
rell, Kurth et al. 2004; Sommer et al. 2005).

CLASSIFYING FISH USE OF FLOODPLAINS

Several systems have been developed for clas-
sifying floodplain fishes based on how they use 
floodplain habitats. Most simply, Ross and 
Baker (1983) classified fish species as either 
flood-quiescent (did not use the floodplain) or 
flood-exploitative (used the floodplain) although 
they noted it is often difficult to classify fish 
into one or the other categories.

Winemiller (1989, 1996) classified fish that 
use floodplains by three life-history strategies 
(periodic, opportunistic, and equilibrium) and 
applied this classification to floodplain use by 

flooded. Many of the large tropical rivers of 
Africa, South America, and Asia have flooding 
patterns that fulfill all of these criteria and, 
therefore, these rivers contain many fishes 
adapted for using floodplains for spawning, 
rearing, and foraging (Welcomme 1979; Hogan 
et al. 2004). At the opposite end of the flood-
plain-use spectrum is the Murray-Darling sys-
tem, Australia’s largest river. Flooding in the 
Murray-Darling is highly erratic in frequency 
and magnitude, and temporal patterns of inun-
dation are largely decoupled from temporal pat-
terns for water temperature. Consequently, no 
native fish species appear to be specifically 
adapted to using seasonal floodplains, although 
many species will use them for foraging and 
rearing on an opportunistic basis (see chapters 
11; King et al. 2003).

A similar situation exists on floodplains of the 
Brazos River, Texas (Winemiller et al. 2000; 
Zeug et al. 2005; Zeug and Winemiller 2008b). 
The river is largely unleveed and has flows only 
partially regulated by flood-control dams. Flood 
events tend to be short (a few days to 2–3 weeks) 
and unpredictable in timing. As a result, there 
are no fishes adapted specifically for use of flood-
plains per se, but there is a fairly rich fish fauna 
present in oxbow lakes scattered across the flood-
plain. The lakes are connected to the river only 
during periods of inundation. More recently 
formed lakes tend to be deeper and closer to the 
river, while older lakes tend to be shallower and 
farther from the river, and these may periodically 
dry up. The oxbow lakes are generally highly pro-
ductive and support a diversity of fishes. Not sur-
prisingly, the fish fauna of each lake is dynamic 
over time with considerable variation among 
lakes, related to depth and the idiosyncrasies of 
colonization events. Flood events generally 
homogenize the faunas of the lakes, while inter-
vening isolation, and occasional drying, pro-
motes divergence, particularly if there are long 
intervals between flood events that allow connec-
tion of a given lake to the river. Pond-type nest 
building fishes (especially centrarchids such as 
bass [Micropterus spp.] and sunfishes [Lepomis 
spp.]) tend to become dominant under long  
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but usually make only limited use of the 
floodplain.

•	 Black	fish	are	limnophilic	fishes	that	mostly	
live on the floodplain, so they tolerate high 
temperatures and low dissolved oxygen; they 
tend to leave the floodplain only when the 
water is too low.

•	 Gray	fish	are	eurytopic	fishes	that	mainly	
live in the rivers but move on to floodplains 
during flooding.

Moyle et al. (2007) developed a classifica-
tion of guilds of floodplain fishes based on 
studies of the Cosumnes River floodplain and 
other Central Valley floodplains. The Cosumnes 
floodplain is highly seasonal, reflecting the 
region’s Mediterranean climate. During winter 
and spring, flood waters typically spread over 
large areas for 1–5 months, while, during sum-
mer and fall, the floodplain surface and even 
parts of the Cosumnes River channel become 
dry. Permanent water persists, however, in the 
many sloughs that drain the floodplain. The 
sloughs are weakly tidal and supported large 
populations of warm-water fishes, mostly alien 
species.

Moyle et al. (2007) classified fishes found 
on the seasonal floodplain and the intersecting 
sloughs into six user groups: (a) floodplain 
spawners, (b) river spawners, (c) floodplain for-
agers, (d) floodplain pond fishes, (e) inadvert-
ent floodplain users, or (f) floodplain nonusers 
(table 8.1).

Floodplain spawners are eurytopic fishes that 
generally have a periodic life-history strategy 
and that use seasonal floodplains for spawning 
and juvenile rearing, generally corresponding 
to periodic strategists (sensu Winemiller 
1996). Floodplain spawners can be further 
divided into obligate floodplain spawners and 
opportunistic floodplain spawners. For obligate 
floodplain spawners, reproductive behaviors 
and movements are strongly keyed to hydrologi-
cal conditions associated with flooding, espe-
cially rising water levels. They may move onto 
the floodplain as inundation is beginning or 

fishes in the highly aseasonal and erratic Bra-
zos River, Texas, United States (Winemiller et 
al. 2000). Górski et al. (2011) used these same 
classes to describe patterns of floodplain use on 
the Volga River, Russia, a regulated river but 
one that still retains a fairly predictable pattern 
of floodplain inundation. Periodic strategists 
were species with large body size, delayed 
maturity, and high fecundity, such as common 
bream (Abramis bramis) and ide (Leuciscus 
idus), that live primarily in permanent water 
bodies. These fishes were especially successful 
at spawning on floodplains that were inundated 
on a regular and predictable basis. If the sea-
sonal flooding did not occur, they often did not 
spawn. Opportunistic strategists, such as 
sunbleak (Leucaspius delineatus) and gibel carp 
(Carassius gibelio), were smaller species with 
early maturation and long spawning periods 
that can take advantage of flooding when it 
occurs—they were typically species that are 
first to colonize new areas—but they do not 
require floodplains (e.g., for spawning). Equi-
librium strategists tended to live in river chan-
nels and floodplain lakes but did not depend on 
seasonally inundated floodplains; they were 
typically fish with delayed maturity, extensive 
parental care, and strong habitat preferences.

A widely used classification system, devel-
oped for European rivers, divides floodplain 
fishes into three categories: (a) species with a 
strong dependence on river habitats, preferring 
areas with flowing water (rheophilic fishes); (b) 
species that live in areas with low flows, mainly 
in backwaters and floodplain lakes (limnophilic 
fishes); and (c) species that occur in both broad 
habitat types (eurytopic fishes; Pander et al. 
2013[AQ]; Grift et al. 2015). Rheophilic species 
can often be floodplain dependent, requiring 
floodplain habitats for rearing of young. These 
categories have parallels to the classification of 
tropical floodplain fishes in Southeast Asia as 
white, black, and gray fish (Welcomme 1979; 
Junk and Bayley 2008).

•	 White	fish	are	rheophilic	fishes,	mostly	fairly	
large, that make extensive river migrations 
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TABLE 8.1
Fishes associated with the seasonal f loodplain of the Cosumnes River, California

User groups are explained in the text. Nonusers were not collected during a five-year study but were found in 
connected sloughs and rivers. For comparison with other classifications, the table also includes the column “rle,” 

which classifies fish as rheophilic (r), limnophilic (l), or eurytopic (e) (sensu grift et al. 2003) And the column “poe” 
from winemiller (1989, 1996) who classifies fish on floodplains as periodic (p), opportunistic (o), or equilibrium (e). 

Feeding guilds are identified as detritivores (d), zooplanktivores (z), invertivores (i), piscivores (p), and omnivores (o)

Species User group RLE POE Feeding guild

Pacific lamprey, Lampetra tridentata Inadvertent R E D/P

American shad, Alosa sapidissima* Inadvertent R E Z

Threadfin shad, Dorosoma petenense* Inadvertent L O Z

Hitch, Lavinia exilicauda River spawner E P I

Sacramento blackfish, Orthodon microlepidotus FP spawner L P D

Sacramento splittail, Pogonichthys macrolepidotus FP spawner E P I/D

Sacramento pikeminnow, Ptychocheilus grandis River spawner R E P

Golden shiner, Notemigonus chrysoleucas* Forager L O I

Fathead minnow, Pimephales promelas* Inadvertent L O D

Goldfish, Carassius auratus* FP spawner L P D

Common carp, Cyprinus carpio* FP spawner E P I/D

Sacramento sucker, Catostomus occidentalis River spawner R E I/D

Brown bullhead, Ameiurus nebulosus* Nonuser L E O

Black bullhead, A. melas* Inadvertent L E O

White catfish, A. catus* Inadvertent E E O

Channel catfish, Ictalurus punctatus* Nonuser E E P

Chinook salmon, Oncorhynchus tshawytscha River spawner R E I

Rainbow trout, O. mykiss Inadvertent R E I

Wakasagi, Hypomesus nipponensis* Inadvertent L O Z

Mississippi silverside, Menidia audens* Pond L O I/Z

Western mosquitofish, Gambusia affinis* Pond L O I/Z

Prickly sculpin, Cottus asper River spawner R O I

Tule perch, Hysterocarpus traski Nonuser E E I

Bluegill, Lepomis macrochirus* Forager L E I

Redear sunfish, L. microlophus* Forager L E I

Green sunfish, L. cyanellus* Nonuser E E I

Warmouth, L. gulosus* Nonuser E E I

Black crappie, Pomoxis nigromaculatus* Forager E E I/P

Largemouth bass, Micropterus salmoides* Forager L E P

Redeye bass, M. coosae* Nonuser R E P

Spotted bass, M. punctulatus* Nonuser E E P

Bigscale logperch, Percina macrolepida* River spawner R O I

source: Based on Moyle et al. (2007)

*Alien species.
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use seasonal floodplains for rearing (see box 
8.1). These species may not require floodplains 
for persistence because juveniles also can rear 
on river-edge habitats. However, spawning 
upstream of floodplains may provide important 
benefits for these species because juvenile sur-
vival and growth, and ultimately abundance, 
can increase when juveniles can access abun-
dant food resources and diverse habitats on 
floodplains. River spawner species vary in the 
degree to which they appear to have adaptations 
for floodplain rearing. For example, juvenile 
Pacific salmon (Oncorhynchus spp.) generally 
exit floodplains during draining, suggesting an 

wait until flooding is well underway. The adults 
spawn on substrates, such as inundated plants, 
characteristic of f loodplains. The embryos 
adhere to the substrate, hatch, and then rear for 
a few weeks in the complex cover provided by 
flooded vegetation. Once the juveniles are free-
swimming, they stay on the floodplain as long 
as inundation continues and food is abundant, 
and they generally respond to floodplain drain-
ing by actively seeking out flowing channels to 
exit the floodplain. A good example of an obli-
gate floodplain spawner is the Sacramento 
splittail (Moyle et al. 2004), which has year 
class strength that is highly correlated with the 
number of days of flooding of seasonal flood-
plains in its range (Sommer et al. 1997). The 
periodic strategists of Górski et al. (2011) are 
mostly in this category.

Opportunistic floodplain spawners use flood-
plains in similar ways as obligate spawners 
(spawning and juvenile rearing) but do not 
require floodplain habitats for spawning. How-
ever, their most successful spawning years typi-
cally occur during periods of extensive flooding 
(King et al. 2003). The best known examples of 
opportunistic spawners are common carp and 
goldfish, which are found worldwide in flood-
plain systems (Moyle et al. 2007). Many fishes 
native to the Mississippi-Missouri River system 
are opportunistic floodplain spawners, using 
floodplains for reproduction when inundation 
coincides with appropriate spawning season 
and water temperatures (Raibley et al. 1997; 
Galat et al. 1998). Likewise, many fishes that 
used a newly restored Danube River floodplain 
appeared to be opportunistic spawners (Pander 
et al. 2015; chapter 11), as do most fishes using 
the floodplains of the Apalachicola River, Flor-
ida, United States (Dutterer et al. 2013). Gener-
ally, obligate floodplain spawners are found in 
river systems with predictable flood regimes, 
whereas opportunistic floodplain spawners are 
found in river systems where the extent and 
timing of floodplain are less predictable.

River spawners are rheophilic fishes that 
spawn in rivers upstream or adjacent to flood-
plains and have larvae and juveniles that can 

BOX 8.1 • Larval Fishes on a California 
Floodplain

In addition to fish that spawn on floodplains, 
many fishes that spawn in rivers have larvae 
that are passively carried to the floodplain by 
flows and can take advantage of floodplain 
habitats. Crain et al. (2004) noted a regular 
succession of larval fishes entering a restored 
California floodplain. The earliest to arrive 
were larvae of three native fish species and two 
alien species, entering as larvae during the 
high spring flows, when inundation was most 
extensive and water temperatures were cool 
(Crain et al. 2004). These larvae were typically 
most abundant in flooded areas close to the 
river, near levee breaches, and these same spe-
cies were generally observed leaving the flood-
plain later as actively swimming juveniles 
(Moyle et al. 2007). As the season progressed, 
with reduced inundation and warmer tempera-
tures, five alien taxa dominated the larval fish 
fauna, predominantly centrarchids that could 
spawn in the permanent sloughs that inter-
sected the floodplain. A similar pattern of fish 
larvae succession was found in the floodplain 
of the Apalachicola River (Florida, United 
States), with larvae appearing in a progression 
of family taxonomic groups. The pattern was 
presumably related to water temperature, 
which increased during the flooding period, 
and temperature requirements for spawning 
(Walsh et al. 2009).
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Inadvertent floodplain users may compose a 
high proportion of species collected from sea-
sonal floodplains but a low proportion of total 
fish numbers or biomass. During flood events, 
these species are transported onto floodplains 
from various habitats, including lakes, through-
out the upstream watershed and show no spe-
cific adaptations for floodplain use. Larvae, juve-
niles, and adults can pass through the floodplain 
or become stranded during draining. In addi-
tion, there are some species that are almost 
never found on seasonal floodplains (floodplain 
nonusers) but are consistently found in deep 
waters of floodplain lakes and sloughs (second-
ary channels with permanent water). They 
probably would be better called floodplain avoid-
ers. The equilibrium strategists of Winemiller 
(1996) may fall into either of these categories.

Because seasonal floodplains and associated 
permanent water bodies have high primary and 
secondary productivity and fish uses these habi-
tats to forage, floodplain fishes can also be 
assigned trophic guilds. The guilds typically 
reflect the dominant dietary items of adult fish 
when they are on the floodplains. Guilds usually 
include the following groups: (a) phytoplankti-
vores, (b) algivores, (c) detritivores, (d) zoo-
planktivores, (e) benthic invertivores (consum-
ing invertebrates living on substrates, including 
aquatic plants), (f) piscivores, and (g) omni-
vores. Piscivores eat both fish and large inverte-
brates such as crayfish. Omnivores, such as 
bullhead catfishes, eat almost anything they can 
grab, from algae to invertebrates to fish, dead or 
alive. The separation of the seven groups is 
rarely clean because most fish are fairly oppor-
tunistic in their feeding and change diets as 
they grow larger. Feeding guilds of a California 
floodplain assemblage are shown in table 8.1.

In short, there are many ways to categorize 
floodplain fishes based on how they respond to 
dynamic conditions and how they use flood-
plains as habitat. On seasonal floodplains, the 
assemblages of fishes with different life histo-
ries, diets, and ways of using the habitat are 
constantly in flux, both from year to year and 
from month to month during a flood event.

adaptation to variable floodplain hydrology. 
Conversely, juvenile Sacramento suckers (Cato-
stomus occidentalis) grow faster within river 
habitats than in floodplain habitats (Ribeiro et 
al. 2004), indicating that not all river spawning 
fish may benefit from rearing on floodplains.

Floodplain foragers are eurytopic and lim-
nophilic fishes that opportunistically use sea-
sonal floodplains for feeding. They have oppor-
tunistic or equilibrium life-history strategies 
(sensu Winemiller 1996) and typically live in 
lakes, ponds, and sloughs within the floodplain. 
In the Cosumnes River, floodplain foragers tend 
to enter the flooded areas mostly late in the flood 
cycle when the water is warmer and food, espe-
cially insects and small fish, is abundant. In the 
Cosumnes, these floodplain foragers are mostly 
alien species native to the Mississippi River sys-
tem, such as golden shiner, largemouth bass, 
and bluegill and redear sunfish (table 8.1). 
These species also use seasonal floodplains for 
spawning and rearing along their native rivers 
and may grow faster in floodplain habitats than 
in rivers (Gutreuter et al. 1999). Because these 
species evolved with opportunistic use of flood-
plains, they generally avoid stranding as the 
flood waters recede by moving back into lentic 
or lotic habitats. In years with prolonged flood-
ing, allowing warmer water temperatures, adult 
floodplain foragers often spawn on the flood-
plain, along with floodplain pond fishes.

Floodplain pond fishes are short-lived lim-
nophilic fishes with opportunistic life histories 
(sensu Winemiller 1996). They reside in per-
manent floodplain water bodies and become 
abundant, through rapid growth and reproduc-
tion, in shallow, seasonal floodplain habitats. 
These species share some characteristics with 
floodplain foragers, but pond fishes reproduce 
in most years and, through rapid reproduction, 
come to dominate shallow habitats. Floodplain 
pond fishes are often stranded in large num-
bers in temporary habitats as they dry and can 
attract flocks of piscivorous birds as a result. 
Examples from California include two alien 
species, Mississippi silverside and western 
mosquitofish (table 8.1).
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strophic mortality” of fish can occur as the 
floodplain dries up (Winemiller et al. 2000). In 
such situations, survivors are mostly fish that 
were able to move into oxbow lakes.

For many native fishes, use of floodplains 
likely represents a bet-hedging strategy in 
which different habitats provide a range of ben-
efits over time. Advantages of floodplain use 
during “good” years likely outweigh the risks of 
stranding in “bad” years. Human-made struc-
tures, such as gravel pits, berms, and water-
control structures, that interrupt natural drain-
age pose the greatest risk for stranding. These 
risks can be avoided or mitigated if restoration 
projects are designed to include effective drain-
age, including exit channels with minimal 
obstacles for emigration. For example, a levee 
setback on the Bear River (California, United 
States) included a contoured swale intended to 
drain a corner of the reconnected floodplain 
back into the river to minimize stranding (Wil-
liams et al. 2009). While stranding of individu-
als may still occur, most fish species will bene-
fit at the population scale from promoting 
access to floodplains.

PACIFIC SALMON AND FLOODPLAINS: A 
NEW PARADIGM

The use of floodplains by fish in temperate riv-
ers has gained increasing attention. In terms of 
how they use floodplains, Pacific salmon (Onco-
rhynchus sp.) of the western United States have 
received perhaps more attention than any other 
fishes in recent years[AQ]. In this time, the 
general understanding of the relationship 
between floodplains and salmon has swung 
dramatically. There once was concern that 
floodplains represented a real threat for strand-
ing, while now floodplains are seen as likely 
providing critically important habitat to main-
tain robust populations.

Salmon populations are in decline through-
out much of their range along the Pacific coast 
of North America (Nehlsen et al. 1991; Nehlsen 
1997), including those of the Central Valley of 
California (Williams 2006; Katz et al. 2013). 
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STRANDING ON FLOODPLAINS

A major concern for projects that reconnect riv-
ers and floodplains is the risk that important 
fishes, such as endangered or commercially 
important species, may become stranded as 
flood waters recede. While consideration of 
stranding risk and careful design are certainly 
warranted, fishes native to a particular region 
often exhibit life history and behavioral adapta-
tions to local flood regimes that reduce strand-
ing risk. For example, fishes adapted to flood-
ing regimes will begin to exit the floodplain 
based on a variety of cues, including decreasing 
inflow and/or depth, or increasing water tem-
perature and/or clarity. For example, Moyle et 
al. (2007) observed that many native species 
dominated samples early in the flood season 
but became rare later in the flood season 
because they left the floodplain as it drained 
and as water temperature warmed. These same 
species simultaneously appeared in the river 
and sloughs adjacent to the floodplains. Fur-
ther, they found that the majority of fish 
stranded in isolated ponds after the floodplain 
drained were alien pond species.

However, particularly rapid and early dis-
connection between river and floodplain can 
lead to high levels of stranding. Rapid discon-
nection and draining can occur in some sys-
tems based on natural river hydrology patterns 
or can be the result of management, such as an 
upstream dam rapidly reducing reservoir 
releases. For example, in 2001 the Cosumnes 
floodplain became naturally disconnected from 
the river relatively early in the flood season and 
more splittail were stranded that year than in 
other years. Even in this year, splittail repre-
sented only 5% of the stranded fish and the 
majority of juvenile splittail successfully emi-
grated from the floodplain (Moyle et al. 2007). 
Where floodplains are flooded erratically for 
only short periods of time, stranding may occur 
with large flood events. In the Brazos River, 
Texas, United States, for example, large-scale 
flood events are infrequent and unpredictable 
in timing. When large floods do happen, “cata-
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vival rates were higher for fish within off-chan-
nel habitats compared to those within the main 
channel.

Research in California has confirmed the 
value of floodplain habitats for salmon, showing 
faster growth of juvenile Chinook salmon due to 
warmer water and more plentiful food supplies 
(Sommer, Nobriga et al. 2001; Jeffres et al. 
2008; Limm and Marchetti 2009; chapters 12 
and 13). Beyond California, Roegner et al. (2010) 
also reported that Chinook and coho salmon 
juveniles reared for months within newly recon-
nected tidal freshwater marshes created by 
breaching dikes in the Columbia River estuary, 
and Teel et al. (2009) reported that juvenile Chi-
nook salmon rear in seasonal floodplain wet-
lands of the lower Willamette River.

Through river regulation and diking, flood-
plains have been greatly modified and discon-
nected from rivers throughout the Pacific 
Northwest (Oregon, Washington, United States) 
and California (Montgomery 2003). This loss of 
floodplain habitat likely has had population-
scale effects on salmon runs. For example, Pol-
lock et al. (2004) estimated that the loss of bea-
ver ponds and other floodplain water bodies has 
reduced the potential winter rearing population 
of coho smolts in the Stillaguamish River basin 
in Washington by almost 90%. Similarly, 
Beechie et al. (1994) concluded that almost 
60% of winter and 32% of summer rearing 
capacity in the Skagit River basin (Washington, 
United States) was historically provided by side 
channels and distributary sloughs on the flood-
plain and river delta. Most of this habitat has 
been lost due to channelization and diking for 
flood control. Although forestry impacts on 
salmon populations have received a great deal of 
attention, Beechie et al. (1994) concluded that, 
in the Skagit River basin, loss of habitat due to 
flood control and drainage dwarfs the loss of 
habitat due to forestry activities.

Similarly, loss of habitats provided by beaver 
activity may have been extremely important as a 
cause of salmonid declines. Loss of this habitat 
due to widespread trapping of beavers occurred 
even before the commercial harvest of salmon 

Until recently, researchers had not examined 
whether widespread loss of floodplain habitat 
contributed to salmonid declines, primarily 
because most floodplain habitats were discon-
nected from rivers prior to scientific study of 
salmon populations. For example, in their 
extensive review of salmonid declines in the 
Pacific Northwest, the National Research Coun-
cil (1996) devoted a single paragraph to salmo-
nid use of floodplain habitats. However, atten-
tion devoted to this issue, both through 
fieldwork (Sommer, Nobriga et al. 2001; Hall 
and Wissmar 2004) and historical research 
(Pollock et al. 2004), increased dramatically in 
subsequent years. Montgomery (2003) in his 
book King of Fish, which focused on the same 
region as the NRC review, recommended resto-
ration of floodplain habitats as a high-priority 
action to restore salmonid populations.

Many early studies that describe salmonid 
use of floodplain habitats do not specifically use 
the word “floodplain,” but instead use terms 
such as “off-channel habitat,” which typically 
refer to secondary channels or other areas that 
are seasonally flooded. For example, Bustard 
and Narver (1975) reported that the overwinter 
survival rate of juvenile coho salmon (O. kis-
utch) was twice as high within beaver ponds as 
in the main river. Brown and Hartman (1988) 
found that juvenile coho had greater overwinter 
survival in off-channel habitats (ephemeral 
swamp sites) compared to the main channel. 
Due to the higher survival rates, off-channel 
habitats were responsible for a disproportionate 
amount of coho productivity relative to their 
area. The importance of off-channel habitat 
increased in years with very high flows, indicat-
ing these habitats served as refuges during 
floods. Swales et al. (1985) also concluded that 
juvenile coho salmon preferred off-channel 
sites as overwintering habitat, including side 
channels, back channels, off-channel ponds, 
and other low-velocity off-channel areas. These 
floodplain habitats were warmer, had lower 
water velocity, and higher cover compared to 
main channel habitats, with fewer predators 
and an abundant food supply. Growth and sur-
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are released when salmon die and decay. These 
nutrients are transferred to the forest though 
predators and scavengers, as well as by high 
flows. The result is bigger trees, which provide 
the complex habitat juvenile salmon need 
(Stokes 2014), as well as changed composition 
of floodplain vegetation (Hocking and Reynolds 
2012). This relationship was also noted on a 
regulated California stream, although the main 
plant beneficiaries of the salmon nutrients were 
grapes in vineyards (Merz and Moyle 2006).

FISHES AND FOOD WEBS

Inundated floodplains can have enormous pri-
mary and secondary production (chapters 7), a 
seasonal phenomenon that is akin to ocean 
upwelling, the flush of grass on the African 
savannah following rain, or the arrival of 
Pacific salmon that die to fertilize their spawn-
ing streams. These events are often viewed as 
culturally or economically important because 
they lead to large populations of harvestable (or 
viewable) vertebrates, especially fish.

In rivers with extensive floodplains, fishes 
and other vertebrates typically take advantage 
of the high productivity of floodplains to feed 
and grow rapidly. This “flood pulse advantage” 
(Bayley 1991) happens through five interrelated 
pathways:

1. Larval and juvenile fishes that feed directly 
on floodplain invertebrates and other food 
sources; these are fishes that arrive on 
floodplains either by being spawned there 
or by being carried in by flood waters.

2. Predators that consume juvenile fish as 
they leave the floodplain to move to other 
habitats (the trophic relay hypothesis of 
Kneib 1997).

3. Fishes living in the adjacent rivers that feed 
on the productivity flushed from rivers 
including invertebrates and the algae and 
detritus that can contribute to riverine food 
webs (outwelling).

4. Adult fish that move onto the seasonal 
floodplain to forage, usually from permanent 

began (Pollock et al. 2004). Salmon populations 
prior to their commercial harvest have often 
been used as the historical baseline. However, 
the preharvest baseline may have been an under-
estimate because salmon populations may have 
already been depleted due to the loss of beaver-
created habitat. Thus, historical salmon popula-
tions may have been even larger than originally 
estimated from early harvest levels.

In short, seasonal floodplain habitats are 
important for Pacific salmon populations. 
Floodplain rearing offers numerous benefits for 
juvenile salmonids, including lower water veloc-
ities and predator densities and warmer, clearer, 
and more productive water. Studies from diverse 
river systems demonstrate population-scale 
benefits of floodplain restoration. For example, 
in the Skagit basin, Beechie et al. (1994) found 
that both seasonal and permanent floodplain 
habitats, such as sloughs and side channels, had 
much higher per-unit-area production capacities 
than main-stem or tributary channel habitats. 
Kareiva et al. (2000) examined the relative ben-
efits of various restoration strategies for Snake 
River spring/summer Chinook salmon popula-
tions. They concluded that improving survivor-
ship during the first year, when the fish use 
floodplains and the estuary, had the strongest 
benefit for overall populations. Floodplain rear-
ing potentially improves survival and growth 
during early life stages, which can translate into 
greater oceanic survival (Ward et al. 1988[AQ]). 
Ogston et al. (2014) report that boosting produc-
tion of salmon smolts through floodplain resto-
ration can be cost competitive with producing 
salmon smolts in a hatchery (approximately  
$1/smolt). They found that 16 ha of floodplain 
restoration in the upper Chilliwack River water-
shed (British Columbia, Canada) was responsi-
ble for approximately one-third of the annual 
production coho salmon smolts from the water-
shed. These studies suggest that floodplain res-
toration should occupy a major role in salmon 
recovery strategies.

Finally, it is worth noting the reciprocal 
nature of benefits of f loodplain forests to 
salmon. Ocean nutrients brought in by salmon 
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for persistence (Humphries et al. 1999; Wine-
miller 2004).

Juvenile fishes on seasonal floodplains feed 
primarily on invertebrates produced on the 
floodplain, either through rapid reproduction 
of zooplankton washed onto the floodplain or 
on invertebrates emerging from floodplain 
soils. For example, on the Yolo Bypass, Som-
mer, Nobriga et al. (2001) found juvenile Chi-
nook salmon fed largely on emerging chirono-
mid midges, while Katz (2015) found them to 
be feeding largely on zooplankton (Daphnia 
magna).

Young of year fishes that move off flood-
plains as water levels drop are likely important 
seasonal prey for adult fishes in the receiving 
waters such as river channels, lakes, sloughs, 
and estuaries. Kneib (1997) described energy 
transfer mechanisms within tidal marshes that 
may provide a model for how floodplains trans-
fer energy to other aquatic habitats. Kneib pro-
posed that the movement of small fishes out of 
the marshes represents a major source of 
energy transfer to the aquatic habitats con-
nected to the marshes and that, through this 
energy transfer, the marshes helped support 
fisheries. In a similar fashion, floodplains can 
export large numbers of small fishes to other 
connected aquatic habitats and transport flood-
plain productivity to consumers in those habi-
tats. For example, when seasonally flooded 
duck-hunting ponds were drained, O’Rear 
(unpublished data, 2012–2014, UC Davis) 
found that large (25–45 cm) striped bass (Mor-
one saxatilis) congregated by the mouths of the 
pond outflows where they fed on abundant fish 
(mainly threespine stickleback, Gasterosteus 
aculeatus) being flushed out, fish that would 
otherwise be smaller than their typical prey.

One of the hypothesized advantages of rear-
ing on a seasonal floodplain is that predation 
pressure on YOY fishes from large piscivorous 
fish is reduced across the shallow, extensive, 
and often well-vegetated habitats. While adult 
fish regularly move on to floodplains for spawn-
ing, movement of large piscivores to feed on 
floodplains is less well documented. For exam-

waters located on or adjacent to the flood-
plain (ponds, river channels).

5. Consumption of plants, invertebrates, and 
fish on floodplains by birds and mammals, 
including consumption of fish stranded in 
floodplain pools.

The abundance of larval and juvenile fish 
(together known as “young of year” or YOY) on 
many seasonal floodplains is testament to the 
productivity of these habitats. While diverse 
fishes take advantage of inundated floodplains, 
most are typically the progeny of floodplain or 
riverine spawners. As discussed in chapter 7, 
the ability of temperate floodplains to support 
small fish depends mainly on in situ primary 
production which in turn is a function of tim-
ing, extent, and duration of flooding (but see 
Zeug and Winemiller 2008[AQ]). From the 
perspective of juvenile fishes, the ideal flood 
event on a temperate floodplain starts early 
enough in the season to “prime” flooded areas 
by mobilizing or importing nutrients to start 
primary production, followed by an extended 
duration of f looding that allows abundant 
invertebrate populations to develop, tracking 
the flush of detrital mobilization and algal pro-
ductivity. The amount of primary and second-
ary production depends in large part on the 
overlap in timing between flooding and increas-
ing spring photoperiod and temperatures. In 
many temperate systems, flooding tends to 
coincide with snowmelt, with water that is too 
cold and arrives too early to have high produc-
tivity available to YOY fishes. Where flooding is 
driven more by rain, such as in southeastern 
United States, exact timing, length, and extent 
of flooding are highly variable over the winter-
spring rainy season, but the floodplain forests 
are still highly productive of aquatic inverte-
brates (Benke et al. 2000). In other systems, 
the timing of flooding may be highly erratic, so 
is essentially unpredictable for spawning and 
rearing of fishes (Schramm and Eggleton 
2006). In these systems, many species may 
benefit from opportunistic use of floodplains, 
but few species actually depend on flood events 
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trial bird communities of floodplains are some 
of the richest in the world” (p.260). Floodplains 
also have strong interactions with neighboring 
upland habitats, often providing foraging areas 
for upland species or refuges from predation. 
The loss or simplification of the floodplain 
habitat mosaic has led to the decline or loss of 
many floodplain-dependent animals.

Floodplain habitats often support (or sup-
ported) rare and declining vertebrate species. 
For example, three birds species that are now 
extinct once depended on floodplain forests of 
the southeastern United States for their exist-
ence: ivory-billed woodpecker (Campephilus 
principalis), Carolina parakeet (Conuropsis caro-
linensis), and Bachman’s Warbler (Vermivora 
bachmanii; Brawn et al. 2001). Floodplains, 
including riparian woodlands, within Califor-
nia’s Central Valley support 20 species that are 
listed on either the Federal (United States) or 
State (CA) Endangered Species list (see table 
13.1). These include mammals (e.g., the ripar-
ian woodrat), birds (least bell’s vireo and Swain-
son’s hawk), amphibians (California red-legged 
frog), reptiles (giant garter snake, western pond 
turtle), as well as fish (Chinook salmon). 
Despite their great reduction in extent, flood-
plains are still extremely important habitat for 
more abundant wildlife. Birds are especially 
notable floodplain users because so many spe-
cies are migratory or can otherwise move 
around to take advantage of the seasonally 
available and shifting habitats of floodplains. 
Their abundance is often a good measure of the 
health of floodplain ecosystems in a region. 
Here, we review in more detail the use of flood-
plain by four major groups of terrestrial verte-
brates: migratory waterbirds, tropical migrant 
birds, resident riparian birds, and mammals.

Migratory Waterbirds

One of the most spectacular uses of floodplains 
worldwide is by migratory waterfowl that over-
winter on floodplains or stop on floodplains 
during migrations to take advantage of abundant 
food. These birds include pelicans, various 

ple, during 5 years of sampling a California 
floodplain, Moyle et al. (2007) found very few 
potentially predatory adult fishes on the flood-
plain during f lood events. Nevertheless, 
although predation pressure from piscivorous 
fish may be reduced, YOY fishes rearing on sea-
sonal floodplains can be vulnerable to preda-
tion from birds. Piscivorous birds can consume 
large quantities of floodplain fish, particularly 
if they become stranded.

In short, seasonal floodplains can greatly 
enhance fish production in river systems by 
providing a nursery area for early life-history 
stages, although the importance of this role will 
vary from river to river and from year to year in 
individual rivers. The more predictable the 
flood regime is on a river, the more likely flood-
plains will contribute primary and secondary 
production to support food webs that sustain 
large populations of adult fish. A wide variety of 
fishes can use floodplains successfully for 
reproduction and rearing; fishes adapted to the 
local flow regime are less likely to become 
stranded as water recedes. Fish, especially YOY, 
can be important in food webs connected to 
temperate seasonal floodplains. They may con-
sume much of the secondary production (Gro-
sholz and Gallo 2006) and are themselves 
important prey for other fishes and for birds 
and mammals. In the next section, we discuss 
these other vertebrates and how they use flood-
plains and then conclude with an example of a 
floodplain food web, from primary producers to 
piscivores.

OTHER VERTEBRATES

Worldwide, floodplains provide important fea-
tures for a great diversity of reptile, amphibian, 
bird, and mammal species (Welcomme 1979). 
A key feature of floodplains that promotes this 
diversity is their dynamic nature, where floods 
of different magnitudes create a shifting 
mosaic of habitats that favor different species 
(see chapters 5). For example, Brawn et al. 
(2001) note that, due to the diversity of habitats 
created by dynamic flooding processes “terres-
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plains, such as mudflats and beaches created by 
receding waters, are important foraging areas. 
Today, much of the area of such habitats can be 
found in intensely managed waterfowl refuges. 
The refuges are typically located on discon-
nected floodplains (behind levees) that rarely 
flood by natural processes, so they rely on  
water delivered to the refuges by canals and 
held in diked ponds and fields. In North Amer-
ica and Europe, these substitute floodplains 
provide much of the habitat used by large 
migratory populations of waterfowl along some 
flyways.

Similarly, agricultural fields can be flooded 
either as part of agricultural operations (e.g., 
rice fields; van Groenigen et al. 2003; Fleskes et 
al. 2005) or intentionally to benefit birds and 
other wildlife (see box 8.2).

Tropical Migrant Birds

Tropical migrants, mainly passerines (“perch-
ing birds”), spend winter in the tropics and 
return to more northern regions to reproduce 
in the summer, taking advantage of the flush of 
insects and other food often present during 
spring and early summer. While these birds 
can take advantage of the diversity of habitats 
provided by floodplains, floodplain/riparian 
forests are especially important habitat for 
migrant birds both as stopover habitat during 
migration and for breeding. These forests and 
the resources they provide—structure for nest-
ing and cover, sources of food—are more pre-
dictable than the resources provided by sea-
sonal floodplains, which vary between years 
depending on precipitation and runoff, particu-
larly in regions where flooding has high inter-
annual variability. Over long time periods, 
floodplain forests depend on flooding for regen-
eration, so tropical migrants depend on 
dynamic f loodplain processes over longer 
timescales. In the floodplain forests of the 
Altamaha River (Georgia, United States), 
Hodges and Krementz (1996) found tropical 
migrants and resident birds were diverse (48 
species) and that the abundance of the tropical 

waterfowl (ducks, geese, swans), wading birds 
(e.g., cranes), and shorebirds (e.g., sandpipers, 
plovers, and curlews). Indeed, it can be argued 
that locations of predictably f looded—and  
productive—floodplains play a major role in 
defining the paths of major flyways traveled by 
migratory birds. For example, millions of birds 
essentially track the Mississippi River on their 
annual migrations down the Mississippi Fly-
way, taking advantage of abundant food on 
floodplain wetlands along the way and the vast 
marshes of the Mississippi River Delta. Simi-
larly, Central Valley floodplains and seasonal 
wetlands are critically important for waterbirds 
using the Pacific Flyway.

For ducks and geese, important floodplain 
habitats include wetlands, ponds, and lakes that 
retain water long after f lood waters have 
receded from seasonal floodplains. For wading 
birds, the temporary habitats on seasonal flood-

BOX 8.2 • Pop-up Wetlands for 
Waterfowl

To increase the availability of shallow wetland 
habitat for migratory waterbirds in California’s 
Central Valley, the Nature Conservancy devel-
oped a program called BirdReturns. The pro-
gram relies on citizen science through a data-
base called eBird that allows birdwatchers to 
report bird occurrences using their smart-
phones. These crowdsourced data allow man-
agers to predict when migratory waterbirds 
will be arriving in the Central Valley. Based on 
that timing, they implement a reverse auction 
to identify farmers who are willing to “rent” 
their fields and receive compensation to allow 
them to be flooded for a period of time. Man-
aged inundation of the rented fields creates 
“pop-up wetlands,” providing shallow wetland 
habitat during the time that migratory water-
birds will benefit most from the flooding. Bird-
Returns has produced more than 16,000 ha of 
temporary wetland habitat between 2014 and 
2016 (McColl et al. 2016) and was hailed in the 
New York Times as an illustration of reconcilia-
tion ecology (Robbins 2014).
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of its association with the tules (Schoenoplectus 
spp.) and other dense vegetation on floodplain 
marshes, although this association was appar-
ently largely the result of hunting pressure, 
which forced them to take refuge in the 
marshes (Moyle et al. 2014). On some African 
floodplains, such as the Okavango Delta, ele-
phants and hippopotamus play a major role in 
creating channels through which flood waters 
flow (box 8.3; Mosepele et al. 2009). In North 
America, the principal mammal shaping flood-
plains is beaver (Castor canadensis) whose dams 
can increase retention time of water on large 
floodplains and create the principal floodplains 
on smaller streams. Beaver dams exert a major 
influence on vegetation and nutrients in the 
systems they flood (Naiman et al.1988). As dis-
cussed previously, beaver ponds can provide 
important rearing habitat for salmonids and 
the widespread loss of beavers in California and 
the Pacific Northwest may have precipitated a 
decline in salmon populations even before 
commercial fishing began.

Small rodents also can affect vegetation on 
floodplains, for example, by browsing seedlings 
of riparian trees. However, their population 
size, and thus their impact on vegetation 
dynamics, is sensitive to the magnitude and 
frequency of flooding; areas with annual flood-
ing tend to have smaller populations of rodents 
than those with infrequent flooding (Andersen 
et al. 2000; Jacob 2003; Golet et al. 2013). In 
areas with frequent floods, even the rapid repro-
ductive cycles of rodents may have a hard time 
recovering from f lood-induced population 
crashes. Burrowing mammals such as pocket 
gophers (Thomomys) and moles (Talpidae) or 
nonclimbing rodents such voles (Microtus) 
often cannot find refuge areas from floods, 
while species that climb bushes or small trees 
for refuge (e.g., deer mice, Peromyscus) become 
more vulnerable to avian predators when they 
do so. In a floodplain along the Waal River, a 
tributary to the Rhine River (the Netherlands), 
Wijnhoven et al. (2006) found that at least a 
year was required for populations of mice, 
moles, and shrews to return to their former 

migrant species increased with the width of the 
floodplain forest corridor along the river. In the 
Southeastern United States, prothonotary war-
blers (Protonotaria citrea) generally build their 
nests in inundated floodplain forests, poten-
tially because this reduces predation from 
snakes (Petit 1999). In Wyoming, the diversity 
and abundance of songbirds in riparian forests 
was correlated with height of willows (Olech-
nowski and Debinski 2008).

Resident Riparian Birds

Resident passerine birds tend to be associated 
with riparian habitats in much the same way as 
tropical migrants. Woodpeckers of various spe-
cies, for example, typically need large old trees 
in which to excavate nests and to forage for 
insects. Edge habitats—such as open fields or 
water adjacent to forests—seem to be particu-
larly important for maintaining populations of 
resident birds and species diversity. Parkinson 
et al. (2002) found that heterogeneous habitat 
patches on the undammed Ovens River (Aus-
tralia) promoted diversity of bird species and 
that birds associated with woodlands also used 
the seasonally flooded open habitats for forag-
ing; the natural flood regime thus promoted 
bird habitat over both longer timescales (e.g., 
the development of diverse habitat patches 
through flood-driven geomorphic processes) 
and during short-term periods of inundation. 
Similarly, the little owl (Athene noctua) favors 
restored floodplain habitats along the Rhine 
River in Europe because while it breeds in 
trees, it forages in open floodplains on shrews, 
mice, and invertebrates (Schipper et al. 2012).

Mammals

Mammals are primarily associated with per-
manent wetlands and waters on floodplains, 
although the postflood flush of vegetation on 
seasonal floodplains provides opportunities for 
foraging by large grazers, such as elk (Cervus 
elaphus). In California’s Central Valley, the tule 
elk (C. e. nannodes) received its name because 
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On the restored floodplain along the Sacra-
mento River, all small mammals species 
showed significant declines after a flood event 
but some species, such as California vole (M. 
californicus), recovered faster than others (Golet 
et al. 2013). This study also showed that (a) 
alien rodents (e.g., house mice) had no advan-
tage over native species in surviving flooding 
and (b) riparian/floodplain restoration sites 
were not an important source of rodent pests to 
adjoining agricultural fields. In fact, Golet et al. 

numbers after a flood event and that popula-
tions appeared to spread slowly from refuges. A 
similar pattern was found for a restored flood-
plain in California, along the Sacramento River 
(Golet et al. 2013). In a Chinese floodplain 
(Dongting Lake), it took at least 3 years after 
flooding for populations of Norway rats (Rattus 
norvegicus) and house mice (Mus musculus) to 
achieve population levels similar to those in 
surrounding agricultural land (Zhang et al. 
2007).

The Okavango Delta is one of the largest wetland 
systems in the world, encompassing 800–1600 
km2, and swelling with floods up to 28,000 km2 in 
wet years (Mosepele et al. 2009)[AQ]. This 
immense floodplain is the terminus of a large river 
system, the Okavango, which originates in tropi-
cal Angola and flows through the deserts of 
Namibia before reaching its subtropical delta in 
Botswana. The Delta is notable for its large bio-
mass of herbivorous mammals (up to 12 metric 
tons per km2), including elephants and 
hippopotami[AQ]. It is also notable for how those 
massive animals—along with some tiny ones—
serve as ecosystem engineers that modify flood-
plain structure and topography (Mosepele et al. 
2009).

Hippos move daily between deeper water and 
feeding areas on land and, because they follow 
consistent pathways, they create and maintain 
vegetation-free channels through the floodplain. 
These channels influence how water flows through 
the floodplain and can serve as points for avulsion 
when sedimentation of main channels leads to 
channel switching. Vegetation-free flow paths are 
due to animals, so are the well-vegetated high 
areas that break up the flow across the floodplain. 
The islands that dot the Okavango Delta, which 
support much of the floodplain’s woody vegeta-
tion, began as termite mounds. Termites colonize 
peripheral or isolated dry areas during dry years 
and construct high (2–4 m) mounds of clay. When 
a mound is flooded, it collapses but persists as a 
patch of higher ground, providing favorable condi-

tions for recolonization by termites during the 
next dry cycle. This repeated process ultimately 
creates an island around which the water flows. 
The islands provide infrequently flooded, vege-
tated habitat for large mammals and birds, which 
help distribute seeds and promote further coloni-
zation of the islands by woody species.

Temperate floodplains lack termite mounds 
and hippos, but they have (or had) their own eco-
system engineers, such as beavers and bison 
(both are discussed in the text of this chapter). 
Unlike the Okavango–which maintains a full staff 
of engineers—temperate floodplains are largely 
missing theirs, and understanding how they 
affected floodplain topography, vegetation, and 
processes requires historical reconstruction.

A temperate floodplain that bore considerable 
resemblance to the Okavango was the Tulare Lake 
system in the southern Central Valley of Califor-
nia. The Tulare system consisted of rivers that 
flowed from the Sierra Nevada into deltas and a 
terminal lake surrounded by vast seasonally inun-
dated marshlands (the Tulare basin is “partially 
endorheic” because during wet years it over-
flowed into the San Joaquin River basin to the 
north). The lake, marshes, and floodplain forests 
hosted dense populations of fish and waterfowl, 
as well as ecosystem engineers such as tule elk 
and beaver. The system also supported large 
indigenous human populations, as the Okavango 
still does. The Tulare system, and its wildlife and 
engineers, is now gone, drained for agriculture— 
a fate that the Okavango can hopefully avoid.
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reintroduction caused a change in behavior in 
their primary prey—elk. Rather than congre-
gating along valley-bottom floodplains, as they 
did in a wolf-free environment, the elk dis-
persed more widely across the landscape (Rip-
ple and Beschta 2003). As a result of this wolf-
induced change in elk behavior, riparian 
vegetation—including willows, cottonwood, 
and aspen—recovered, a trophic cascade 
touched off by the intentional reintroduction of 
an apex predator (Ripple and Beschta 2012). 
These recovered trophic cascades can extend 
further than just wolves, ungulates, and ripar-
ian vegetation. In Banff National Park (Can-
ada), Hebblewhite et al. (2005) compared a por-
tion of a valley with wolves with a portion of the 
valley with minimal wolf presence. The area 
with wolves had an order of magnitude  
fewer elk and, consequently, higher density of 
riparian vegetation and also significantly 
greater diversity and abundance of riparian 
songbirds.

Here we have emphasized that wolves may 
have been a missing player that, once returned, 
restored a previous dynamic between ungulates 
and f loodplain forests. However, there is 
another missing player in western North Amer-
ican that may also have had a considerable influ-
ence on the extent and composition of flood-
plain forests: American bison (Bison bison). 
North America’s largest ungulate, bison once 
roamed central North America in herds of tens 
of millions (Shaw 1995; Lott 2002) but were 
near extinction by the late nineteenth century. 
These massive animals with massive aggrega-
tions likely had significant influences on ripar-
ian forests through browsing and trampling 
and by changing floodplain morphology and 
structure through excavation of wallows and 
clearing trails through vegetation (Cordes et al. 
1997; Butler 2006). While bison no longer con-
gregate in their once-massive herds, it is worth 
contemplating how different our riparian  
ecosystems in the Great Plains and northern 
woodlands have become in the absence of  
bison.

(2013) argue that reduced populations of poten-
tially harmful rodents in floodplain areas are 
an ecosystem service provided by flooding (and 
floodplains that can be flooded regularly). This 
service of rodent population control can be 
observed during a flood event, when flocks of 
herons, egrets, gulls, and other predatory birds 
aggregate in the front of a flood that is just 
starting to flow through fields, picking off the 
displaced rodents and insects.

Ungulates, such as deer and elk, can affect 
riparian regeneration and reproduction. For 
example, deer herbivory suppressed regenera-
tion of riparian vegetation along small streams 
in northern California (Opperman and Meren-
lender 2000). In Yellowstone National Park, 
Kay (1995, 1997) and Kay and Chadde (1992) 
reported significant effects of elk herbivory on 
riparian willows; willows within areas that 
excluded ungulates were nearly 10 times taller 
than those exposed to herbivory, and the grazed 
willows had no seed production. Beschta and 
Ripple (2006) documented widespread decline 
in willow forests due to elk herbivory along the 
Gallatin River in the northwestern part of Yel-
lowstone, attributing the increased browsing 
pressure to the loss of wolves as their main 
predator. They documented that the decline of 
riparian forests resulted in channel widening 
and incision, decreasing the hydrologic connec-
tivity between the Gallatin River and its flood-
plain. The loss of wolves from the Olympic 
Peninsula (Washington, United States), and 
consequent increase in elk herbivory on wil-
lows and cottonwoods, was also associated with 
declining floodplain forests and river channel 
widening and a dramatic increase in the 
amount of channel with a braided morphology, 
an example of a trophic cascade—loss of wolves 
leading to increased browsing leading to 
reduced recruitment of riparian trees—culmi-
nating in a change to river and floodplain geo-
morphology (Beschta and Ripple 2008[AQ]).

In a grand unintended experiment on fac-
tors regulating riparian vegetation, wolves were 
reintroduced to Yellowstone National Park. The 
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trial insects also get caught up in flood waters 
and enter floodplain food webs. This “first 
responder” food web can provide a food base for 
fish, such as juvenile Chinook salmon, as soon 
as they enter the floodplain and before food 
webs based on autochthonous productivity have 
developed (the “long-duration” food web 
described below; Sommer, Harrell, Solger et al. 
2004).

A more complex food web develops with 
longer-duration flooding and is based on auto-
chthonous algal productivity (figure 8.1b). Dur-
ing long-duration inundation, biogeochemical 
processes liberate inorganic nutrients that, in 
addition to nutrients imported from the river, 
can support the growth of phytoplankton and 
periphyton. Within high residence time habi-
tats, phytoplankton densities can increase to 
levels that support high productivity of zoo-
plankton and invertebrates (Grosholz and Gallo 
2006). Aquatic macrophytes grow and, along 
with inundated terrestrial vegetation, provide a 
substrate for periphyton. The productivity of 
algae, zooplankton, and aquatic insects sup-
ports a range of fish species that then are 
preyed upon by piscivorous fish. All fish species 
are consumed by piscivorous birds, such as her-
ons, egrets, kingfishers, cormorants, and peli-
cans, and by mammalian predators such as 
mink and otters.

CONCLUSIONS

Temperate floodplains, despite being dimin-
ished and degraded, still support a high diver-
sity and abundance of wild vertebrates, espe-
cially fishes and birds. Much of the value of 
floodplains for vertebrates is based on the pro-
ductivity of floodplain food webs. Due to varia-
bility in flooding, this productivity can vary 
greatly between and within years. Generally 
species adapted to take advantage of floodplains 
are found in systems that are flooded with some 
predictability in season and frequency. Thus, 
floodplains with predictable, frequent, and 
long-duration flooding will often support many 
fishes that are adapted to take advantage of 

FOOD WEBS

This chapter has focused on floodplain verte-
brates that are generally the most prized by 
people, in terms of economic, recreational, 
cultural, spiritual, and aesthetic values. These 
vertebrates are therefore also the most likely to 
be protected by regulations that govern harvest 
levels or protection of endangered species. 
Because of these regulatory and economic val-
ues, these species are often intertwined with 
floodplain-management actions, whether it is 
restoration to enhance habitat or decisions 
about land use and how it affects species viabil-
ity. Understanding the ecological processes that 
govern these species’ population dynamics is 
therefore critical to effective management. 
Many fishes and other vertebrates are embed-
ded within floodplain food webs. In short, the 
vitality of the species people care about depends 
on the overall productivity of floodplain food 
webs. We therefore conclude this chapter with a 
synthesis of food-web processes during a flood 
event, focusing on floodplains of the Central 
Valley (California, United States), the system 
that is the focus of the extended case study in 
chapters 11 and 12.

Food webs within inundated floodplains of 
the Central Valley can be characterized as hav-
ing two basic stages: a “first responder” stage 
that initiates rapidly upon inundation (figure 
8.1a) and a “high residence time” stage that 
develops during long-duration flood events (fig-
ure 8.1b). The carbon source of the “first 
responder” food web includes terrestrial vegeta-
tion and leaf litter and phytoplankton with 
rapid growth and adapted to faster velocity and 
more turbid waters. Primary consumers 
include aquatic invertebrates carried to the 
f loodplain by the f lood waters (e.g., from 
upstream river or wetland habitats) or those 
that emerge rapidly from floodplain wetlands 
or soils, such as chironomids (Sommer, Har-
rell, Solger et al. 2004; Benigno et al. 
2008[AQ]). Zooplankton also enter food webs 
when they are carried to the floodplain from 
lakes, ponds, and ditches (Katz 2015). Terres-
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to persist over the long term, these habitats 
generally require dynamic flooding processes. 
In short, production of fish, migratory birds, 
and other vertebrates is among the most impor-
tant ecosystem services provided by function-
ing floodplains.

floodplain resources. The flyways of migratory 
birds generally include a series of dependable 
floodplain habitats as stopover points. For resi-
dent and tropical migrant songbirds, as well as 
many small mammals, floodplain forests and 
grasslands often provide important habitat and, 
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ECOSYSTEM SERVICES

Dynamic floodplains support productive ecosys-
tems that generate a broad range of benefits for 
people (Gren et al. 1995; Barnett et al. 2016). 
These benefits can be characterized as ecosys-
tem services. In their review of the value of the 
world’s ecosystem services, Costanza et al. 
(1997) found that floodplains were the second-
ranked ecosystem type, behind estuaries, in 
terms of their per-hectare value to society. 
Despite representing <2% of Earth’s terrestrial 
land surface area, floodplains are estimated to 
provide approximately 25% of all nonmarine 
ecosystem service benefits (Costanza et al. 
1997). Working at a finer scale using data from 
Illinois (United States), Sheaffer et al. (2002) 
estimated costs that would be required to replace 
goods and services provided by functioning 
floodplains. They concluded that each hectare of 
floodplain has a replacement cost of approxi-
mately US$150,000. Among the wide range of 
ecosystem services, the ability of floodplains to 
contribute to flood-risk reduction, such as by 
attenuating flood peaks, is often ranked as the 

Traditional management of flood-
plains has emphasized prevention of flood-

ing and conversion of floodplains to uses such 
as agriculture, housing, and industry that are 
incompatible with periodic inundation. This 
management emphasis has had enormous eco-
nomic benefits through urbanization and 
industrialization of flat lands and development 
of intensive agriculture on the rich alluvial 
soils. While promoting economic development, 
the widespread conversion of temperate river 
floodplains has resulted in two overarching 
problems: (1) continued risk from flooding of 
developed land and (2) loss of ecosystem ser-
vices due to land-cover change and hydrological 
disconnection of rivers from their floodplains. 
Solving the first problem is the subject of the 
next chapter (chapter 10). In this chapter, we 
briefly review ecosystem services that flood-
plains support. We then describe how hydro-
logical disconnection leads to the loss of these 
services and how alien species contribute to the 
difficulty of managing floodplains. Finally, we 
describe reconciliation ecology as an approach 
to restoring ecosystem services to floodplains.

NINE

Ecosystem Services and  
Floodplain Reconciliation
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as the Chesapeake Bay (Noe and Hupp 2005) 
and the Gulf of Mexico (Mitsch et al. 2001).

Carbon Sequestration

Sediment deposition over centuries of flooding 
creates deep, fertile soil that supports dense, 
floodplain forests (Brinson 1990; Yarie et al. 
1998). These forests sequester carbon within 
rapidly growing trees. Other forms of vegeta-
tion, such as tules (bulrush) and cattails, also 
store carbon, as do floodplain soils (Zehetner et 
al. 2009; Bernal and Mitsch 2012[AQ]). Mar-
aseni and Mitchell (2016) found that riparian 
forests in Australia contained up to 293 tons of 
carbon per hectare within standing and dead 
trees and shrubs, and so they suggested that 
reforestation and management of degraded 
riparian areas offer significant carbon seques-
tration benefits. Based on current carbon mar-
ket values, Eisenstein and Mozingo (2013) esti-
mated an approximate value of $100 per acre 
for floodplain carbon storage for California.

GROUNDWATER RECHARGE

During flooding, a portion of flood waters per-
colates into the shallow groundwater. For exam-
ple, Valett et al. (2005) reported that approxi-
mately half the f lood water entering an 
experimental semiarid floodplain in New Mex-
ico (United States) contributed to groundwater 
recharge. The Yolo Bypass, California, is fre-
quently inundated for long periods of time, con-
tributing to recharge of the groundwater in 
shallow aquifers. This recharge contributed to a 
valuable “groundwater bank” during drought 
(Jercich 1997). In arid, semiarid, or Mediterra-
nean climate regions, flooding can contribute 
to ecosystem and agricultural productivity by 
recharging groundwater and thus increasing 
the water available for irrigation during the 
growing season; this water can be particularly 
valuable if flooding occurs during or just before 
a period of drought (Robertson et al. 2001). 
Groundwater recharge is often one of the most 
important ecosystem services provided by 
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most valuable (Costanza et al. 1997; Sheaffer et 
al. 2002), and chapter 10 focuses on that serv-
ice. Traditional structural approaches to flood 
management do not take advantage of this eco-
system service and in fact reduce the ability of 
floodplains to absorb flooding (Pinter et al. 
2006). Structural approaches also reduce the 
ability of floodplains to provide the ecosystem 
services described in the following sections. 
Some of the best documented services include 
sediment and nutrient reduction, carbon 
sequestration, groundwater recharge, fisheries, 
recreation, and support for biodiversity.

Sediment and Nutrient Reduction

As flood water spreads out on floodplains, it 
slows down and loses its ability to transport 
sediment. As a result, most sediment drops 
out, with the coarsest sediment being deposited 
close to the river (chapter 3). The finer sedi-
ments are deposited across the broader flood-
plain. With recurrent deposition, floodplains 
develop deep, fertile soils, which historically 
supported productive forests (Brinson 1990; 
Yarie et al. 1998; chapter 6). Floodplains are 
justifiably famous for these soils, the resource 
that makes them so attractive for agriculture. 
These soils benefit crops that require annual 
inundation (flood-recession agriculture) and 
also those that require prevention of flooding 
by levees. Even crops that suffer from flooding 
in the short term benefit from the long-term 
legacy of past flooding, the fertility and depth of 
floodplain soils.

Because nutrients such as phosphorous are 
largely adsorbed to sediment particles, flood-
plain deposition can result in improved water 
quality in downstream water bodies, including 
estuaries and near-shore marine habitats (Noe 
and Hupp 2005). In addition, biogeochemical 
processes within floodplain wetlands, such as 
denitrification, can reduce nitrogen concentra-
tions in river water (chapter 4). Consequently, 
floodplain reconnection and restoration have 
been recommended as strategies to reduce 
nutrient pollution to large marine systems such 
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floodplains in California’s Central Valley to the 
salmon fishery. Southwick et al. (2009) esti-
mated that if reconnected floodplain could 
restore just 1% of the historic salmon fishery, 
the per-acre fishery value provided by the flood-
plain would be approximately $950, which is 
fairly close to other estimates of the per-acre 
fisheries values of floodplains.

RECREATION

Increasingly, floodplains provide “open space” 
in regions dedicated to intensive human use. 
As open space, floodplains can support activi-
ties during periods of inundation (e.g., bird-
watching, boating, duck hunting) and when not 
inundated (hiking and camping). They support 
diverse habitats with diverse fish and wildlife, 
which can have high recreational value, often 
because of their accessibility (chapter 8). For 
example, Eisenstein and Mozingo (2013) esti-
mated that the potential value of hunting, fish-
ing, bird-watching, and hiking on Central Val-
ley f loodplain lands may generate several 
hundred dollars per acre in recreational value 
annually. When flooded in winter, temperate 
floodplains often support huge flocks of migra-
tory ducks, geese, and shorebirds. These over-
wintering birds not only generate recreational 
use through hunting and bird-watching on the 
major flyways, but also, in their Arctic breeding 
grounds, support indigenous hunters and are 
important components of wetland ecosystems.

Biodiversity

There are few species of animals and plants that 
are strictly confined to floodplains, but there are 
many species that are most abundant on flood-
plains and their associated wetland and forests 
(chapter 8). In the western United States, birds 
such as yellow-billed cuckoo, willow flycatcher, 
and least Bell’s vireo primarily nest in riparian/
floodplain trees and shrubs, and their decline in 
abundance is generally tied to the loss of riparian 
habitat. In the United States, the federal 
Endangered Species Act (ESA) provides strong 

floodplains (Schuyt 2005), supporting much of 
the agriculture in parts of Africa (Acharya and 
Barbier 2002, 2003; Opperman et al. 2013).

Fisheries

River systems that have active floodplains sup-
port the most productive freshwater fisheries in 
the world, especially in the tropics, feeding 
hundreds of millions of people in Africa, Asia, 
and Latin America (UNEP 2010; Opperman et 
al. 2013; McIntyre et al. 2016). Floodplains sup-
port river fisheries by boosting total productiv-
ity (chapter 7) and by providing favorable habi-
tat conditions for fish (chapter 8; Galat et al. 
1998). Productive river-floodplain fisheries 
generally come from systems with flood pulses 
that are predictable, frequent (annual), and of 
long duration. River systems with these hydro-
logical characteristics typically have fishes that 
are adapted to take advantage of floodplain 
resources and habitat (King et al. 2003; Wine-
miller 2004). In many temperate floodplains, 
fisheries are supported by the creation of com-
plex habitat features on floodplains, including 
permanent water bodies such as oxbow lakes, 
and these features are created and maintained 
by regular flooding (see chapters 3, 8, and 11).

Illustrating linkages between floodplain 
inundation and fish productivity, Welcomme 
(1979) reported that the productivity of fisher-
ies in the Danube River was directly propor-
tional to the extent and duration of inundation 
of floodplains. Likewise, Risotto and Turner 
(1985) found that the amount of bottomland 
hardwood forest, which they used as a proxy for 
floodplain, was a significant predictor of the 
amount of fish biomass produced by the lower 
Mississippi River and its tributaries. Rivers that 
exhibit annual flood pulses onto extensive 
floodplains have significantly higher productiv-
ity of fish per unit area than water bodies that 
lack a dynamic flood pulse, including regulated 
rivers or reservoirs, a phenomenon character-
ized as the “flood-pulse advantage” (Bayley 
1991, 1995). For example, Eisenstein and 
Mozingo (2013) evaluated the importance of 
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Overall, these multiple values illustrate that 
although a single ecosystem service may not 
provide as much economic value as agriculture, 
multiple services combined can achieve more 
comparable values. Eisenstein and Mozingo 
(2013) describe a set of ecosystem services for 
Central Valley floodplains that can, in aggre-
gate, provide significant value. Opperman et al. 
(2010) provide a similar comparison of agricul-
tural revenue to that of “stacked” ecosystem 
services for Mollicy Farms, a reconnected flood-
plain on the Ouachita River, Louisiana, United 
States (table 9.1).

While the above discussion focuses on how 
stacked ecosystem services from natural flood-
plains could compete with agriculture in terms 
of economic value, a complementary perspec-
tive is that various forms of profitable agricul-
ture can provide some of the ecosystem serv-
ices of floodplains. Certain types of agriculture 
are compatible with periodic flooding, such as 
flood-recession agriculture (common along 
tropical rivers) and annual row crops in flood 
bypasses where the season of flooding does not 
overlap the growing season (see the case study 
on the Yolo Bypass in chapter 12). These agri-
cultural areas can provide benefits to fish and 

protections for endangered species and can pro-
vide a regulatory driver for the protection of 
floodplain habitats that support listed species 
(Van Cleve 2012). Similarly, the European Union 
has issued directives to protect biodiversity and 
important habitats such as floodplains. Thus, the 
habitat requirements of endangered species can 
be a strong driver for floodplain restoration and 
protection. For example, “habitat banks” or “miti-
gation banks” can be established on floodplains 
(Bunn et al. 2014). Landowners, such as a devel-
oper, can pay into a habitat bank as a requirement 
for receiving a license to modify the habitat of 
endangered species elsewhere; these funds can 
be used to support conservation of floodplains.

Other Ecosystem Services

Each floodplain provides its own distinctive set 
of ecosystem services. Some, for example, may 
be sources of native insects that pollinate 
nearby orchards and other crops. Others may 
sequester heavy metals and other toxins, such 
as mercury. Some may be sites of a seasonal 
duck-hunting club. And some may be valued 
primarily for aesthetics, because they are open 
vistas in intensely used human landscapes.

TABLE 9.1
Ecosystem service values of restoring agricultural lands to bottomland hardwood forest wetlands in the Lower Mississippi 

Alluvial Valley, compared to the net income from agriculture ($/ha/year).
The “social welfare value” column reflects economists’ estimates of the value to society from the restored ecosystem 
services. The “private market value” column indicates the actual monetized value of that service, with one column for 

currently available markets and one column for values in prospective markets (from Murray et al. 2009).

Ecosystem services Social welfare value ($)

Private market value

Current ($) Potential ($)

Greenhouse gas mitigation 162–213 59 419

Nitrogen mitigation 1268 0 $34

Wildlife recreation 16 15 15

Flood attenuation & other 
services

– – –

Total 1446–1497+ 74+ 1068+

Agricultural net income 368
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ple to floodplains for millennia. River valleys 
have served as important places for settlement, 
with the first civilizations arising along the 
Nile, the Yangtze, Ganges, and the Tigris and 
Euphrates Rivers. Regions that developed 
industry and intensive agriculture tended to 
apply flood-control approaches that discon-
nected floodplains from rivers, thus allowing 
land uses that were largely incompatible with 
flooding. This conversion of floodplains to 
other uses is widespread along temperate rivers 
(Tockner and Stanford, 2002).

In this section, we review the processes that 
disconnect floodplains from their rivers and 
facilitate land-use conversion. As discussed, 

wildlife during periods of flooding. Rice fields 
are often intentionally flooded at times of the 
year that benefit migratory wading birds and 
waterfowl (chapter 8; Toral and Figuerola 
2010[AQ]). Agriculture—or in some cases 
aquaculture (box 9.1)—that sustain ecosystem 
services provide interesting examples of novel 
ecosystems and lessons for the sustainability of 
food production systems.

LOSS OF FLOODPLAIN 
ECOSYSTEM SERVICES

Ecosystem services—such as fisheries, clean 
water, and nutrient-rich soil—have drawn peo-
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Dan Barber, a prominent chef from New York, has 
probably introduced more people than anyone 
else to the concept that food production systems 
on floodplains can also provide broad benefits  
to fish and wildlife. His TED talk, How I fell in 
love with a fish, has been viewed nearly 2 million 
times. While he doesn’t actually use the word 
“floodplain”—instead referring to a river and its 
wetlands—his talk paints a vivid portrait of a 
healthy floodplain system that happens to also be 
an aquaculture operation. Barber’s talk features 
the Veta La Palma (VLP) aquaculture business, 
located in the floodplain and estuary of the Guad-
alquivir River, near Seville, Spain. He sequentially 
describes the components of a functioning flood-
plain ecosystem that could have come from this 
book’s table of contents, describing VLP’s hydrol-
ogy, its biogeochemical effects on water quality, 
and its productivity of phytoplankton, zooplank-
ton, invertebrates, and, of course, fish. He also 
focuses on the birds that prey on those fish and 
how, surprisingly, the owners view the abundance 
of piscivorous birds as a great indicator of the 
health of their operation. VLP covers 28,000 ha 
within the Doñana Nature Reserve that had previ-
ously been drained for pasture[AQ]. When the 
owners of VLP acquired the property in 1982, they 
implemented operations consistent with the man-
agement objectives of the reserve. They recon-
nected the property to the Guadalquivir River, cre-

ating a mix of habitats including brackish and 
freshwater marshes along with some rice produc-
tion and pasture. Unlike intensive aquaculture 
operations, VLP does not feed its fish. Instead, the 
fish consume invertebrates that flow from the 
estuary into the brackish fishponds. VLP provides 
habitat for 250 species of birds, compared to 
approximately 50 species prior to the floodplain 
reconnection (Svadlenak-Gomez 2010[AQ]) and is 
particularly valuable as habitat for birds during dry 
years when natural flooding is limited elsewhere in 
the Reserve. Márquez-Ferrando et al. (2014) report 
that populations of black-tailed godwits (Limosa 
limosa) have increased in the Doñana region due 
to an increase in habitat—mostly flooded rice and 
fish farms, and Toral and Figuerola (2010[AQ]) 
suggest that widespread conversion of other agri-
culture to seasonally flooded rice fields in Europe 
after World War II was responsible for increased 
populations of many waterbirds, particularly those 
that feed in wetlands during migration. This conti-
nental trend, along with the specific example of 
VLP, shows the potential for both reconciled flood-
plains and novel ecosystems to support wildlife in 
intensively managed landscapes. Barber con-
cludes his talk by noting that, in addition to envi-
ronmental benefits, VLP provides an “ecological 
model” that holds the “recipe for the future of 
good food,” by which he means both sustainable 
and delicious.
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South Carolina; Fargo, North Dakota; Dallas, 
Texas; Omaha, Nebraska; St. Louis, Missouri; 
and San Jose, California (Freitag et al. 2009).

Dams and Diversions

Dams and diversions impound water and can 
alter the flow of rivers. The number and place-
ment of dams within a river system, along with 
how they are operated, can greatly affect river-
ine processes including the functioning of 
floodplains (McCluney et al. 2014). Some dams 
are intended to store water and regulate the 
hydrograph in order to shift river flow toward 
periods when it can provide a desired function, 
including power generation, urban water sup-
ply, irrigation, flood management, and recrea-
tion. This storage and regulation function can 
occur at timescales varying from hours to years. 
Thus, a hydropower dam may be operated to 
generate electricity only a few hours a day dur-
ing periods of peak demand—causing dra-
matic within-day fluctuations in flow—while 
many large reservoirs are capable of storing 
water during wet years and releasing it during 
dry years.

Dams can have single purposes, such as 
hydropower or flood control, or multiple pur-
poses. Flood-control dams and multipurpose 
dams with major flood-control responsibilities 
are operated specifically to store flood waters 
and reduce downstream flood peaks (figure 
9.1). Dams operated for other purposes can 
also dramatically reduce flood peaks. For exam-
ple, dams on the San Joaquin River, United 
States, such as Friant Dam, are operated prima-
rily for water supply and irrigation. Friant Dam 
is capable of storing moderate flood flows, 
though it spills during large flood events. Nev-
ertheless, in most years, the dam’s storage of 
water for release during periods of high 
demand for irrigation results in reduced flood 
pulse magnitudes and extent of inundation.

Levees and dams—either independently or, 
in many river systems, managed in coordina-
tion—can dramatically reduce the extent of 
floodplain subject to inundation. As discussed 

disconnecting floodplains from rivers has pro-
duced significant economic benefits, including 
globally important agricultural production in 
floodplains of rivers such as the Sacramento, 
San Joaquin, Mississippi, Murray-Darling, 
Rhine, and Danube. However, disconnection 
has also led to dramatic declines in floodplain 
ecosystem services (Richter et al. 2010).

Two primary processes disconnect rivers 
and floodplains: (1) structures that physically 
prevent flood waters from flowing out of the 
channel and onto the floodplain, mainly levees 
and floodwalls, and (2) flow regulation from 
dams and diversions that change the 
hydrograph, including reducing peak flood 
flows. Note that, in addition to influencing 
hydrological connectivity, infrastructure 
described in this section (levees and dams) also 
disrupt lateral and longitudinal connectivity for 
organisms, sediment, and organic material.

Levees and Floodwalls

As described in the next chapter, levees are a 
central feature of flood management. They are 
essentially walls or berms that are intended to 
prevent river flow from flooding land behind 
the levees. Levees were built along the Yangtze 
and Yellow Rivers in China more than 4000 
years ago; the Rhine, Mississippi, and Sacra-
mento Rivers were first leveed in the eighteenth 
and nineteenth centuries (Sayers et al. 
2011[AQ]). Levees can be built to protect exist-
ing development, such as agriculture and resi-
dential and commercial buildings, and/or to 
facilitate future investment. Levees have been 
built along portions of most major temperate 
rivers, particularly in lowland river valleys. For 
example, in the United States, there are approx-
imately 23,000 km of levees managed by the 
US Army Corps of Engineers in addition to 
approximately 160,000 km of nonfederal levees 
(National Committee on Levee Safety 2009). 
Large portions of major cities have been devel-
oped in floodplains. Many cities in the United 
States have 20–40% of their developed area 
within f loodplains, including Charleston, 
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Missouri—has resulted in a loss of approxi-
mately half of the system’s total load of sus-
pended sediment. This reduction in sediment 
contributes to the high rate of loss of coastal 
wetlands in the Mississippi River delta (Wohl 
2011). Due to the capture of bed load by reser-
voirs, rivers downstream of dams can become 
incised, reducing the frequency of connectivity 
between river and floodplain (Kondolf 1997).

Sand and gravel are both valuable as con-
struction materials, and these resources are 
often mined from river channels and flood-
plains. This removal of sand and gravel affects 
sediment supply and morphology of the mined 
area as well as downstream channels, flood-
plains, and deltas. Brunier et al. (2014) attribute 
incision of channels in the Mekong Delta to the 
large-scale mining of sand upstream. Local 
impacts from mining include the conversion of 
floodplain forest or agriculture into large pits. 
Pits close to the main channel can become 
“captured” during high flows and become 
incorporated as part of the channel. A captured 
pit can cause incision both upstream, by the 
propagation of headcutting from the nick point 

in the next chapter, these structures often pre-
vent most floods from reaching a river’s flood-
plain. Although every system is vulnerable to 
infrequent floods that can overwhelm flood-
control infrastructure, flood risk in most man-
aged rivers has been sufficiently reduced so 
that floodplain land can be converted to other 
uses. In fact, hydrological disconnection cata-
lyzes land-use changes such as forest clearing, 
wetland draining, crop planting, and building 
construction.

Other Impacts on Floodplain Ecosystems 
and Their Services

Floodplains are also affected by infrastructure 
and management that alter their sediment sup-
ply. Dams, by capturing bed load and a portion 
of suspended load in their reservoirs, interrupt 
the transport of sediment from areas of erosion 
(e.g., mountains) to areas of deposition (e.g., 
floodplains and deltas). For example, capture of 
sediment by reservoirs in the Mississippi 
basin—particularly behind a series of large, 
multipurpose dams on the sediment-rich 
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FIGURE 9.1 Discharge of two adjacent rivers in California’s Central Valley. The Cosumnes is essentially unregulated 
and displays natural flood peaks (solid). The Mokelumne (with hatching) is regulated by two large dams that provide 
flood control, in addition to hydropower and water-supply storage (reprinted with permission from Jeff Mount)[AQ].
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species (WWF Living Planet Index 2014[AQ]), 
in large part because of hydrological disconnec-
tion and changes in f low from water-
management infrastructure (Richter et al. 
1997; Ricciardi et al. 1999[AQ]). The people 
who live along these rivers—and society more 
broadly—generally are not aware of what is 
missing from the landscape, a phenomenon 
described as the shifting baseline syndrome (Pap-
worth et al. 2009).

ALIEN SPECIES ON FLOODPLAINS

Changes to land and water management in 
river-floodplain systems often facilitate inva-
sions by alien (nonnative) plants and animals. 
Alien species are now pervasive on most mod-
ern temperate floodplains, even those consid-
ered to be “natural.” For example, common 
carp (Cyprinus carpio), native to Eurasia, are 
well adapted to floodplain ecosystems and now 
have a global distribution. Common carp often 
have large populations in temperate river-flood-
plain systems in the United States and in Aus-
tralia. In the Mississippi River and some of its 
major tributaries, such as the Illinois River, 
invasion of several species of Asian carp has 
had a dramatic effect on the fish fauna. Three 
species of carp from China—grass carp (Cten-
opharyngodon idella) and particularly silver carp 
(Hypophthalmichthys molitrix) and bighead carp 
(H. nobilis)—have become well established in 
much of the Mississippi River basin and, in 
some places, represent the majority of fish bio-
mass in river and floodplain habitats (e.g., 63% 
of fish biomass in the main channel of the Illi-
nois River [Roth et al. 2012]) and may be having 
a negative effect on native species through com-
petition (Irons et al. 2007). Likewise, altered 
f low regimes, including diminished f lood 
pulses, have contributed to increases in alien 
fish and riparian trees such as tamarisk in riv-
ers in the western United States (Stromberg et 
al. 2007). Temperate river systems feature 
increasingly homogenized faunas, especially in 
the United States and Europe, due to the spread 
of alien species with broad distributions and 
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of the edge of the pit, and downstream, as the 
pit captures sediment and reduces the supply 
available downstream. Incision contributes to 
the lowering of the alluvial aquifer and flood-
plain water table (Kondolf 1997).

Groundwater pumping can further nega-
tively impact floodplain ecosystems through 
decreasing connectivity between rivers and 
floodplains. By lowering water tables, ground-
water pumping can alter vegetation composi-
tion on floodplains. For example, on Idaho’s Big 
Lost River (United States), groundwater pump-
ing contributed to channel dewatering and low-
ered water tables, leading to mortality of nar-
row-leaf cottonwoods (Populus angustifolia) and 
sandbar willows (Salix exigua; Rood et al. 
2003).

Overall, most temperate rivers flow through 
regions with high population densities, inten-
sive agriculture, and other land uses incompat-
ible with flooding. These temperate rivers have 
therefore been subject to massive changes 
through f lood-management infrastructure 
(dams and levees) and consequent land-use 
conversion. For example, Mississippi River 
floodplain forests below the Ohio River have 
declined by 80% from their historic extent 
(Llewellyn et al. 1995[AQ]) and less than 10% 
of historic floodplains remain hydrologically 
connected to rivers in California’s Central Val-
ley (Bakker 1972, Barbour et al. 1991; The Bay 
Institute 1998). On the lower Missouri River, 
the surface area of floodplain wetlands declined 
by 40% between the 1890s and 1980s due to 
channelization and levees (Galat et al. 1997). 
The Danube River of Europe has lost over 80% 
of its floodplain habitats (WWF 1999). Similar 
losses have been recorded for large rivers across 
the temperate world, including elsewhere in 
Europe and in China.

Not surprisingly, the massive decline of con-
nected floodplains along temperate rivers has 
resulted in the loss of much of the ecosystem 
services they once provided, such as fisheries 
(Galat et al. 1998) and freshwater and riparian 
biodiversity. Freshwater species are endangered 
at higher rates than either terrestrial or marine 
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ruptus) to their original floodplain habitats 
include some prevention of connectivity 
between rivers and floodplains in order to 
exclude nonnative fish (Crain and Moyle 2011). 
Reintroduction to floodplain habitats could 
involve raising perch in floodplain ponds that 
are disconnected from the overall river system 
and periodically allowing connection to allow 
adult perch to disperse, followed by removal of 
all the alien fishes that would have colonized 
the rearing ponds during the flood (Crain and 
Moyle 2001[AQ]).

Alien aquatic invertebrates can also be sig-
nificant parts of floodplain biota. Paillex et al. 
(2009) found that four species of aliens (Cor-
bicula fluminea, Potamopyrgus antipodarum, 
Crangonyx pseudogracilis, and Dikerogammarus 
villosus) quickly invaded new floodplain chan-
nels on a restored floodplain on the Rhone 
River, France. The aliens subsequently appeared 
to exclude native invertebrates that originally 
formed a fairly diverse assemblage in the area.

Likewise, floodplain plant assemblages can 
often become dominated by alien weeds, espe-
cially grasses such as giant reed (Arundo donax, 
native to Eurasia) and shrubs such as tamarisk 
(Tamarix ramosissima). On a newly colonized 
area of a New Zealand floodplain, Peltzer et al. 
(2009) found that the most abundant alien 
plants were forbs and grasses, while the most 
abundant native plants were shrubs and 
grasses. In later succession, 90% of the plant 
biomass was made up of two shrub species, one 
native and one nonnative. The most unexpected 
finding of this study, however, was that rela-
tively low biomass alien plant species caused 
significant changes to the microbial and inver-
tebrate communities in the soil.

These examples underscore the prevalence 
of alien species on temperate floodplains and 
the management challenge they pose. Reduc-
tion or eradication of alien species will require 
management actions tailored to the species and 
context. In some cases, increasing connectivity 
or restoring the natural flow regime can boost 
native species over aliens, while in others it may 
have the opposite effect. Increasingly, floodplain 
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intentional introductions of species that do well 
in modified ecosystems (Moyle and Mount 
2007; Hermoso et al. 2011[AQ]). This faunal 
homogenization also reflects the homogenized 
flow regimes generated by dams (Poff et al. 
2007) that have decreased river-f loodplain 
connectivity.

Increasingly, temperate floodplains have 
alien species integrated into their fish fauna. 
Floodplain lakes and ponds in both Europe and 
North America, for example, often support 
alien species such as common carp, large-
mouth bass (Micropterus salmoides), mos-
quitofish (Gambusia spp.) and ictalurid cat-
fishes (Ameiurus spp.). These fishes are adapted 
to using floodplain or lake habitats in their 
native range and they are also tolerant of 
adverse conditions, such as high temperatures. 
Thus, they are well adapted for using altered 
habitats where they have been introduced. 
Lasne et al. (2007) found that nonnative spe-
cies were most abundant in floodplain lakes 
with little connectivity to the Loire River, 
France. Where river-floodplain connectivity 
was high, alien fishes were less common. Con-
versely, where nonnatives have become wide-
spread in river systems, connectivity through 
flooding can threaten remnant populations of 
native species that have persisted in isolated 
floodplain water bodies. For example, nonna-
tive species are common throughout the Wil-
lamette river-f loodplain system (Oregon, 
United States) and the Oregon chub (Oregonich-
thys crameri), a small fish endemic to the Wil-
lamette, tends to be low in abundance or absent 
where nonnative species are abundant. Chubs 
are generally found in floodplain water bodies 
that lack alien species and these tend to be habi-
tats with low frequency of connectivity to the 
river. In this system, increased connectivity can 
actually lead to greater dispersion of nonnatives 
and a decline in the endemic chub (Scheerer 
2002). Successful introductions of chub to 
numerous isolated habitats in the basin allowed 
the species to be removed from the endangered 
species list. Similarly, recommendations for 
restoring Sacramento perch (Archoplites inter-
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including zoning and regulatory protection for 
wetlands (Brown et al. 1997). Existing flood-
plains can also be protected by real-estate trans-
actions or agreements funded by government 
agencies or private entities. The European 
Union has mechanisms to protect floodplains 
under the European Water Framework (e.g., 
Ebro River; chapter 11). The United States has 
funding programs that can be used to protect 
floodplains, such as the Conservation Reserve 
Enhancement Program (CREP) of the Depart-
ment of Agriculture (USDA). As part of the 
American Recovery and Reinvestment Act, the 
USDA had additional funds to acquire flood-
plain easements and received applications for 
>10 times the area of land (192,000 ha) than 
they were able to enroll (14,400 ha; USDA 
2009). Nonprofit organizations, including land 
trusts, can protect existing floodplains through 
easements and purchases. For example, along 
the Savannah River (Georgia/South Carolina, 
United States), the Nature Conservancy (TNC) 
is acquiring title or easements on land to ensure 
that it remains in low-intensity land uses com-
patible with periodic inundation (Opperman et 
al. 2010). Protection alone often cannot accom-
plish conservation objectives; active manage-
ment or restoration may be required.

RESTORATION

Restoration actions include reinitiating ecosys-
tem processes, such as increasing connectivity 
between rivers and floodplains, modifying flow 
regimes, and lowering floodplain elevations.

Restoring Connectivity

As described throughout this book, hydrologi-
cal connectivity drives floodplain processes and 
the disconnection of floodplains and rivers is 
generally the underlying cause of loss and deg-
radation of floodplains. Thus, floodplain resto-
ration often requires floodplain reconnection. 
Reconnection can occur through physical 
reconnection (e.g., removing barriers or adding 
controlled connections) or hydrological recon-

ecosystems of large temperate rivers in highly 
manipulated landscapes are likely to be novel 
ecosystems (Hobbs et al. 2013), with mixtures 
of native and alien species, requiring a reconcili-
ation approach to long-term management.

PROTECTION, RESTORATION, AND 
RECONCILIATION

The considerable decline of ecosystem services 
from floodplains has inspired interest in the 
conservation of remaining healthy floodplains 
and the development of management approaches 
that allow degraded floodplains to provide serv-
ices. Protection, restoration, and reconciliation 
are three general approaches to improving flood-
plains to support ecosystem services. Protection 
of existing functioning floodplains is usually 
just a starting point because most temperate 
floodplains are highly altered and many are 
heavily invaded by alien species. Maximizing 
the ability of protected floodplains to sustain 
ecosystem services will generally require further 
actions that fall under the general concepts of 
restoration and reconciliation.

Restoration of floodplains tends to focus on 
reinitiating physical processes, such as recon-
nection with rivers, lowering of floodplain eleva-
tions, vegetation management, and increasing 
flood flows in regulated rivers. Reconciliation 
attempts to increase ecosystem services within 
floodplains that are managed for multiple pur-
poses and are often novel ecosystems.

This section provides an introduction to 
floodplain protection, restoration, and reconcilia-
tion, while chapter 10 focuses on linking these 
actions with flood-risk management. Chapter 11 
features case studies of protection, restoration, 
and reconciliation. The third part of the book, 
the extended case study on floodplains in Cali-
fornia’s Central Valley, also features various ways 
to increase ecosystem services from floodplains.

PROTECTION

Functioning f loodplains can be protected 
through regulatory and policy approaches, 
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to evaluate managed flow releases from dams 
and to recommend flow characteristics (Tharme 
2003; Harman and Stewardson 2005; Beilfuss 
2010; Esselman and Opperman 2010).

In some cases, floodplain restoration may 
require both physical reconnection and hydro-
logical reconnection. For floodplains along riv-
ers with natural or near-natural flow regimes, 
physical reconnection of river and floodplain 
can potentially restore important processes. For 
floodplains along rivers with regulated flow 
regimes, restoration of these processes may also 
require changes to f low management. For 
example, levee setbacks along regulated rivers 
may contribute to flood-management goals but 
allow only minimal re-creation of historic flood-
plain processes and habitats if the upstream 
dam does not provide flow releases that mimic 
the most ecologically valuable types of flood 
events, such as long-duration, low-magnitude 
spring floods (Williams et al. 2009; Opperman 
et al. 2010). Conversely, managed flow pro-
grams intended to reinitiate flood pulses may 
need to address downstream physical connectiv-
ity, such as implementing levee breaches or 
building structures that allow managed connec-
tivity between river and floodplain (Loth 2004).

Dam reoperation can also be used for flood-
plain restoration on rivers with navigation 
dams. Unlike the environmental f lows 
described above, in these rivers the dam reop-
eration is intended to influence river and flood-
plain habitat upstream, rather than down-
stream. For example, on the Mississippi River, 
navigation dams can be operated to provide 
lower water levels upstream during the summer 
growing season, exposing substrate and creat-
ing areas of shallow water. This practice mimics 
natural seasonal variability which promotes 
growth of wetland plants and improves habitat 
for fish and waterfowl (Kenow et al. 2015).

As described in chapter 2, f loodplains 
become inundated by water from a range of 
sources and direct connection with the river 
may not be required to restore some compo-
nents of floodplain hydrology. On the Illinois 
River (Illinois, United States), TNC reinitiated 

nection (e.g., the release of environmental 
flows from a dam upstream of a floodplain), or 
a combination of the two.

Physical reconnection can occur through 
cutting breaches through a levee, such as was 
implemented on the Cosumnes River in Cali-
fornia (chapter 12) and at Mollicy Farms in 
Louisiana, where levee breaches reconnected 
6400 ha of floodplain to the Ouachita River 
(Opperman et al. 2010). Levees can be set back 
further from the river to reconnect portions of 
the floodplains, as has happened on the Sacra-
mento, Bear, and Feather Rivers in California 
(Williams et al. 2009; Opperman et al. 2010).

Modifying Flows

Dam operations can be modified to restore 
characteristics of the flood pulse to increase 
river-floodplain connectivity downstream and 
promote floodplain benefits. Reservoirs can 
release “managed floods” that are designed to 
replicate various characteristics of historical 
flood patterns, such as magnitude, season, 
duration, or rate of change (Postel and Richter 
2003). For example, the US Army Corps of 
Engineers released an experimental flood from 
Alamo Dam on the Bill Williams River (Ari-
zona, United States) and a multistakeholder 
team monitored the ecosystem responses. The 
hydrology and geomorphic processes promoted 
by the f lood favored the regeneration and 
growth of native riparian willows (Salix spp.) 
over alien tamarisk and also removed beaver 
dams that had converted much of the river’s 
lotic habitat to lentic habitat (Shafroth et al. 
2009[AQ]). On the Truckee River (Nevada, 
United States), dam operators mimicked the 
gradual recession of the snowmelt hydrograph 
to promote regeneration of willow-cottonwood 
floodplain forest (Rood et al. 2003). Several 
dams in Africa have released managed floods to 
partially restore downstream floodplain ecosys-
tems and livelihoods that had declined follow-
ing reduced river-f loodplain connectivity 
(Duvail and Hamerlynck 2003[AQ]; Loth 
2004). A broad range of methods are available 
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results, TNC now emphasizes passive or proc-
ess-based restoration (Reiner 1996) at the 
Cosumnes River Preserve. However, on the 
nearby Sacramento River the flow regime is 
altered due to reservoir regulation, and flood-
plain sites that are physically connected to the 
river are not hydrologically connected with 
flows that promote forest regeneration. At these 
sites, TNC still engages in active restoration 
with planting of riparian seedlings (Opperman 
et al. 2010). Further, in some places herbivory 
by ungulates, such as elk or deer, may be suffi-
ciently intense to retard or prevent natural 
regeneration and so exclusion of herbivores 
may be required (Opperman and Merenlender 
2000).

Overall, restoration of floodplain structure, 
function, and ecosystem services generally 
requires restoration of various dynamic proc-
esses. These processes, in turn, require both 
river-floodplain connectivity and key compo-
nents of the natural flow regime. However, 
while restoring processes is necessary, it is not 
necessarily sufficient. Many temperate flood-
plain sites are quite small and thus require 
active management.

Restoring f loodplain ecosystem service 
requires people to confront numerous chal-
lenges: temperate floodplains exist in a context 
dramatically different than historical condi-
tions, are laden with a legacy of built infrastruc-
ture and other developments, support many 
alien species, and have to serve multiple func-
tions. Overcoming these challenges while 
maintaining or enhancing the desired ecosys-
tem services of floodplains—including native 
species habitat—requires flexible vision and 
new approaches. Below we describe how recon-
ciliation ecology provides a pragmatic and 
effective framework for managing floodplains 
for multiple benefits, including ecosystem 
services.

RECONCILIATION

In chapter 1, we offered floodplain reconciliation 
(Rosenzweig 2003)—rather than just floodplain 

inundation of a floodplain at the Emiquon site 
by turning off pumps that had previously 
drained the floodplain of water derived from 
local sources, such as precipitation, tributary 
inflows, and high water table (Lemke et al. 
2014). A gate to allow managed connections 
with the Illinois River was completed in 2016.

Lowering Elevation

In certain situations, increasing the hydrologi-
cal connectivity between river and floodplain 
can occur through the lowering of floodplain 
surface elevations. However, due to the cost of 
moving earth to change topography, these 
projects are generally limited in scale, such as a 
small swale constructed to provide fish habitat 
in a levee setback area on the Bear River (Cali-
fornia; Williams et al. 2009) or are only done 
as part of flood-risk-management projects, such 
as the lowering of floodplain surface elevations 
along some rivers in the Netherlands to 
increase conveyance capacity (see chapter 11).

Passive versus Active Restoration

Reconnection and restoration of floodplain 
hydrology can often promote geomorphic and 
ecological processes that rebuild floodplain 
habitats and restore species and communities. 
The restoration of processes can be described 
as “passive restoration” in contrast to “active 
restoration” such as planting trees on a flood-
plain. Active restoration and planting are com-
mon on floodplain restoration projects, such as 
those done for regulatory mitigation. However, 
passive restoration often produces conditions 
that are more comparable to historic floodplain 
habitats, at lower cost. For example, at the 
Cosumnes River Preserve, TNC planted 
approximately 500 acres with typical floodplain 
tree species such as cottonwood and Valley 
Oak. Monitoring of the preserve revealed that 
restoration of process—levee breaches that 
allowed reconnection between the unregulated 
river and floodplain—promoted more rapid res-
toration of riparian forests. Based on these 
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example of a reconciled floodplain is emerging 
on another Mediterranean-climate river 9000 
km away from the Piedra. The Dos Rios Ranch 
(Stanislaus County, California) was historically 
planted with a variety of crops but, due to its 
location at the confluence of the San Joaquin 
and Tuolumne Rivers, had a history of flooding 
during wet years. The 650 ha property was 
acquired by River Partners, a nonprofit organi-
zation, with the goal of restoring the farmland 
to floodplain forest (River Partners 2015; figure 
9.2). In addition to reforestation, the limited 
remnant patches of riparian forest currently on 
the ranch will continue to be managed for habi-
tat, such as nesting for the rare Swainson’s 
hawk (Buteo swainsoni). One of the authors 
(PBM) visited the site in June 2015, during the 
fourth year of a historic drought in California. 
The two rivers were barely flowing; in fact, the 
San Joaquin was actually flowing backward, 
toward a pump operated by a local irrigation 
district. Fish observed in the river revealed 
nothing but alien species, such as largemouth 
bass, western mosquitofish, and common carp; 
generalist species common on floodplains of 
other parts of the world. In the short term, 
River Partners is focused on restoring an 80 ha 
site at the confluence, currently still discon-
nected from the river by levees. To minimize 
costs, they planted trees (14 species) and shrubs 
(8 species) in rows, randomly interspersed. 
This plantation-style planting allows for effi-
cient watering of the saplings by a drip irriga-
tion system, necessary due to a lowered water 
table on the floodplain. Herbicides are used on 
occasion to control competing weeds. When the 
plants are well established, with deep roots, the 
levees will be breached so that flooding can 
occur on the site. The flooding will come from 
combination of natural hydrology and flow 
releases from upstream dams.

The Dos Rios project provides an illustrative 
example of reconciliation ecology at work. The 
project is deeply imbedded in a broader flood-
plain that is intensely farmed with high-value 
crops. As if mimicking its surroundings, the 
restoration of riparian forest is using an 

protection or restoration—as a theme for this 
book. A reconciled floodplain is one in which 
people are part of the ecosystem, as active man-
agers and participants. They work with a range of 
processes and tools—both “natural” and not—to 
achieve well-defined goals for the floodplain and 
for what it should produce. These goals depend 
on management needs and societal values and 
will vary from place to place and may change over 
time. For some floodplains, the conservation of 
native biodiversity and natural processes will be 
the top priority, while in other places flood man-
agement will be the top priority.

In much of the world, temperate floodplains 
are embedded within complex cultural and eco-
nomic landscapes, with values shaped by 
diverse uses and expectations. At one extreme, 
Felipe-Lucia et al. (2014) describe the flood-
plain of the Piedra River, Spain, as an “agroeco-
system,” in which natural habitat, best repre-
sented by riparian forests, is extremely limited 
(less than 3% of the area) and is just one ecosys-
tem service that must compete with others 
such as food production. The Piedra floodplain 
(19 km2) has a long history of intensive farm-
ing and the Piedra River is dammed and its 
flow highly regulated to provide water for irri-
gation and municipal use. Within these con-
straints, the likelihood of increasing the extent 
of natural floodplain habitat is low. However, a 
reconciliation approach to the Piedra floodplain 
focuses on maximizing the value to native birds 
and wildlife of both the limited natural riparian 
habitat and the extensive agricultural areas (an 
approach supported by the European Water 
Framework Directive; see case study of the 
nearby Ebro River in chapter 11). Felipe-Lucia et 
al. (2104) state “we . . . suggest that for the Pie-
dra River, and similar floodplain agroecosys-
tems, a mosaic of habitats comprising produc-
tive crops, poplar groves, fruit groves, and 
restored riparian habitats would increase the 
supply of [ecosystem services] and the resil-
ience of the floodplain ecosystem.”

The reconciliation approach on the Piedra 
River f loodplain evolved over centuries of 
change and management. A much newer 
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Rivers. However, juvenile salmon will only be 
present if there is active management upstream, 
including salmon hatcheries. Although most of 
the other fish species on the site will continue 
to be nonnative, they will be prey for native  
piscivorous birds. In its complicated mix of 
native and nonnative species, natural proc-
esses, and managed interventions, the Dos 
Rios is a model of a reconciled floodplain eco-
system—a place where managers are not trying 
to turn back the clock to some imagined pris-
tine ecosystem, but instead create a place where 
active management will achieve specific goals, 
in this case an increase in habitat for rare native 
species.

While Dos Rios represents reconciliation as 
focused management of a relatively small area 
to promote biodiversity and ecosystem services, 
the Yolo Bypass, also in California, provides a 
compelling illustration of another dimension of 
reconciliation. As described below and in sub-
sequent chapters, reconciliation can also gener-

agricultural model, with irrigated rows of 
plantings. The project was funded from a broad 
range of sources, including those focused on 
fish and wildlife restoration, flood manage-
ment, and mitigation for impacts from dams 
and water management. The restoration of 
some dynamic hydrologic processes will occur 
due to a broader flow-management program on 
the San Joaquin River, a process underway as 
result of a citizen lawsuit and court order (San 
Joaquin River Restoration Program 2015).

The ultimate trajectory of the Dos Rios 
project will be establishment of a novel ecosys-
tem, one managed by people and supporting a 
mixture of native and alien species. With con-
tinued management, the planted forest will 
remain largely free of alien trees, although the 
understory of forbs and grasses will be domi-
nated by nonnative species. One goal of the 
project is to provide flooded forest for use by 
rearing by juvenile Chinook salmon out-
migrating down the San Joaquin and Tuolumne 

FIGURE 9.2 Restoring a floodplain forest at Dos Rios (California, United States), June 2015, using an agricultural 
model. These plantings are about 2 years old (photo by Peter Moyle).
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Due to widespread conversion of temperate 
floodplains, many of these services have been 
diminished or lost. Management agencies are 
now giving increasing attention to floodplain 
restoration, motivated to protect or restore habi-
tat for endangered species and/or commercially 
valuable species (including fish and waterfowl) 
and for other services. However, restoration of 
temperate floodplains occurs in a complicated 
context, including altered hydrology, a legacy of 
infrastructure and other development, wide-
spread nonnative species, and multiple, often 
competing, demands on land and water. Due to 
this complicated context, we suggest that recon-
ciliation ecology offers a pragmatic and effec-
tive conceptual model for getting the most ben-
efits out of floodplains. A reconciled floodplain 
is one that accommodates people as part of 
river-floodplain systems, which are managed 
for specific goals that include nature conserva-
tion as part of a broader mix of economically 
and socially important activities.

Reconciliation projects generally require 
active management to continue to provide natu-
ral values. One reason for this is that reconcili-
ation sites are often small in area, given that 
many floodplains are already extensively occu-
pied by economically valuable land uses. How-
ever, integrating natural processes into flood-
risk management is one way that a reconciled 
floodplain can become large in area. For exam-
ple, the Yolo Bypass (chapters 12 and 13) is 
roughly three orders of magnitude larger than 
the confluence site of Dos Rios described  
above. The Yolo Bypass is a critical part of the 
flood-management system of the Sacramento 
Valley, but it also provides the best remaining 
lowland floodplain habitat in that valley. The 
bypass can be viewed as a vast reconciled flood-
plain whose value as natural habitat arose 
almost by accident but can now be managed to 
promote multiple benefits. Reconciliation and 
management for multiple benefits are the dom-
inant themes of the remaining chapters of this 
book.

ate significant ecosystem services on very large 
areas that were not originally intended to sup-
port those services.

CONCLUSIONS

Floodplains are among the most valuable eco-
system types on the planet in terms of providing 
services, including regulation of floods, fisher-
ies, groundwater recharge, sequestration of 
nutrients and carbon, habitat for rare biota, and 
recreation. Particularly along tropical rivers, 
food-production systems that depend on the 
natural flood pulse and floodplain productivity 
(fisheries and flood-recession agriculture) feed 
hundreds of millions of people and provide one 
of the most important and tangible examples of 
how floodplain ecosystem services are inter-
twined with the well-being and culture of peo-
ple (box 9.2).

BOX 9.2 • Floods Are Beautiful

While some myths and legends portray floods 
as punishment from a wrathful god, cultures 
that depend on floodplain productivity cele-
brate floods in their art and song. The Barotse 
people, who live on the floodplains of the Zam-
bezi River in western Zambia, hold an annual 
festival that celebrates the return of the flood. 
The festival—the Kuomboka (literally, the 
“moving out of the water”)—is marked by 
drumming, and the benefits of flooding are viv-
idly celebrated in song and poem:

It is flood time in Bulozi. The floodplain is  
clothed in the water garment.

Everywhere there is water! There is brightness!  
There are sparkles!

Waves marry with the sun’s glory
Birds fly over the floods slowly; they are  

drunken with cool air.
They watch a scene which comes but once  

a year
Floods are beautiful.

source: namafe (2004)
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then at methods for creating it, and finally at 
the multiple benefits that can result.

TRADITIONAL APPROACHES TO 
FLOOD-RISK REDUCTION

Flooding is the most damaging natural disaster 
in the world, with average annual losses exceed-
ing $40 billion (Cooley 2006). These damages 
have been increasing through time, and flood 
risk will continue to rise due to increasing num-
bers of people living in flood-prone areas. In 
addition, climate change is contributing to more 
intense storms even as f lood-management 
infrastructure is aging. This infrastructure—
including dams, levees, and floodwalls—has 
been the traditional response to managing flood 
risk. Here we provide a general overview of tra-
ditional management of floodplains and flood 
risk. However, a full review of these subjects is 
beyond the scope of this book. For a broader 
review of flood management, with an emphasis 
on new approaches, see Freitag et al. (2009).

Rivers have always attracted people because 
they provide abundant benefits such as fisheries, 

River floodplains present two 
seemingly conflicting challenges to sus-

tainable management of the world’s rivers: the 
need for actions to reduce flood risk to people 
and economies and the need to support biodi-
versity, fisheries, and other ecosystem services 
that often require flooding (chapter 9). This 
chapter focuses on f lood-management 
approaches that strive to reconcile these two 
challenges. Under traditional water manage-
ment, these objectives—reducing flood risk 
and maintaining floodplain ecosystems and 
services—have generally been incompatible. As 
we will show, reconciliation of these objectives 
is not only possible, but also essential. Strate-
gies that reduce flood risk for people can also 
promote high-value ecosystem services, while 
restoration projects can contribute to regional 
flood-management strategies. We first summa-
rize traditional structural approaches to reduc-
ing risks from floods and then discuss new 
challenges that these traditional approaches do 
not address well. The subsequent sections then 
make the case for developing green infrastruc-
ture by looking at it first as a general approach, 

TEN

Floodplains as Green Infrastructure
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transportation, drinking water, and waste 
removal. For much of their length, most large 
rivers are located within valleys that provide flat, 
fertile land for farming, which are mostly flood-
plains. The cornucopia of river benefits has 
always been intertwined with the risk of periodic 
flooding. In fact, flooding is directly responsible 
for many of the advantages of rivers, including 
fisheries and fertile soil from deposition of nutri-
ent-rich sediment. Originally, settlements dealt 
with flooding by having residents move to higher 
ground during floods or by restricting buildings 
to the very highest ground. But as civilizations 
grew more dense, large populations with perma-
nent buildings became vulnerable to floods. It is 
because of this intertwined fertility and danger 
that the Yellow River is known as both China’s 
“cradle” and its “sorrow” (box 10.1). In stories, 
folk tales, and songs, the Mississippi serves as a 
backdrop not only for romantic adventure, but 
also for inexorably rising floods (e.g., the blues 
song “When the Levee Breaks” by Kansas Joe 
McCoy and Memphis Minnie (1929[AQ]), and 
William Faulkner’s (1939) novel The Wild Palms, 
both set against the backdrop of loss and disrup-
tion of the 1927 flood; see chapter 11).

The 1931 floods in China, along the Yellow, 
Yangtze, and Huai Rivers, are estimated to be 
the deadliest natural disaster ever; official sta-
tistics reported 145,000 deaths, but external 
estimates placed the death toll at nearly 4 mil-
lion (Kundzewicz and Takeuchi 1999[AQ]). 
Today, flooding remains the most damaging 
type of natural disaster. Since 1900, nearly  
7 million people have been killed in floods and 
3 billion people have been displaced or suffered 
economic losses. While flooding is still a major 
source of mortality, the frequency of flood 
events causing massive mortalities is decreas-
ing, due to improved warning systems and 
improved delivery of medical care, food, and 
water to flood refugees. Most (90%) of the 7 
million fatalities occurred in just five individual 
flood events in China, all between 1900 and 
1960. However, the number of people nega-
tively affected by floods continues to increase 
and has been rising steadily since the 1970s, 

[AQ: The year 

“1929” has 
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reference list. 
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BOX 10.1 • Giant Floods

The earliest civilizations emerged along the 
floodplains of great rivers such as the Euphra-
tes, Nile, and Yangtze. These civilizations both 
reaped the bounty of floods—the nutrient-rich 
deposits of Nile floods were the lifeblood of 
Egyptian dynasties—and occasionally suffered 
from damaging floods. But what about really 
big f loods, the earth-inundating, Biblical 
floods found in the legends of many cultures?

There is ample evidence of truly epic river 
floods, albeit they were regional, not global. 
These floods were larger than what can be pro-
duced by rainfall and runoff but, rather, were the 
product of some geologic event, such as the fail-
ure of a natural dam (Montgomery 2016). The 
“channeled scablands” of eastern Washington 
State (United States), which cover over 13,000 
km2, were created by floods that surged from the 
breaking of giant ice dams. The dams formed 
repeatedly as the continental glaciers retreated, 
10,000–13,000 years ago, creating huge lakes 
that covered large areas of Washington, Idaho, 
and Montana. The dams would periodically 
burst due to increased pressure from impounded 
water, rapidly draining the lake and sending 
immense walls of water roaring across the land-
scape (McDonald and Busacca 1988). Similar ice 
dam effects, though generally not so large, have 
been recorded elsewhere in the world.

Working in the Yellow River basin (China), 
Wu et al. (2016) found geologic evidence for a 
legendary giant flood, the Great Flood of 
Emperor Yu, that occurred about 4000 years 
ago. A massive landslide had dammed the Yel-
low River and created a huge lake in the Jishi 
Gorge, where the Yellow emerges from the 
Tibetan Plateau. Catastrophic failure of this 
dam, perhaps due to an earthquake, unleashed 
a flood that caused an avulsion of the Yellow 
River in the floodplain region downstream, 
leading to a period of channel instability and 
frequent f looding. Legends claim that Yu 
organized the people to dredge and contain 
the river, allowing floodplain agriculture—and 
civilization—to emerge from the ruins. For this 
accomplishment, Yu received the “divine man-
date” and founded the Xia Dynasty, the earliest 
recorded Chinese dynasty and regarded as the 
beginning of Chinese civilization.
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simple berms of earth pushed up along a 
river to highly engineered “super levees” 
intended to protect extremely dense 
populations and high-value real estate, 
such as 300 m wide levees along the Ara 
and Sumida Rivers in Tokyo, Japan (C40 
and CDC 2015). It is estimated that there 
are more than 180,000 km of levee in the 
United States alone (National Committee 
on Levee Safety 2009). An area protected 
by levees can be flooded if the levee is 
overtopped when a flood exceeds levee 
height or if it fails. Levee failure can occur 
from multiple causes, such as poor 
construction, earthquakes, erosion as water 
cuts into it, burrowing animals, and also by 
water seeping under or “piping” through 
the levee (figure 10.1).

3. Floodwalls. Floodwalls serve a similar 
function as levees, functioning as barriers 
to prevent flood water entering the area 
behind the structure, but they are vertical 
and constructed of material such as 
concrete. Levees, on the other hand, are 
generally made of soil and are sloping on 
both sides. Thus, floodwalls take up much 
less space than levees but are much more 
expensive to build. They are used to protect 
very dense or valuable real estate, such as 
the downtown of a city.

4. Channel modifications. Flood-management 
projects often modify river channels. 
Modifications can include “armoring” of 
banks to prevent rivers from changing 
course (e.g., meandering) and to reduce the 
erosion of stream banks. Other modifica-
tions can include dredging and straighten-
ing of channels to increase the speed at 
which a flood travels down the channel. 
Channel straightening and armoring can 
lead to channel incision.

Developed countries have made massive 
investments in flood-management infrastruc-
ture and this infrastructure has certainly saved 
lives and reduced damages in many places. 
However, f lood damages continue to rise, 

with currently approximately 100 million 
affected annually. In recent years, annual flood 
damages worldwide have been $10–40 billion 
annually, with an average of 10,000 fatalities 
(Kundzewicz and Menzel 2005; Cooley 2006). 
In the United States alone, flood damages have 
continued to rise over the past century. Costs 
have risen from less than US$1 billion annually 
in the 1930s to over US$6 billion currently (in 
constant dollars; Pielke et al. 2002).

These rising damages have occurred even 
as massive investments have been made in 
f lood-control infrastructure including the 
following:

1. Flood-control dams and reservoirs. Dams can 
be operated to reduce downstream flood 
levels. By maintaining empty reservoir 
space behind the dam, a flood-control dam 
and reservoir can capture incoming flood 
waters and release a lower flow rate down-
stream for an extended period. A dam can 
store flood water, and thus reduce the 
downstream volume and height of the flood, 
until the reservoir is full. After the reservoir 
is full, the dam “spills” water and the rate of 
water leaving the dam is the same as the 
rate of water entering the reservoir. Thus, 
the ability to manage a flood is a function of 
the empty storage space in the reservoir 
relative to the size of the flows the upstream 
watershed produces. However, the need to 
maintain empty storage space can compete 
with other reservoir purposes that benefit 
from storing water, such as water supply 
and hydropower.

2. Levees. Levees are essentially walls con-
structed along one or both sides of a river. 
These walls prevent rising flood waters 
from inundating land behind them. The 
Chinese began constructing levees along 
the Yangtze and Yellow Rivers over 4000 
years ago and levees were constructed 
along major rivers in the United States and 
Europe, such as the Rhine and Mississippi, 
in the eighteenth and nineteenth centuries 
(Sayers et al. 2015). Levees can range from 
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tain some, or most, of the beneficial connec-
tions between rivers and floodplains (Freitag et 
al. 2009). Nonstructural approaches are not 
necessarily new tools; many have been in use 
for the past 100 years.

CHALLENGES FOR TRADITIONAL FLOOD-
RISK REDUCTION

Flood management based on engineered struc-
tures (“flood control”) has saved lives and per-
mitted greater use of floodplains. But this path 
has also resulted in many unintended negative 
consequences, including decline of freshwater 
ecosystems, the loss of fisheries, and other eco-
system services (chapter 9).

Further, dams and levees create a false 
sense of security. Believing that all flood risk 
has been eliminated, people move into and 
make investments within areas where struc-
tures have eliminated regular flooding (Mount 
1995). However, dams and levees are generally 
not designed to stop all floods and, further, 
structures fail, even during floods below the 

suggesting the need for more innovative and 
resilient approaches (Freitag et al. 2009; Opper-
man et al. 2009; Sayers et al. 2015). Further, 
structural approaches necessarily break the con-
nection between rivers and floodplains and 
eliminate or diminish the biophysical and eco-
logical processes described in previous chapters 
that are responsible for a range of important 
ecosystem services from floodplains. While 
structures will continue to play an important 
role in preventing flood waters from inundating 
cities, towns, and crop lands, flood managers 
are increasingly looking to new approaches  
that balance the use of structures with a wider 
variety of approaches, especially “nonstruc-
tural” flood-management approaches. These 
approaches use a broad range of tools, including 
zoning that avoids development in flood-prone 
areas, elevating or flood-proofing structures, 
pricing insurance according to actual risk, fore-
casting and evacuation systems, and using nat-
ural features to manage flood waters (“green 
infrastructure”). Nonstructural approaches 
allow for flood-risk management that can main-

FIGURE 10.1 Levees along the Walla Walla River, Oregon, United States, failed as high 
flows reestablished meanders, point bars, pools, and riffles (photo taken on January 30, 
1965; US Army Corps of Engineers 1971).
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flood-prone areas; in 2030, approximately 40% 
of urban areas will be in flood-prone areas. Fur-
ther, forecasts indicate that climate change will 
lead to greater flood magnitudes and frequen-
cies. Evaporation rates increase with air tem-
perature and warmer air can hold more water 
vapor, increasing the intensity of heavy precipi-
tation events (Kundzewicz et al. 2008). Knox 
(1993) reported that a period with somewhat 
higher amounts of annual precipitation (10–
20%) in the upper Mississippi valley had sig-
nificantly greater flood magnitudes, with flood 
levels that are today considered “500 year 
events” occurring several times a century. Sim-
ilarly, Kwadijk and Middelkoop (1994) reported 
that relatively small changes in annual precipi-
tation in the Rhine Basin (10–20%) could 
increase the frequency of floods capable of 
inundating most floodplains along the Rhine 
River in the Netherlands.

Beyond historical analysis of past climate 
and modeling of future climate, Easterling et 
al. (2000) reported that greater and more 
intense precipitation has already been observed 
in parts of world. For example, the frequency of 
intense rainfall events in the Midwestern 
United States has approximately doubled over 
the past half century (Saunders et al. 2012). 
Scientists have already found a climate “finger-
print” on a rise in precipitation or flood fre-
quency and magnitude (Min et al. 2011; Pall et 
al. 2011). Based on both increased flood fre-
quency and magnitude, and growing popula-
tions in flood-prone areas, a 2011 study by the 
US Federal Emergency Management Agency 
(FEMA) predicted that the land area vulnerable 
to a “100 year flood” will increase by 45% (Leh-
mann 2011).

On many temperate rivers, flood-manage-
ment infrastructure was built decades or centu-
ries ago and is now degrading. In the United 
States, for example, many dams require exten-
sive rehabilitation, with an estimated 5 year 
price tag of US$12.5 billion, including 1743 
high-hazard dams in need of repair. Levee 
maintenance is chronically underfunded, 
requiring an estimated 5 year investment of 

level they were designed to contain (figure 
10.1). For example, levee breaks along rivers of 
California’s Central Valley have occurred dur-
ing 25% of the years since 1900; failures have 
occurred even during relatively small floods 
(Florsheim and Dettinger 2007). Flooding 
from failure of a structure can be rapid and 
catastrophic and thus very dangerous and costly 
(Tobin 1995). Because this hidden risk remains 
after flood-management structures are built, 
the Association of State Floodplain Managers 
(2007) recommends that levees not be used to 
facilitate new development. However, because 
development has increased on land that is 
imperfectly protected by structures, flood dam-
ages in the United States have continued to rise 
over the past century (Pielke et al. 2002). 
Levees may even increase flood risk elsewhere. 
By constricting the floodplain and reducing 
floodplain storage, levees can increase flood 
stages, and thus risk, in areas downstream 
(Pinter et al. 2006).

Overall, structural approaches to flood man-
agement face three major new challenges: (a) 
increasing risks from population growth, climate 
change, and aging infrastructure; (b) increased 
demand for ecosystem services; and (c) conflicts 
with other water-management objectives.

Rising Risk from Population Growth, Climate 
Change, and Aging Infrastructure

As described above, flooding is already one of 
the most damaging types of natural disaster 
worldwide. Several trends indicate flood risk 
will continue to increase along temperate riv-
ers—and along coasts and rivers in general—
especially as more people live in flood-prone 
areas. The problem is exacerbated by upstream 
land-use changes, such as increase in impervi-
ous surfaces in cities and rapid field drainage, 
which continue to alter runoff and downstream 
flood dynamics while development continues 
in places vulnerable to flooding (Pinter 2005). 
Guneralp et al. (2015) project that, globally, half 
of all urban expansion between 2000 and 
2030, representing 500,000 km2, will occur in 
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floodplain habitats (Freitag et al. 2009; Le 
2012).

In later-developing countries, river manag-
ers face the challenge of increasing economic 
values from rivers, such as hydropower or 
flood-risk reduction, without compromising 
other values. In these countries, large rural 
populations may still depend directly on the 
productivity of river-f loodplain ecosystems 
(Richter et al. 2010). Therefore, finding water-
management solutions that allow rivers to con-
tinue to provide the broadest range of benefits 
are urgently needed.

Conflicts with Other Water- 
Management Objectives

Reservoirs that provide flood control often also 
have other purposes, such as water supply, 
hydropower, and recreation. These diverse uses 
often compete with each other. Flood control is 
maximized by maintaining low reservoir levels 
during periods of flood risk, whereas hydro-
power generation is maximized by high reser-
voir levels. Water supply risk can increase when 
reservoirs are lowered for flood control, espe-
cially if the basin that depends on the water 
enters a period of drought after reservoir draw-
down. These conflicts may be exacerbated by 
climate change, which is forecasted to increase 
the unpredictability of precipitation and runoff 
and thus may increase both flood and drought 
risk in many parts of the world (Kundzewicz et 
al. 2008). In short, improving flood control 
through reservoir operation can come at the 
expense of other reservoir benefits, especially 
water supply and hydropower production. Both 
are coming under increasing demand due to 
population growth and climate change.

USING GREEN INFRASTRUCTURE IN 
FLOOD-RISK REDUCTION

The need to balance reducing flood risks with 
diverse ecosystem benefits has led flood man-
agers in many countries to consider a broader 
range of responses to flood risk beyond strict 

US$50 billion (American Society of Civil Engi-
neers 2009).

Due to all of these trends—changing land 
use, population increases in flood-prone areas, 
a warmer climate generating bigger floods, and 
aging infrastructure—flood risks along tem-
perate rivers are greater than commonly per-
ceived and are growing.

Increased Demand for Ecosystem Services

The decline and endangerment of freshwater 
species is a strong indicator of how structural 
modifications to river systems cause significant 
harm to other values and benefits that people 
derive from rivers, collectively called ecosystem 
services (chapter 9). Due to widespread flood-
plain disconnection and flow alteration, fresh-
water fish populations have declined dramati-
cally in many rivers. For example, the Missouri 
River commercial fish harvest declined 80% 
from the 1880s to the 1990s due to flow regula-
tion and levee construction (Galat et al. 1998). 
The loss of the flood pulse due to flow regula-
tion from dams, and consequent decline in 
floodplain extent and function, has had negative 
impacts on millions of river-dependent people 
worldwide (Richter et al. 2010), such as those 
who farm along rivers such as the Tana in Sen-
egal and Niger in Africa (Opperman et al. 2013).

In developed countries, social values and 
environmental legislation are challenging river 
managers to meet traditional objectives, such 
as flood management or hydropower, while also 
restoring river ecosystems and their environ-
mental, cultural, and recreational values 
(Warner et al. 2011). For example, the US 
Endangered Species Act of 1973 requires that 
those charged with flood management, includ-
ing the US Army Corps of Engineers and the 
FEMA, consider the needs of endangered 
aquatic species in flood-control policies and 
projects. This is reflected in a 2008 decision by 
the US National Marine Fisheries Service that 
FEMA’s flood insurance program was having a 
negative effect on habitat for endangered 
salmon because it was linked to development of 
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flood-management system (Aerts et al. 2008; 
Dawson et al. 2011). The 2011 flood on the Mis-
sissippi River demonstrated the value of this 
diversified approach. The reconnection to the 
river of portions of the historical floodplain 
during the highest flood stages was critically 
important to the performance of the overall sys-
tem (Opperman et al. 2013; chapter 11). Below 
we summarize three emerging principles for 
flood-risk management that strive to reduce 
risk while maintaining a broader range of val-
ues from rivers, drawn from practice and policy 
recommendations made over the past few dec-
ades (Galloway 1994; Blackwell et al. 2006; 
CDWR 2007[AQ]; Freitag 2009; Opperman et 
al. 2009; Sayler et al. 2015[AQ]; Whelchel and 
Beck 2016):

1. Work with, not against natural processes. 
Green infrastructure interventions rely on 
understanding how natural systems 
produce, store, and convey flood waters, 
and working with those processes. Tradi-
tional flood-management methods often 
seek to contain or reverse natural proc-
esses, such as confining flood waters 
between narrow levees and modifying 
channels to maximize the speed that floods 
travel downstream. Working against 
natural processes requires continuous 
vigilance (e.g., against levee failures) and 
maintenance (e.g., repair of erosion sites). 
Working with natural processes can  
allow nature to do some of the work and 
reduce long-term maintenance. Further, 
these natural processes are responsible  
for other diverse benefits and resources 
from river-floodplain ecosystems, and  
so flood-management methods that 
promote natural processes can produce 
a much broader array of benefits than  
can methods that prevent natural 
processes.

2. Plan and implement flood management with 
a river-basin perspective. Flood management 
is most effective when implemented at the 
scale of the entire river basin, as illustrated 
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reliance on engineered infrastructure. Major 
floods in Europe in the 1990s that overwhelmed 
engineered defenses led flood managers to 
think more broadly about how to address future 
risk (Nienhuis and Leuven 2001). The govern-
ments of France, the Netherlands, and Ger-
many developed a “Flood Action Plan” for the 
Rhine River, which aims to reduce flood risks 
and damages by 25% by 2020 with an empha-
sis on nonstructural flood reduction measures, 
including the concept of “Room for the Rivers” 
(Kundzewicz and Menzel 2005; chapter 11). 
These plans essentially call for better integra-
tion of “green” and “gray” infrastructure. Gray 
infrastructure refers to engineered structures 
such as dams and levees, whereas green infra-
structure refers to natural features, including 
forests, wetlands, and floodplains, that can 
replace or complement services provided by 
engineered infrastructure (UNEP-DHI Part-
nership 2014[AQ]).

The integration of green infrastructure into 
flood management is a key thread of a larger 
trend of river management. The management 
of rivers and floodplains has been evolving, 
including a diversification of approaches and a 
refinement of language used to describe the 
discipline: the term “flood control” has gradu-
ally been replaced with terms such as “flood-
risk management” or “flood-risk reduction.” 
Flood control suggests mastery over rivers and 
the capacity to stop flooding, whereas the latter 
terms acknowledge that risks can never be 
completely eliminated, although they can be 
managed and reduced (Williams 1994). While 
flood control relies primarily on structures that 
attempt to determine where water should go, 
flood-risk management draws upon a broader 
range of tools, interweaving structural with 
nonstructural approaches, striving in some 
places to keep floods away from people and, in 
other places, to keep people away from floods (; 
Larson and Plasencia 2001; Larson et al. 2003; 
Freitag et al. 2009).

Integrating green infrastructure into flood 
management promotes a diversified portfolio 
approach, which can increase resiliency of a 

[AQ: 

Reference 

citation 

“UNEP 2014” 

has been 

changed to 

“UNEP-DHI 

Partnership 

2014” to 

match the 

entry in the 

reference list. 

Please check 

and confirm.]

Opperman - Foodplains.indd   121 23/03/17   3:08 PM



122     floodplains as green infrastructure

management will deploy diverse 
approaches throughout the river basin, 
with methods varying by local conditions 
while still reflecting the overall basin 
conditions. These approaches include a mix 
of structural tools, such as floodwalls to 
protect urban areas and levees to protect 
farmland, and nonstructural tools, such as 
early-warning systems, insurance incen-
tives, and reliance as much as possible on 
green infrastructure. Large-scale examples 
of the latter include maintaining forests 
and wetlands to retain runoff and reserving 
agricultural floodplains to act as “relief 
valves” to convey water during large floods. 
In fact, many of the green infrastructure 
approaches described below are themselves 
a mix of structural and nonstructural 
approaches. For example, setting levees 
back from the river still requires a struc-
ture (the levee) and also incorporates 
natural floodplain surfaces to increase 
conveyance, a nonstructural approach.

USING GREEN INFRASTRUCTURE IN 
FLOOD MANAGEMENT: METHODS

Green infrastructure for flood management 
encompasses four major categories: (1) manag-
ing land to retain runoff and flood water, (2) 
large-scale preservation of floodplains, (3) set-
ting back levees, and (4) creation of floodways 
and flood bypasses.

Managing Land to Retain Runoff 
and Flood Waters

Flood waters are generated by precipitation fall-
ing on the land, and becoming runoff at a suf-
ficient rate to produce a marked rise in flows of 
streams and rivers (chapter 2). A key green 
infrastructure principle is that land can be 
managed so that it retains, or slows down, run-
off as much as possible (Hey et al. 2004[AQ]). 
In other words, to the extent possible, manage 
flood waters where they are generated, which is 
on the land surface, and in the soils, through-
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by recent management of floods on the 
Mississippi River (Sayler et al. 2015; 
chapter 11). Flooding at a given site along a 
river is due to flood waters that are gener-
ated throughout the upstream watershed 
and that have moved along the entire 
upstream channel network. Thus, condi-
tion of the whole river basin contributes to 
flood risk at a given point. For example, is 
the land upstream mostly forested or 
mostly paved? Do agricultural fields have 
tile drainage? Are streams flanked by 
wetlands and floodplains or have they been 
channelized and straightened to maximize 
the speed of drainage? Flood-management 
projects that do not consider these river-
basin conditions and processes are vulner-
able to being overwhelmed by them. Not all 
flood projects can be implemented at the 
scale of an entire river basin, usually due to 
economic cost, institutional complexity, or 
political boundaries. However, project 
managers should at least ensure that they 
fully understand how individual infrastruc-
ture projects are influenced by basin-scale 
conditions.

3. Deploy a diverse portfolio of methods. Green 
infrastructure is not the solution for 
flood-risk management, but it should be a 
key part of an overall solution that draws 
upon diverse approaches (Muller et al. 
2015; Palmer et al. 2015). Because green 
infrastructure methods produce diverse 
benefits and work with natural processes, 
flood managers are increasingly advocating 
their use. However, such solutions are not 
appropriate in all situations and their 
effectiveness varies with location and size 
of the river or watershed—a method that 
may reduce flood risk for a small watershed 
in New England will not necessarily be 
equally effective for the Mississippi River. 
Similar to an investment portfolio, a 
diversity of approaches to flood manage-
ment can increase resiliency (Aerts et al. 
2008; Dawson et al. 2011). A sustainable 
and resilient approach to flood-risk 
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oped watershed (Freitag et al. 2009). In 
urban settings, various methods can be used 
to retain storm water and prevent floods from 
overwhelming storm drain systems and 
causing urban flooding. These methods can 
range from those deployed at the scale of 
individual buildings, including porous 
pavement, “green” (vegetated) roofs, rain 
gardens, and rain barrels, to features that can 
attenuate runoff for larger areas, including 
grassy swales, wetlands, and detention basins 
(Freitag et al. 2009). Fortuitously, most 
methods for slowing runoff also help make 
cities greener, healthier, and cooler in 
summer while improving aesthetics and 
recreational value. Parks, greenways, 
“day-lighted” creeks, and urban gardens  
all contribute to a more vibrant city and  
also slow and retain storm water (UNEP-D 
HI Partnership 2014). In addition, on- 
site retention of urban storm water  
runoff reduces the amount of pollutants  
and sediment that enters streams and  
rivers.

The ability of these methods to reduce peak 
flood levels depends on size of the watershed 
and magnitude of the flood. Generally, tech-
niques to retain water within forests and wet-
lands of a watershed are most effective at reduc-
ing moderate floods of short duration and 
within small watersheds (Bathurst et al. 2011). 
During very large or very long floods, the capac-
ity of soils and wetlands to hold water is 
exceeded—they become full of water—and 
thereafter have limited or no further influence 
on the flood (Pitlick 1997). While broad pat-
terns suggest that forested regions in general 
experience lower flood damages (Bradshaw et 
al. 2007), managing land to retain and slow 
flood waters is most effective in small water-
sheds and for reducing peaks of short-duration 
floods. Urban areas in particular are character-
ized by small watersheds that can be over-
whelmed by intense, very short storm events, 
so these techniques show promise in address-
ing urban flood challenges.

out the watershed. Specific methods to do this 
vary with the setting. For example[AQ]:

•	 Reforestation can reduce peak flows produced 
from watersheds. Forests have numerous 
features that help retain water, beginning 
with the interception and storage of precipi-
tation on the leafy canopy. Forests generally 
have a thick layer of organic matter on the 
ground, such as leaves and wood, and this 
layer serves as a sponge to hold water and 
also protects the soil from the direct impact 
of raindrops, which can increase erosion. 
Finally, forests tend to have deep soils that 
promote infiltration, allowing much of the 
precipitation to move into the shallow 
groundwater, a much slower path to the 
stream than via surface runoff. In contrast, a 
deforested or overgrazed watershed is 
characterized by a limited or absent organic 
layer and more compacted soils. Lacking the 
water-retaining features of the organic layer 
and permeable soils, much of the precipita-
tion that hits the ground is rapidly converted 
to surface runoff. In fact, any feature that 
tends to retain and slow water down—
including wetlands, meadows, wood in 
streams, or beaver dams—can reduce peak 
flows (Nyssen et al. 2011).

•	 Agricultural best practices, such as the 
addition of wetlands and small detention 
ponds, can reduce the magnitude of runoff 
produced from farm fields. Such features 
can be particularly important in croplands 
that feature tile drains. These features have 
added benefits of improving water quality by 
processing and removing excess nutrients 
from farm runoff (Fiener et al. 2005; Mitsch 
et al. 2006[AQ]; Magner and Alexander 
2008).

•	 Slowing urban runoff can reduce flood peaks, 
increase water quality, and have other 
benefits. Because cities are characterized by 
impervious surfaces, such as roads, parking 
lots and rooftops, a high proportion of 
rainfall swiftly becomes surface runoff, with 
a fivefold increase compared to an undevel-
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or stream that can temporarily store overflow 
from rising rivers and release it slowly back into 
the river, thus reducing the flood peak (US 
Army Corps of Engineers 1993; box 10.2).

Otter Creek and the town of Middlebury 
(Vermont, United States) provide a recent 
example of the value of large areas of connected 
floodplain to reduce flood risk for communi-
ties. In August of 2011, Hurricane Irene caused 
record flood levels throughout Vermont, includ-
ing on Otter Creek in the town of Rutland with 
a peak discharge of 540 cms[AQ]. Middlebury 
lies approximately 50 km downstream of 
Rutledge but experienced a much lower peak, 
200 cms, nearly a week later. Flood damages 
were much lower in Middlebury than they were 
in Rutland. In between the two towns lies the 
“Otter Creek swamp complex,” more than 
7000 ha of floodplain forest and wetland which 
allowed the flood waters to spread out and 
attenuate the flood peak. Remarkably, the stor-
age provided by Otter Creek’s f loodplain 
resulted in a gage with twice the drainage area 
(Middlebury at 1600 km2) recording a peak dis-
charge that was less than half the discharge 
recorded at the smaller upstream gage (Rutland 
at 795 km2). Watson et al. (2016) estimate that 
the floodplains reduced damages in Middle-
bury from between US$500,000 and 
US$1,800,000 during Hurricane Irene.

Hydrologically connected floodplains can be 
maintained through policies, such as zoning or 
regulatory protection for wetlands, or through 
real-estate transactions such as acquisition, 
easements, or government-funded programs, 
such as the Wetland Reserve Program. For 
example, to maintain potential for floodplains 
to be inundated along the Savannah River 
(Georgia/South Carolina, United States), the 
Nature Conservancy is working with willing 
landowners to acquire, or place under ease-
ments, floodplain lands to maintain them in 
low-intensity land uses that can be flooded 
(Opperman et al. 2010). In addition to acquisi-
tion or easements, emerging markets for eco-
system services, including carbon and nutrient 
sequestration, floodwater storage, and recrea-
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BOX 10.2 • Acquiring Floodplains 
to Protect Boston

In the 1970s, the US Army Corps of Engineers 
studied alternatives for reducing flood risk for 
Boston (Massachusetts, United States) from 
the Charles River and concluded that acquisi-
tion and protection of floodplain wetlands 
could provide similar protection, for approxi-
mately one-tenth the cost, as new levees and a 
flood-control reservoir. The Corps acquired 
3440 ha in the Charles River floodplain for 
approximately $10 million (Postel 2005)[AQ]. 
The Corps reports that the “total annual cost” 
of the project is $477,000 and estimates that 
annual benefits are $722,000, with $125,000 
of those benefits derived from recreational and 
environmental benefits (e.g., open space, hab-
itat, recreation; US Army Corps of Engineers 
1993).

Based on the success of this project, in the 
1990s the Corps studied the potential of natu-
ral valley storage to reduce flood risks in other 
Massachusetts rivers. On the Nashua River, 
the Corps identified 4800 acres of natural val-
ley storage. If 30% of this storage were to be 
lost through encroachment and development 
on the floodplain, the Corps estimated that 
flood heights for the 100 year flood would rise 
by 1.7 feet downstream. Thus, protection of the 
full natural valley storage could prevent this 
rise in flood levels from occurring. The Corps 
cautions that natural valley storage is most 
effective at reducing flood peaks for floods of 
short duration, noting that during long-dura-
tion flooding, the storage capacity of flood-
plain wetlands becomes overwhelmed and 
inflow equals outflow.
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Large-Scale Preservation of Floodplains

In addition to land management that aims to 
hold the rain where it falls, large-scale preserva-
tion of floodplains along a river can reduce 
flood levels and risk in some situations. The US 
Army Corps of Engineers has studied and 
implemented this approach in Massachusetts, 
focused on “natural valley storage” which they 
define as wetlands or floodplains along a river 
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avoided damages, reduced maintenance costs, 
and ecosystem services.

Setting Levees Back from the River

Along many major rivers, such as portions of 
the lower Mississippi and California’s Sacra-
mento, levees were originally constructed very 
close to the edge of the river channel. This 
alignment of levees maximized the amount of 
land protected. By placing levees close to the 
channel, river managers tried to convert rivers 
into more effective conduits to rapidly flush 
flood water and sediment through the system.

However, constructing levees close to the 
channel creates a set of problems and challenges. 
By preventing flood waters from spreading, such 
levees greatly narrow the area available to trans-
port floods. This constriction does work to rap-
idly flush flood waters through the system, but it 
also exposes levees to high-velocity water along 
their “wet” side (figure 10.2), increasing erosion 
and requiring high maintenance and repair 
costs. In much of the United States, the funds 
needed to repair levee systems are far greater 
than the amount available, with delayed mainte-
nance and repair contributing to increased risk 
of failure (American Society of Civil Engineers 
2009). Levees close to a river also reduce the 
extent of floodplain that is regularly connected to 
the river and can provide floodplain ecosystem 
services. Because of their vulnerability to ero-
sion, levees close to the channel often require 
armoring to prevent erosion and meandering, 
further diminishing high-value habitats, such as 
riparian forest, found along river edges.

Setting levees close to the river, and armor-
ing them, also causes other management chal-
lenges and environmental impacts. As 
described in chapter 4, meander migration is a 
fundamental process for many lowland rivers, 
and levees and bank armoring are often placed 
without consideration for the natural tendency 
for channels to migrate. Failure to understand 
how geomorphic processes interact with narrow 
levees can result in dangerous and expensive 
damage to structures. For example, a flood-

tion, may be able to provide revenue to land-
owners that maintain floodplains connected to 
rivers (Opperman et al. 2009, 2010).

In addition to retaining and slowing flood 
water, maintaining hydrologically connected 
floodplains provides another important benefit: 
minimizing economic damages from floods. 
Land that remains in forest, wetland, or other 
flood-tolerant land uses is generally not vulner-
able to damage during floods. The conversion 
and development of these lands, conversely, 
transitions them into land uses that become vul-
nerable to flood damages. Preventing flood-
plains from becoming developed, and thus vul-
nerable to future damages, can be a cost-effective 
approach for flood-risk reduction. This is partic-
ularly true when multiple benefits of floodplains 
are included, such as open space and improved 
water quality. Using models that incorporate 
potential flood risk, damage, and land values, 
communities can target the protection of those 
parcels that will provide the most reduction in 
future flood damages for the lowest cost of 
acquisition or easement (Kousky et al. 2011).

The benefits of maintaining floodplain in 
land uses compatible with flooding can be sub-
stantial. Brown et al. (1997) provide a clear 
illustration of this through a comparison of 
damages experienced by adjacent portions of 
Michigan and Ontario, including urban areas, 
during a series of storms and floods in the late 
summer of 1986. While floods in Ontario actu-
ally had greater magnitudes, total damage to 
property was only $500,000, while damages in 
Michigan were approximately $500 million. 
The factor most responsible for this dramatic 
difference in flood damages was that Ontario 
had far fewer structures in the floodplain due to 
a regulatory policy that discouraged such devel-
opment (Brown et al. 1997). Biron et al. (2014) 
describe a process to map a “freedom space” for 
rivers that encompasses the area needed for 
river’s geomorphic processes (e.g., meander 
migration) and inundation during large floods. 
Buffin-Bélanger et al. (2015) demonstrated that 
limiting development within the freedom space 
would produce net economic benefits from 
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back has several other benefits. The area exposed 
to periodic inundation from the river increases, 
thus increasing the variety of benefits from 
river-floodplain connectivity, such as water-qual-
ity improvements. The expanded area on the 
“wet side” of the levee provides greater room for 
the channel to meander and create floodplain 
habitat features, such as wetlands and forests. 
While levees close to the channel are exposed to 
deep, high-velocity water during floods, setback 
levees are less frequently exposed to flood waters 
because of the increased channel capacity. Addi-
tionally, setback levees are less vulnerable to 

management project on the Walla Walla River 
(Oregon) entailed channel straightening with 
levees built very close to the straightened chan-
nel. Not long after project completion, the river 
reestablished a meandering planform during a 
1965 flood, resulting in multiple levee breaks 
(Waananen et al. 1971; figure 10.1).

Moving levees further back from the channel 
to create “setback levees” can help address these 
problems. Setback levees increase channel 
capacity for carrying flood waters, which is often 
the primary objective of moving or setting levees 
back from the channel. However, setting levees 
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FIGURE 10.2 (A) Levees that are located relatively close to the channel. During a flood, the levees are exposed to high 
levels of fast-moving water, increasing the risk of erosion and the need for maintenance. There is limited area for 
river-floodplain habitats and processes between the levees. (B) Setback levees. For the same flood, the levees are exposed 
to lower water levels and velocities, reducing erosion risks and maintenance costs. The area that can support other 
floodplain benefits is greatly expanded[AQ].
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example, the Bear River (Central Valley, Cali-
fornia) once had narrow levees along the chan-
nel, including at its confluence with the Feather 
River. When both rivers were flooding, flood 
waters would back up into the Bear. Engineers 
determined that the best solution to reduce this 
backwater flooding was a levee setback project 
(figure 10.3). The setback levee is nearly 3 km 

erosion from flood waters because flow over 
floodplains is generally much shallower and 
slower than flow in river channels (Mount 1995; 
Dwyer et al. 1997; Freitag et al. 2009).

By increasing conveyance through a section 
of river, setback levees can relieve “bottleneck” 
points on a river where flood waters would tend 
to back up and potentially cause flooding. For 
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FIGURE 10.3 A setback levee project on the Bear River at its confluence with the Feather River in the Central Valley, 
California, United States (prior to project implementation). To increase conveyance and reduce backwater flooding, the 
north levee of the Bear and a section of levee along the Feather River were removed (purple dashed line) and two-mile 
long setback levee was built (purple line)[AQ]. The project lowers flood risk along the Bear and restored hundreds of acres 
of floodplain habitat. The area that can support other floodplain benefits is greatly expanded.[AQ]
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The value of levee setbacks has been demon-
strated for both the Mississippi and Sacramento 
Rivers (chapters 11 and 13, respectively). Both 
rivers experienced floods that overwhelmed 
levees built close to the channel, exposing the 
vulnerability of narrowly confining a river 
between levees, and both rivers have subse-
quently moved toward a more diverse flood-
management system, with flood bypasses and 
some levees set back further from the river. A 
similar evolution is happening today in the 
Netherlands (chapter 11). However, many rivers 
throughout the world are characterized by levees 
that are quite close to the channel along much 
of their length in lowland valleys. Thus, there is 
great potential to reduce vulnerability and 
increase other benefits by planning or realign-
ing levee systems such that levees are set back 
from river channels, to the extent possible.

Design of levee alignment along a river 
(e.g., distance from channel along various river 
reaches) requires assessment of multiple fac-
tors, including the value of floodplain land and 
land-use activities, the benefits of connected 
floodplains, costs of levee construction and 
maintenance over the long-term, and risk. 
Alternative levee alignments can be compared 
based on these factors during planning for the 
design—or redesign—of flood-management 
systems. The aftermath of a flood, during 
which levee repairs or replacement needs to be 
planned, approved, and funded, can be an 
opportune time for such comparisons of levee 
alignment (Jacobson et al. 2015).

Comparing alternative levee alignments can 
also be undertaken by management agencies 
during long-term planning for comprehensive 
flood management. For example, the California 
Department of Water Resources (CDWR) is 
developing a Central Valley Flood Protection 
Plan and, during the planning process, they are 
conducting a “Floodplain Restoration Opportu-
nity Analysis” to identify the potential for levee 
alignments that promote floodplain restoration 
and contribute to flood-risk reduction goals 
(chapter 11). Larsen, Girvetz et al. (2006) com-
pared levee alignments and identified setback 

long and restores 240 ha of floodplain habitat. 
The increased conveyance provided by the set-
back levee is projected to lower flood stages by 1 
m during major floods, reducing flood risk 
along the lower Bear River (Williams et al. 
2009).

When levee setbacks allow restoration of 
floodplain forests, flood managers must evaluate 
how restored vegetation will affect flood stage. 
Vegetation is a form of hydraulic roughness, or 
resistance to flow, and different types of land 
cover have very different values for hydraulic 
roughness. Bare ground has very low roughness, 
whereas a mature forest has high roughness. 
Because roughness slows down flood waters, it 
can increase flood elevations. Hydraulic models 
can be used to understand the effect of different 
vegetation types on roughness, and thus flood 
stage, and can guide where different vegetation 
types can be planted (Leyer et al. 2012). Baptist 
et al. (2004) developed a model to assess options 
for balancing objectives of floodplain manage-
ment such as forest restoration and maintaining 
conveyance of water across reconnected flood-
plains along the Rhine River (the Netherlands). 
For their study area, they found that clearing 
vegetation from 15% of a floodplain over a 25–35 
year return period would produce diverse flood-
plain plant communities, simulating effects of 
meander migration, and allow sufficient convey-
ance to maintain maintenance of safe flood 
stages. Hydraulic modeling also informed the 
mix of vegetation planned for the Bear River 
levee setback project. The lower portion of the 
reconnected floodplain was planted with flood-
plain forest species, while the upper portion will 
be maintained as grassland (Williams et al. 
2009; figure 10.3). Greco and Larsen (2014), in 
a study of three areas of the Sacramento River 
flood control system, designed a multifunctional 
open channel that met objectives for both flood-
risk reduction and conservation, including 
increasing riparian forest. They used optimiza-
tion gaming scenarios to show that increased 
roughness (forest restoration) could be accom-
modated through expansion of the cross- 
sectional area of the flood channel.
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because extensive and frequent levee failures 
exposed the vulnerability of the levees-only 
approach.

For both rivers, the US Army Corps of Engi-
neers responded to levee failures by redesign-
ing the flood-management system to include 
areas designated as “flood ways” or “flood 
bypasses.” These are portions of the historic 
floodplain that receive flood waters and become 
inundated during major floods. The Yangtze 
River, too, has portions of the historic flood-
plain, known as Flood Detention Areas, which 
can be reconnected during floods, while the 
Meuse, Rhine, and Elbe Rivers in northern 
Europe have systems of polders that can be 
intentionally flooded to reduce river flood stage 
(Klijn et al., 2004; Förster et al. 2005). Along 
the Rhine River, the governments of the Neth-
erlands, Germany, and France are pursuing a 
program called “Room for the River” which 
includes features that allow the flood waters to 
move into portions of the historic floodplains 
(chapter 11).

Flow from rivers into floodways are man-
aged in a variety of ways, ranging from weirs 
that allow flow into the floodway once river 
stage exceeds the elevation of the weir (e.g., the 
Yolo Bypass on the Sacramento) to gates that 
can be opened by managers (e.g., the Jin Jiang 
Flood Detention Area on the Yangtze) to “fuse-
plug” levees that are removed (e.g., by dyna-
mite) in order to allow flood waters to enter the 
floodway, such as the Birds Point-New Madrid 
Floodway on the Mississippi River. These por-
tions of the floodplain, managed to connect to 
the river during floods, are often very large. For 
example, the Birds Point-New Madrid Floodway 
encompasses 52,600 ha, while the Yolo Bypass 
spans 24,000 ha. Because floodways are only 
inundated during floods, they serve as “relief 
valves” for the system in two ways: conveyance 
and storage.

Conveyance

Floodways, or bypasses, increase the area avail-
able to convey flood waters safely through a 
particular reach of river. This is analogous to 

distances that balanced flood management and 
ecosystem benefits, such as allowing meander 
migration. Larsen et al. (2007) then showed 
how long-term planning for levee alignments 
could both accommodate natural channel proc-
esses and protect built infrastructure. With a 
case study from the lower Illinois River, Guida 
et al. (2016) provide a hydrodynamic and eco-
nomic model to compare maintaining levees 
and alternative options for setting levees back 
and reconnecting floodplains, in terms of their 
financial costs and benefits for flood manage-
ment and habitat.

Floodways and Flood Bypasses: Large-Scale 
Storage and Conveyance of Flood Water

Major temperate lowland rivers, such as the 
Mississippi, Yangtze, and Rhine, were once 
f lanked by vast f loodplains that annually 
flooded and drained. While the extent of inun-
dation varied among years, these river channels 
never carried the floods on their own, but 
rather the river and floodplain were an inte-
grated system for moving water from the conti-
nental interiors to the ocean.

Attempts to control floods along these great 
rivers have been continuous, in order to allow 
land to be settled and farmed with greater cer-
tainty and security. The Chinese began build-
ing levees along the Yangtze and Yellow Rivers 
thousands of years ago, but floods continued to 
overwhelm the defenses, killing hundreds of 
thousands to millions of people. In the late 
nineteenth century, both the Mississippi and 
Sacramento Rivers became arenas in which 
engineers debated about how best to manage 
flood risk. Both rivers had advocates for a 
“levees-only” approach and both had advocates 
for an approach that would allow the river to 
continue to access portions of its floodplain 
during major floods. The “levees-only” side 
won the debate in both rivers, in large part 
because that approach maximized the amount 
of land that could be “reclaimed” from the river 
(Kelley 1989). However, great floods provided 
the final counterargument for both rivers 
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flood. Floodways also vary in the frequency 
with which they are used. Some floodways on 
the Mississippi have been used only a few times 
in 80 years, while the Yolo Bypass is inundated 
to some extent in most years.

Because floodways are only inundated dur-
ing floods, they can be used for a variety of eco-
nomic activities. Land use within a floodway 
varies with frequency of inundation (Opperman 
et al. 2009), as illustrated by two floodways in 
the Mississippi River and Tributaries Project 
(chapter 11). The New Madrid Floodway has 
been flooded only twice in nearly a century and 
so is intensely farmed and includes 200 homes. 
In contrast, the Bonnet Carré Spillway has been 
used 10 times in that period and it is uninhab-
ited, with land managed for fishing, hunting, 
and recreation. Although the Yolo Bypass expe-
riences some flooding nearly every year, much of 
it is in productive agriculture because, in Cali-
fornia, the flood season (winter to early spring) 
has little overlap with the growing season 
(spring to fall). The agriculture in the Bypass is 
in annual crops that are generally not planted 
until after the period of flooding has ended[AQ].

Floodways can provide significant environ-
mental benefits. The Mississippi River flood-
ways in Louisiana are managed largely for nat-
ural vegetation and support abundant fish and 
wildlife (Alford and Walker 2011; Piazza 2014) 
and approximately a third of the Yolo Bypass is 
in wildlife refuges, including managed wet-
lands. Even the agricultural land within flood-
ways can provide environmental benefits, par-
ticularly during periods of inundation. The 
Yolo Bypass is now recognized as the most val-
uable remaining floodplain habitat in the Cen-
tral Valley and fishes and birds are abundant on 
farm fields during periods of both natural and 
managed flooding (chapter 13). The agricul-
tural New Madrid Floodway also provided some 
benefits when it was inundated in 2011 (Ran-
tala et al. 2016; chapter 11).

The f loodways described above were 
planned and implemented 50–80 years ago, 
during a time when scientific understanding of 
river-floodplain systems was limited and soci-
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opening additional lanes at a bridge toll cross-
ing during periods of intense traffic. For exam-
ple, the Yolo Bypass conveys approximately 
80% of the volume of major floods safely 
around the city of Sacramento. By increasing 
conveyance, strategically placed floodways can 
also reduce “backwater flooding,” which is 
caused by the piling up of flood waters at and 
behind a bottleneck, such as where bluffs con-
strict the river. Vegetation increases roughness 
within a floodway, reducing its ability to convey 
flood waters. As a result, floodways are often 
managed for vegetation with low roughness, 
such as annual crops or wetlands.

Storage

Floodways can also store water and function 
similarly to a flood-control reservoir. While con-
veyance is analogous to adding lanes to a high-
way, floodways that provide storage can be viewed 
as a system of parking lots in a road network. 
During heavy periods of traffic (with an intense 
rush hour equating to a flood peak), manage-
ment can direct many cars to remain in parking 
lots rather than joining the main flow of traffic 
(e.g., through policies such as congestion pric-
ing). The parking lots release their cars slowly 
over time after the peak of traffic has passed so 
that the highway “downstream” of the parking 
lots experiences lower peak traffic. The analo-
gous process in rivers with floodways (or flood 
control reservoirs) is known as “peak shaving,” 
which reduces the height of the flood peak expe-
rienced at some downstream point. The Jianjiang 
Flood Detention Area along the Yangtze is 
intended to function in this manner with flood-
gates that can be opened as the flood is rising and 
has the capacity to hold 5 billion cubic meters of 
water, reducing the height of the peak against the 
levees that protect cities with millions of people. 
The Mississippi River and Tributaries Project has 
four large areas designated for “backwater flood-
ing” that function to store water for a period of 
time to reduce downstream flood peaks.

Floodways provide conveyance and storage 
benefits that vary with location in a river basin, 
size of the floodway, and characteristics of the 
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GREEN INFRASTRUCTURE: 
MULTIPLE BENEFITS

Gray infrastructure generally provides a single 
benefit, such as a levee that prevents flood 
waters from inundating farmland. Moreover, 
gray infrastructure often causes impacts to 
other benefits. For example, a levee system can 
move water quickly through a reach, increasing 
flood heights and velocity downstream. Further, 
the levee narrows the area inundated and 
restricts natural channel evolution, resulting in 
a loss of other floodplain services, such as water 
quality improvements and fish productivity. 
Conversely, green infrastructure solutions often 
provide a broad range of benefits beyond their 
primary purpose. For example, the Yolo Bypass 
was built in the 1930s, solely to reduce flood risk 
for Sacramento. Without specifically intending 
to do so, river managers had created a feature 
that would later be recognized as providing the 
best remaining floodplain habitat for migratory 
waterfowl in the Central Valley and one that also 
provides recreation, open space in a rapidly 
growing region, and a groundwater bank that 
proved important during drought (Jercich 1997; 
Sommer et al. 2001). Similarly, levee setbacks 
not only provide “room for the river” to provide 
a broader range of ecosystem services, but also 
can provide area for open space and recreation. 
Green infrastructure features within a city dou-
ble as parks, greenways, and recreational areas 
that make a city a more appealing place to live 
(UNEP-DHI Partnership 2014). These other 
services are often called “co-benefits” or “sec-
ondary benefits” of green infrastructure projects 
focused on flood-risk reduction. As described 
below, advances in quantifying these benefits 
may promote increased uptake of green infra-
structure approaches.

Although green infrastructure approaches to 
flood management have numerous benefits, due 
to a variety of constraints they have been imple-
mented far less frequently than traditional 
engineering approaches. First, green infrastruc-
ture approaches are much less known among 
engineers and decision makers, and this limits 

ety expected a much narrower range of benefits 
from rivers. Scientists now understand that 
connectivity between rivers and floodplains 
drives processes that produce a broad range of 
resources and benefits and, increasingly, socie-
ties expect these benefits—including fish and 
wildlife habitat, improved water quality, and 
recreation—from rivers. Thus, the design of 
future floodways can more fully reflect this evo-
lution in knowledge and expectations and 
incorporate design features and operations that 
can produce a broader set of benefits. For exam-
ple, a portion of each new floodway could spe-
cifically be managed for frequent, long-dura-
tion inundation, similar to the “fish wetland” in 
the Bear River setback levee (Williams et al. 
2009).

Further, existing floodways can be modified 
or managed to increase their output of benefits 
beyond flood-risk management. For example, 
the Yolo Bypass provides important floodplain 
habitat, but it is not always inundated during 
the most important time of the year for native 
fish (early to midspring). River managers and 
conservation organizations have been explor-
ing options for a control structure on the weir 
that shunts water from the Sacramento River to 
the Bypass. This control structure would allow 
for managed flooding of portions of the Bypass 
to maximize benefits to native fish while still 
avoiding negative impacts to agricultural man-
agement. Other options are also possible for the 
Sacramento River bypass systems. A study of 
this bypass system (Greco et al. 2014[AQ]) 
showed that by expanding the flood channel 
footprint while increasing design roughness 
coefficients, the bypass system could effectively 
meet multifunctional objectives—flood risk 
reduction (greater conveyance and storage) and 
increased ecosystem benefits due to greater 
floodplain area. Another study found that low-
ering the elevation of the weir controlling flows 
from the Sacramento River to the Yolo Bypass 
could increase long-duration springtime flows 
that result from a few large storms that bring 
Central California most of its water (Florsheim 
and Dettinger 2015).
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(Washington, United States), a public-private 
partnership called Floodplains by Design has 
emerged not only to address flood-risk reduc-
tion, but also to promote multiple benefits from 
floodplains. Partners include the Washington 
Department of Ecology, the Nature Conserv-
ancy, and multiple city, county, and tribal gov-
ernments. The partners identify areas of flood-
plain that if protected or reconnected, such as 
through a levee setback, will produce multiple 
benefits, including flood-risk management, 
ecosystem restoration (e.g., for salmon habitat), 
agricultural viability, open space, and water 
quality. By combining these objectives into 
their prioritization processes, the partners can 
identify areas that provide multiple benefits 
and can combine funding sources to achieve 
floodplain reconnection. Thus far, US$33 mil-
lion from the state has been matched with 
US$80 million from other sources to support 
floodplain projects (Whelchel and Beck 2016). 
Tapping into restoration funding can poten-
tially allow flood-risk projects to go forward that 
would otherwise be unable to secure sufficient 
funding, as illustrated by Hamilton City along 
the Sacramento River (Opperman et al. 2010).

Flood-Compatible Agriculture

Proposals to reconnect floodplains, for either 
ecological restoration or flood-management 
objectives (or both), can lead to concerns from 
rural communities that loss of farmland will 
threaten the vitality of the agricultural econ-
omy. However, reconnected land doesn’t neces-
sarily need to mean a loss of private land or a 
cessation of revenue to landowners. Recon-
nected floodplain lands can continue to gener-
ate revenue to landowners through markets for 
ecosystem services (described below) or 
through flood-compatible agriculture (Opper-
man et al. 2009).
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the extent to which they are even considered. Sec-
ond, green infrastructure solutions, such as levee 
setbacks and flood bypasses, require more land 
than structural approaches such as building (or 
rebuilding) levees close to the channel. Because 
land is expensive, this can make green infra-
structure solutions more expensive in the short 
run. Further, taking land out of agricultural pro-
duction can have negative economic conse-
quences for rural communities, and thus solu-
tions that change floodplain land use can be 
controversial and require consideration of these 
economic impacts. Finally, the diverse services 
that river-floodplain systems provide—such as 
improving water quality and supporting fisher-
ies—can be difficult to quantify or monetize 
(chapter 9). The inability to quantify these serv-
ices results in benefit-cost analyses that don’t 
fully consider the negative impacts from tradi-
tional approaches nor the secondary benefits 
resulting from green infrastructure approaches. 
Finally, even if these services could be quantified, 
mechanisms, such as markets, often do not exist 
to link the beneficiaries of the service with those 
whose land provides the service.

OVERCOMING CONSTRAINTS TO 
INFRASTRUCTURE INTEGRATION

Integrating green and gray infrastructure into 
one flood-management system is not easy. Here 
we present five potential strategies for overcom-
ing constraints to integrating green infrastruc-
ture into management. The case studies in 
chapter 11 provide greater detail on some of 
these solutions.

Combining Multiple Sources of Funding

Although levee setbacks can lower flood risk 
and reduce long-term maintenance costs, 
acquiring the necessary land is usually expen-
sive. But because levee setbacks can also create 
new ecologically functional floodplain, this 
f lood-management tool can also draw on 
sources of funding for environmental restora-
tion. Along the rivers that drain to Puget Sound 
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species, providing compensation for landowners 
that maintain or restore land providing these val-
ues. Other services, such as habitat and open 
space, can be promoted by public sources of 
funding, such as the Wetland Reserve Program. 
Carbon sequestration has potential markets for 
climate change mitigation (Joyce 2011) and mar-
kets may emerge for removing nutrients from 
rivers, for example, to reduce nutrient inputs that 
cause the “dead zone” in the Gulf of Mexico 
(Mitsch et al. 2001). Hey et al (2004) suggest a 
market in which agricultural landowners who 
created wetlands on their property (sited and 
designed to attenuate flood peaks), or levee dis-
tricts who could allow their land to flood, could 
sell flood-storage credits to downstream cities. 
The Sacramento Area Flood Control Agency 
explored the potential for compensating farmers 
whose land floods during large storms, and thus 
serves as “relief valves” that ease pressure on 
downstream developed areas (Opperman et al. 
2009). Revenue from the services described 
above may allow agricultural landowners to con-
tinue to receive income from land in natural 
floodplain vegetation that is competitive with 
agriculture, particularly if revenue from multiple 
services can be stacked together. In other words, 
while carbon sequestration revenue may not be 
competitive with crops, that service plus recrea-
tion plus nutrient sequestration may be compa-
rable, particularly for marginal agricultural 
land—such as land that is frequently too wet for 
successful cropping. With the Mollicy Farms 
project, the Nature Conservancy reconnected 
18,000 acres of marginal farmland on the flood-
plain to the Ouachita River and is now imple-
menting a research program to better under-
stand the potential for stacked ecosystem 
services to provide comparable revenue to agri-
culture (Opperman et al. 2010).

Fully Evaluate Projects’ Costs and Benefits, 
Including Improved Valuation of Floodplains’ 
Ecosystem Services

Policies to evaluate the benefits and costs of 
alternate projects (green infrastructure versus 

used to recreate natural habitat. These areas can 
also be in traditional crops (e.g., intolerant of 
flooding) if they are in “relief valve” areas that 
will very rarely be flooded (such as the New 
Madrid Floodway) or if floods rarely or never 
occur during the growing season (such as the 
Yolo Bypass). Areas that are flooded more fre-
quently during the growing season can be 
maintained with flood-tolerant forms of agri-
cultural land use, including pasture, timber, or 
flood-tolerant crops. Potential flood-tolerant 
crops include feedstocks for cellulosic ethanol 
biofuels, such as willow, switchgrass, or diverse 
native prairie grasses (Tilman et al. 2006; Volk 
et al. 2004). Flood-compatible agriculture can 
thus allow green infrastructure solutions that 
do not take agricultural land out of production 
and can be consistent with vibrant agricultural 
economies and rural communities (Donath et 
al. 2004). For projects where hydraulic rough-
ness is a concern, agriculture can provide a land 
cover with much lower hydraulic roughness 
than forest. The Yolo Bypass provides a clear 
example of a hydrologically connected flood-
plain that supports both profitable agriculture 
and significant ecological benefits (chapter 13).

Stacking Multiple Ecosystem Services[AQ]

While some portions of land within green infra-
structure flood projects can be maintained in 
flood-compatible agriculture, other projects, or 
portions of land within a project, may be most 
appropriately managed as natural floodplain veg-
etation due to the frequency of inundation. 
Because floodplains provide a range of valuable 
ecosystem services (chapter 9), natural flood-
plain habitats can still potentially provide reve-
nue to landowners. Some of these services have 
existing markets or other mechanisms that can 
provide revenue to floodplain landowners who 
provide the service. For example, the Yolo Bypass 
includes land that is leased to duck hunting 
clubs, and, during a drought, the high water 
table of the Bypass contributed to a groundwater 
bank (Jercich 1997; Sommer et al. 2001). Habitat 
“banks” also exist for wetlands and endangered 
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exacerbate water storage challenges when the 
system enters a period of drought. Large flood-
plains, downstream of reservoirs, that can 
accommodate unpredictable runoff events may 
allow reservoir managers to maintain higher 
reservoir levels rather than lowering them in 
preparation for storms that may never come. 
Because of the interrelationship between flood 
management and water supply, the 2005 Cali-
fornia Water Plan Update called for integrated 
flood management as one of the tools for 
improving water supply.

CONCLUSIONS

Integrating green infrastructure strategies into 
flood-management systems has great potential to 
reduce flood risks for people while maintaining 
or restoring the diverse benefits that river-flood-
plain systems can provide. With climate change, 
population growth, and aging dams and levees 
contributing to rising flood risk, green infra-
structure solutions will increasingly play a key 
role in community safety and resilience (Black-
well et al. 2006; Freitag et al. 2009; Opperman 
et al. 2009; UNEP-DHI Partnership 2014).

Green infrastructure cannot replace tradi-
tional infrastructure. Dams and levees will con-
tinue to play a key role in keeping people safe. 
However, within already developed river basins, 
green infrastructure projects increase the flexi-
bility and resiliency of current water-manage-
ment systems and should be given full consid-
eration when flood-management systems are 
retrofitted, rehabilitated, rebuilt, or reoperated. 
Thus, in the wake of flood damages to levees, 
managers should consider alternate alignments 
of levees that include setting them back from 
the river. For example, following repeated flood-
ing of a levee district in Iowa, the levee district, 
USDA, FEMA, and the Iowa Natural Heritage 
Foundation developed a plan that included not 
repairing the levees and converting the flood-
prone area into a wildlife refuge. The farmers 
received flood easements for their land from the 
USDA’s Wetland Reserve Program. Flood recov-
ery and levee repair would have cost at least $4 

traditional engineering) often focus on a nar-
row set of benefits and do not incorporate the 
diverse values provided by floodplains. Addi-
tionally, structural projects have long-term 
costs for maintenance, rehabilitation, and 
replacement that are often underestimated, 
while green infrastructure projects tend to have 
lower long-term maintenance costs. Because of 
limitations of science and policy, processes to 
select among flood-management options gen-
erally fail to capture the full value of benefits 
supported by green infrastructure projects and, 
similarly, do not reflect the full costs and 
impacts from traditional engineering projects. 
Improvements in the science of valuation and 
policies governing cost-benefit analysis will 
advance green infrastructure strategies, includ-
ing the “stacking” of ecosystem services and 
combining multiple funding sources.

Increase Management Options for Water-
Management Systems

As a component of flood-risk-management 
projects, floodplain reconciliation can also have 
value for water supply management objectives. 
Within multipurpose reservoirs, the need to 
leave reservation space to capture potential 
floods can compete with water storage for water 
supply and irrigation (Das et al. 2011). In Cali-
fornia and the western United States, climate 
change will exacerbate this competition. Cali-
fornia’s large multipurpose reservoirs rely on 
refilling during the period of April to July as 
the snowpack melts in the mountains. During 
this period, managers can safely increase reser-
voir levels by filling the flood-storage space 
because there is low risk of the kind of precipi-
tation event that can cause flooding. Dettinger 
et al. (2011) predict that, under a warming cli-
mate, reduced snowpack will lead to significant 
declines in April–July flows for rivers draining 
the Sierra Nevada. At the same time, more pre-
cipitation is predicted to come as winter rain, 
creating sudden peak flows that may be hard 
for reservoirs to accommodate. Conversely, 
leaving large portions of reservoirs empty can 
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most effective. Specific approaches are more or 
less appropriate depending on the river system 
and the location within that river system to 
which they are applied (Morris et al. 2016). 
Natural valley storage may be an effective 
approach for reducing flood risk in a small 
watershed, but the utility of this approach typi-
cally diminishes within larger watersheds. In 
some locations levee setbacks may reduce flood 
risks for areas upstream or downstream (Wil-
liams et al. 2009), while in other locations, the 
primary benefit of levee setbacks may be flood 
damages avoided in the area reconnected to the 
river, such as previously farmed areas now in 
natural vegetation (Jacobson et al. 2015).

Through a river basin perspective, green 
infrastructure approaches can be effectively 
integrated with traditional flood management 
and water management more broadly. As the 
examples in chapter 11 show, this integrated 
approach strives to create a mosaic of land uses 
in the floodplain that provide the most benefits 
for society.

million, while the easements and transition to a 
refuge cost $2 million. That land is no longer 
subject to harmful flooding, avoiding future 
repair and rehabilitation costs, and the area now 
provides flood storage, habitat, and recreation 
values (Freitag et al. 2009).

Within river basins that are just beginning 
to be developed for flood and water manage-
ment, alternatives need to be explored that fully 
incorporate green infrastructure methods. 
This approach is more likely to allow these river 
basins to “get it right” the first time, rather than 
pursuing strictly structural approaches and 
later seeking to retrofit the system because of 
structural failures, the desire to restore broader 
river-floodplain benefits, or both.

Green infrastructure approaches, and flood-
management approaches generally, are most 
effective when implemented as part of a diverse 
portfolio of tools that are deployed within a 
river-basin perspective (Sayler et al. 2015). This 
perspective allows green infrastructure 
approaches to be targeted to where they can be 
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CASE STUDY 1: ROOM FOR THE RIVER IN 
THE NETHERLANDS

The Netherlands’ large-scale “Room for the 
River” program is an influential and often-cited 
effort for innovative management of floods and 
floodplains. In fact, the phrase “room for the 
river” has come to be synonymous with river 
management that features natural river proc-
esses including floodplain reconnection. An 
examination of this program sheds light on 
using green infrastructure for floodplain man-
agement and illustrates some of the challenges 
of reconciling f lood management with 
improved ecological functions of floodplains.

A childhood story has introduced most peo-
ple to the essence of the Netherlands’ water-
management challenges. The image of the lit-
tle Dutch boy with his finger in a leaking dike 
is whimsical but telling. Most of the 42,000 
km2 surface area of the Netherlands, a country 
one-sixth the size of the United Kingdom, is 
prone to flooding. Historically, these flood-
prone lands were alluvial floodplains and deltas 
built by the Rhine and Meuse Rivers. The 

New approaches to managing tem-
perate floodplains have emerged across 

the world. Managers are recognizing that inte-
grating functioning floodplains into flood-
management strategies results in safer, more 
cost-effective, and more resilient systems. Fur-
ther, these approaches can provide significant 
environmental benefits. Floodplains are 
increasingly recognized as regional centers of 
biodiversity that provide habitat for charismatic 
species of fish and wildlife, ranging from spe-
cies that are economically important to those 
that are endangered. Increasingly, they are also 
being regarded as valuable open spaces, impor-
tant for recreation and aesthetics. Floodplain-
management projects and plans are as diverse 
as the rivers themselves. In this chapter, we 
provide a set of case studies of floodplain  
management, with a focus on management 
approaches that demonstrate that the reconcili-
ation model can produce systems that provide 
multiple benefits.

ELEVEN

Case Studies of Floodplain 
Management and Reconciliation
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1998). One reason for this evolution in approach 
was recognition that the old methods, including 
dams, levees, channel stabilization, straighten-
ing, and other flood protection schemes, simply 
could not work indefinitely. The prospect of 
more floods like those in 1993 and 1995, cou-
pled with predictions of sea-level rise, required 
the country to change its approach. Planners 
agreed that new management measures needed 
to be sufficiently flexible to accommodate higher 
flood levels expected in the future. Simply con-
tinuing to raise levees in response to rising 
flood levels was unsafe and costly. The Dutch 
government chose methods that accommodated 
predicted increased flows (e.g., due to climate 
change), while halting work on projects to raise 
and reinforce levees (van Stokkom et al. 2005). 
A plan was developed to increase the channel 
cross-sectional area available to convey floods, 
allowing more space for the rivers to spread into 
their former floodplains in some places—lower-
ing the height of flood waters rather than rais-
ing the height of levees.

After planners identified hundreds of poten-
tial locations for interventions, 39 locations 
were selected based on an analysis of costs and 
benefits. In 2007, construction began on 34 of 
the projects (figure 11.1), focused on the three 
main branches of the Rhine River system (Klijn 
et al. 2013). Specific actions include the 
following:

a. Relocating levees away from the river, 
allowing more room for flood waters;

b. Creating side channels to carry high flows;

c. Lowering groins and training spurs;

d. Excavating rivers to increase channel 
capacity;

e. Removing or raising obstacles in the river 
(such as bridges) and/or lowering the 
floodplain surface to increase flow capacity;

f. “De-poldering” or allowing water to flow 
into areas formerly protected; with this 
approach, some farms and homes will be 
moved to adjacent high ground that was 
raised up above flood level.

Rhine River is one of the longest in Europe 
(1320 km), important for navigation and home 
to 60 million residents in its basin. The river 
traverses nine countries before crossing the 
Netherlands and emptying into the sea.

For 2000 years or more, as in many other 
areas in Europe, the fertile alluvial lands along 
the Rhine and other rivers were used for agri-
culture and were separated from the floods that 
had created them. In addition to constructing 
river levees, the Dutch also built sea walls to 
allow farming on land that would otherwise be 
periodically flooded by seawater. Low-lying 
areas of land, called polders, were diked and 
then drained with ditches. These actions 
caused polder surfaces to subside and thus the 
polders effectively became protected “islands” 
of land that lay below sea level. Continual drain-
ing of polders required pumping, leading to the 
development of the iconic Dutch windmill. 
Currently, approximately 40% of the land in 
the Netherlands is below sea level and would be 
regularly inundated without seaward dikes. 
About 65% of the densely populated land is 
flood prone (Stokkom and Smits 2002[AQ]; 
Klijn, pers. comm., Jan 4, 2016[AQ]).

Beginning about 1000 years ago, extensive 
levee systems were built along major rivers 
including the Rhine, the Meuse (running from 
Belgium and France in the south), and the 
Scheldt (also from Belgium and France in the 
south). The extensive constriction of channels 
by levees, along with sediment deposition on 
floodplains between the levees, led to increas-
ingly higher flood stages. In response, the Dutch 
have raised levee heights multiple times over the 
centuries. This management approach contin-
ued until its wisdom was called into question by 
paradigm-changing floods in 1993 and 1995, 
when over 250,000 people had to be evacuated 
due to threats of failing levees (Klijn et al. 2004).

The questions arising from these events cat-
alyzed the “Room for the River” concept (figure 
11.1). The change in thinking within the Nether-
lands has been described as a historical “switch 
from technological river management to eco-
logical river management” (Nienhuis et al. 
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with local or regional authorities or private par-
ties taking the lead (Klijn et al. 2013).

The translation from scientific and govern-
ment policy to local implementation has had 
successes and failures (Warner and van Buuren 
2011). Immediately following the flooding of 
1993 and 1995, public support was widespread 
because people had vivid memories of recent 
events. The plans were initially embraced by 
local citizens and an international agreement 
with other countries in the Rhine River basin 
was reached. But opposition arose as plans 
moved toward decisions about specific locations. 
Particularly challenging was the identification 

Implementing management actions for the 
Room for the River program has not been easy. 
As with other floodplain reconciliation projects, 
appropriating land in densely populated areas 
is challenging and careful facilitation is needed 
to build cooperation across a range of interests. 
Further, the program must contend with basin-
scale influences that are beyond local control. 
The social cost has been high, because homes 
and farms have been displaced. From the out-
set, it was decided that, although the overall 
plan was formulated and guided by a central 
government agency, the implementation of 
site-specific measures would be decentralized, 
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FIGURE 11.1 Sites of active Room for the River projects (from Zevenbergen et al. 2013).
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will not return Dutch rivers and floodplains  
to their presettlement form because the land-
scape will continue to be heavily occupied  
and managed. However, by strategically recon-
necting portions of the floodplain and allowing 
lands that once were defended vigorously to 
now flood, the Dutch will lower risks, have 
greater flexibility to address changing condi-
tions, and increase the range of benefits  
from their floodplains, including improving 
conditions for native fishes and wildlife  
(box 11.1).

CASE STUDY 2: DANUBE RIVER— 
A RECONCILED FLOODPLAIN

The Danube River flows 2800 km from its 
headwaters in the Alps to its terminus in the 
Black Sea, making it the second longest river in 
Europe. The Danube’s 805,000 km2 basin 
spans 10 countries and encompasses a number 
of tributaries that are themselves large rivers, 
including the Isar, Prut, Tisza, Sava, Drava, and 
Morava Rivers. Historically, much of the Dan-
ube’s length flowed through vast floodplains 
with many meandering channels (WWF 1999). 
The floodplains contained diverse habitats and 
were centers of regional biodiversity. Like most 
European rivers, the Danube is now highly 
modified, primarily for flood control, naviga-
tion, and hydropower. Its floodplains have been 
largely converted to agricultural and urban 
uses, but forests do remain in some places. It 
has been estimated that over 80% of the his-
toric floodplains have been lost, leaving 70 
major wetland complexes along the river and its 
tributaries with some degree of protection 
(WWF 1999). Most of the major changes to the 
river system, such as channel deepening and 
widening, occurred in the nineteenth and 
twentieth centuries, mainly to improve naviga-
tion. However, traces of the original floodplain 
channels, lakes, and other features are still 
present and these can be used to guide restora-
tion. Most restoration projects are small relative 
to the amount of habitat lost and take advantage 
of local opportunities and infrastructure.

of land that could be converted from uses that 
required flood protection, such as crops and liv-
ing space, to those that can be flooded, such as 
pasture or forest. Although the science and 
management community embraced the Room 
for the River concept, Dutch citizens, having 
grown up with polders protected by levees and 
sea-dikes, did not accept the change easily (Wol-
sink 2006). There was a shortage of public sup-
port, which was ameliorated with extensive out-
reach and other measures aimed at public 
communication and collaboration. A growing 
body of literature documents the social, politi-
cal, and collaborative processes that were 
required to win, and maintain, enough support 
to move forward—without requiring another 
major flood to spur action (e.g., Wolsink 2006; 
Warner and van Buuren 2011; Rijke et al. 2012; 
Zevenbergen et al. 2013).

The comprehensive plan for both the Rhine 
and the Meuse Rivers grew out of these efforts 
(Hooijer et al. 2004) and emphasized four 
guiding principles for large river systems. 
These thoughtful principles apply to most large 
floodplain rivers in temperate climates:

1. Flood risk and potential damages are 
increasing.

2. In large systems, structural measures alone 
will not be sufficient for effective flood 
management, nor be sustainable over the 
long term.

3. Effective and sustainable flood-risk 
reduction can be achieved through adapt-
ing land use, giving the river more room.

4. Land use adapted for flooding should go 
hand in hand with ecological enhancement 
of floodplains.

In addition to these overarching principles, 
the Room for the River program provides 
insight into the social aspects of implementa-
tion. Outreach and communication are critical 
for project success, including seeking local 
cooperation early and throughout the process.

Room for the River provides a clear case of 
reconciliation on floodplains. This program 
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Setting aside room for the river is not only applica-
ble in rural settings where agricultural land can be 
fairly easily converted to floodplains, but can also 
work in cities. Nijmegen, the oldest city in the 
Netherlands, is involved in a $500 project that will 
excavate a new channel for the River Waal, creat-
ing a large island and an urban river park. The 
existing levee will be set back 350 m, allowing 
more room for the river and increasing capacity of 
the channel and floodway. The project will provide 
greater, and more sustainable, flood-risk reduc-
tion than that provided by the current channel and 
levee alignment (Climatewire 2012).

The new channel and island will provide water 
recreation opportunities and serve as a unique 
urban park (figure 11.2). With new bridges, water 
features, restaurants, and a walkable waterfront, 
the plan provides many amenities and recreation 
opportunities. The river, which used to run along 
the side of the city, and the newly created channel 
and island, will become a focal point for the city. 
Although about 50 residences will be relocated, the 
result will be a more sustainable urban living 
space. Zevenbergen et al. (2013, p.11) summarize 
the change, writing “in the future, instead of turn-
ing its back on the river, Nijmegen will embrace it.”

BOX 11.1 • Room for an Urban River

FIGURE 11.2 Conceptual image of levee setback plans for the Waal River in 
Nijmegen, the Netherlands. The original channel is on the left side of this image. 
The right side shows a conceptual image of the new island, new channel, new 
bridges, and anticipated development (from Zevenbergen et al. 2013).

One example of such a restoration project is 
on the Danube River about 68 km north of 
Munich, Germany. The area chosen for restora-
tion was disconnected from the river in the 
1970s, but still had significant floodplain for-
ests remaining, as well as remnant channels, 
ponds, and oxbow lakes. Restoration options 
were constrained by needs to maintain channel 
form and flows for hydropower and navigation. 

Working within these constraints, the project, 
completed in 2010, created a set of floodplain 
habitats with a highly regulated and limited 
connection to the river rather than a large-scale 
“natural” flood connection to the river across 
the entire historical floodplain surface. Com-
menting on this approach, Stammel et al. 
(2012, p.58) noted that “the human impact 
(hydropower plants, silviculture) will persist for 
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fishes became more common as time pro-
gressed. Juveniles were the predominant life 
form for most of the new species, suggesting 
the importance of restored floodplain channels 
and ponds as nursery areas for river fishes. Pan-
der et al. (2015) noted that some species were 
strongly associated with habitat characteristics 
such as large wood in new channels, indicating 
the importance of restoring not only hydrologic 
patterns, but complex habitat as well. In natural 
floodplains along the Danube River, fish bio-
mass is typically higher by a factor of 10 or 
more on the floodplains than in the adjacent 
main river (Junk and Bayley 2008).

This project on the Danube illustrates rec-
onciliation ecology at work. While more com-
prehensive restoration of processes could have 
been achieved by reopening the entire histori-
cal floodplain area to inundation, this was not 
feasible from an economic and social perspec-
tive. Nevertheless, the new habitats that were 
created clearly have benefits to river fish popu-
lations and presumably other aquatic organ-
isms. Benefits to vegetation and associated 
birds and mammals will likely accrue primarily 
in areas close to new channels that are wetted 
periodically. The success of this project, which 
partially restores areas and processes, can help 
catalyze more expansive projects on rivers  
like the Danube, especially if rigorous monitor-
ing programs inform management (Stammel 
et al. 2012).

CASE STUDY 3: EBRO RIVER— 
CAN FLOODPLAINS BE RESTORED  
ALONG A DEGRADED RIVER?

The Ebro (Ebre) River is the second largest river 
on the Iberian Peninsula, with a length of 
about 910 km and a watershed of 85,362 km2. It 
flows from northeast Spain through Catalonia 
and into the Mediterranean Sea. The Ebro has a 
hydrograph typical of Mediterranean climates, 
with highest flows normally occurring Novem-
ber through March and very low flows during 
late summer. Most of its discharge derives from 

at least another 40 years. Therefore, the pris-
tine situation, an unleashed river, could not be 
the general guiding principle.”

The project directs flows through floodplain 
channels and reconnects floodplain lakes and 
channels to the main river (figure 11.3). The 
project’s three specific goals are to (1) create a 
floodplain channel or “river” (9 km long) that 
carries water from a hydropower dam through 
the floodplain, (2) create a narrow active flood-
plain along the channel (at least 25 m on each 
side) that is inundated under pulse flows from 
the dam (termed ecological flooding), and (3) 
create a drainage system in the downstream 
section of the project that lowers groundwater 
levels where they are artificially high due  
to water backed up by a downstream hydro-
power dam (Stammel et al. 2012). The restored 
channel mostly followed historic channels,  
but a new section had to be cut through a dry 
oxbow lake. In-channel fish habitat was 
improved by adding fallen trees, boulders, and 
gravel (Pander et al. 2015). The flow through 
the floodplain channel now ranges between 1.5 
and 5 m3/s and is regulated to rise and fall 
based on flows of the Danube River, which has 
a mean annual discharge of 313 m3/s at the 
project site.

Because fish had the potential to respond 
most rapidly to the new habitat, populations 
were monitored both in the main river and in 
new channels and lakes before and after the 
new channel was connected to the main river 
(Pander et al. 2015). The initial fish fauna of the 
ponds and isolated channels consisted of 21 
species. Twelve of the species and 74% of the 
individuals were eurytopic, relatively unspe-
cialized in habitat requirements, while only 4 
species (15%) were limnophilic and 5 (11%) 
were rheophilic (see chapter 8 for definitions). 
Within two months, the species number had 
increased to 38, representing about half the 
species pool in the main river. Few additional 
species arrived over the next 4 years. A majority 
of the first successful colonizers were eury-
topic, although rheophilic and limnophilic 
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FIGURE 11.3 The Mississippi River and Tributaries Project (US Army Corps of Engineers 2015).
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acteristic of active floodplains, is largely absent 
(Cabezas et al. 2009). Isolated oxbow lakes are 
gradually filling with organic matter, so the 
aquatic invertebrate fauna in riparian areas is 
more characteristic of lakes and other perma-
nent waters than of floodplain or riverine habi-
tats. Species richness and abundance is highest 
in sites with higher frequency of flood connec-
tivity to the river (Gallardo et al. 2008).

The river supports both native and alien 
fishes, including endemic species such as Ebro 
barbel (Barbus graellsii), Ebro nase (Parachon-
drostoma miegii), and Catalan chub (Squalius 
laietanus; Maceda-Veiga et al. 2010). In the 
main river, native species are in decline, while 
alien species, adapted to altered and polluted 
habitats, including reservoirs, dominate the 
fauna. The most recent invader is the wels cat-
fish (Silurus glanis), a large predatory fish that 
appears to be having detrimental effects on 
populations of other fishes. In addition, fishes 
show signs of being affected by diverse pollut-
ants, from pesticides to heavy metals to indus-
trial compounds. Residents are told not to eat 
fish from the river because of the high levels of 
contaminants in their tissues. The benthic 
invertebrate fauna of the river is dominated by 
polychaete worms, indicating severe pollution.

The Ebro River flows into the Mediterra-
nean Sea through the Ebro Delta, developed 
over centuries by deposition of sediment dur-
ing high flows. Today, the sediment supply is 
almost entirely captured by two large upstream 
dams, Mequinença and Ribarroja, which were 
built in the 1960s. Deprived of sediment-laden 
flood waters, the delta is no longer growing and 
is presumably shrinking, especially with rising 
sea level. While much of the delta is farmed for 
rice, it is also a high priority for conservation. 
Reserves in the delta include a Natural Park, a 
Special Protection Area for birds, and a Ramsar 
wetlands site (DeltaNet Project 2015).

Can a river-floodplain system this highly 
degraded be restored to a more natural condi-
tion that supports native plants and animals, 
albeit in a novel ecosystem? Based on the Euro-
pean Water Framework Directive, restoration of 

rain and snow falling on the Pyrenees. Charac-
teristics of the historical flow regime have been 
partially reversed with elevated baseflows in 
summer to deliver irrigation water for agricul-
ture and decreased flows in winter due to cap-
ture and storage by dams. However, large, dam-
aging floods can still occur (e.g., 2015).

Two important natural areas along the Ebro 
depend on components of the natural flood 
regime: the middle reaches of Ebro River (350 
km in length), which feature remnant flood-
plain forests and lakes, and the Ebro Delta, 
renowned for its diverse birds and fisheries. 
The floodplain of the middle Ebro originally 
covered 740 km2 and was the largest floodplain 
on the Iberian Peninsula (Ollero 2010).

The watershed has been heavily settled for 
hundreds of years and is largely devoted to agri-
culture, industrial, and urban uses. To protect 
developed areas from flooding and to allow 
increased agriculture in the riparian zone, the 
river has been extensively dammed and lined 
with levees and other structures to control flows 
(Cabezas et al. 2009). At least 187 dams have 
been built in the watershed; together they store 
57% of average annual runoff, although they 
spill during wet years (Batalla et al. 2000[AQ]). 
The middle reach of the Ebro is undammed, 
but the limited floodplains that are still subject 
to flooding are highly modified. Ollero (2010) 
noted that in the past 50 years, 81 projects have 
extensively modified the channel. In addition to 
direct channel modifications, upstream reser-
voirs trap most of the sediment in the system, 
resulting in channel incision and armoring of 
the downstream riverbed (Batalla and Vericet 
2013). Due to these changes, overbank flows are 
much less frequent than they were historically 
(Cabezas et al. 2009) and little sediment is 
deposited on the floodplains. The floodplain has 
been largely converted to agriculture, although 
remnant riparian habitat is protected. Due to 
lack of connection between the floodplain and 
dynamic river flows, remaining habitat patches 
are covered mostly with late successional vege-
tation, which is senescent in places (Gonzalez 
et al. 2010); early successional vegetation, char-

[AQ: 

Reference 

“Batalla et al. 

2000” is not 

included in 

the reference 

list. Please 

provide 

complete 

bibliographi-

cal details to 

be included in 

the reference 

list. Also, 

check 

whetther it 

should be 

“Batalla et al. 

2004.”]

Opperman - Foodplains.indd   144 23/03/17   3:11 PM



case studies of floodplain management and reconciliation     145

topped at 145 locations, 70,000 km2 were inun-
dated, and 700,000 people were displaced for 
weeks to months. Officially, hundreds of people 
died but more likely the number of deaths of 
rural residents was in the thousands (Barry 
2007[AQ]). In 2011, the Mississippi carried the 
greatest volume of flood waters ever recorded, 
exceeding even the historic flood of 1927,  
but the impacts of the flood—in terms of loss  
of life and damages—were dramatically differ-
ent. The intervening changes in the flood-man-
agement system, responsible for the starkly 
different outcomes, illustrate the value of flood-
plain management as a method of flood-risk 
reduction.

The Mississippi is one of the largest temper-
ate rivers in the world and, along with its tribu-
taries, it drains over 40% of the land area of the 
contiguous United States. The floodplains of 
the Mississippi basin could merit an entire 
book focused on the system’s biophysical proc-
esses, ecosystems, and loss and potential for 
recovery (for recent reviews, see Piazza [2014] 
and the case study in Wohl [2011]). For exam-
ple, excess nutrients, particularly nitrogen, are 
a primary management challenge in the Mis-
sissippi basin. Much of the Mississippi basin is 
in row crop agriculture and the application of 
nitrogen fertilizer to these crops contributes to 
the elevated nitrogen levels in the Mississippi. 
When the Mississippi flows into the Gulf of 
Mexico, the elevated nitrogen promotes algal 
blooms that contribute to a “dead zone” that 
forms each year and ranges in size between 
13,000 and 20,000 km2 (comparable to the 
size of New Jersey). Wetland and floodplain res-
toration, systems that can process and remove 
nitrogen, have been recommended as partial 
solutions to this challenge (Zedler 2003). 
Within the wealth of interesting topics that 
emerge from the Mississippi basin, this case 
study will focus primarily on one part of the 
bigger picture—the integration of floodplain 
management into the flood-management sys-
tem of the lower Mississippi.

The 1927 Mississippi flood exposed two pri-
mary limitations to river and floodplain man-
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the middle reaches of the Ebro has been identi-
fied as a priority for enhancing biodiversity in 
Europe. Ollero (2010) suggested that changes to 
reservoir operations could restore some compo-
nents of the natural flow regime that, coupled 
with strategic levee setbacks, could create a 
“Fluvial Territory.” This area would feature a 
wide undefended corridor that would allow at 
least some room for the river to meander, recre-
ating early successional riparian/floodplain 
habitats and reconnecting oxbow lakes. Mode-
ling by Gómez et al. (2014) indicates that short 
flood-like pulse flows released from Mequinença 
and Ribarroja Dams would have substantial 
benefits for ecosystem services, potentially jus-
tifying the cost of the water released. Ollero 
(2010) suggested that establishing the Fluvial 
Territory would require acquisition of approxi-
mately 8000 ha of agricultural land. If the Flu-
vial Territory were sufficiently large to attenuate 
large floods, floodplain reconnection might 
even contribute to flood-risk reduction; large 
floods during February and March of 2015 
highlighted the potential need for this.

There is growing realization that integrated 
water planning and management is needed in 
the Ebro (e.g., Omedas et al. 2012), but achiev-
ing this will require overcoming numerous 
challenges. The Ebro River therefore illustrates 
both the potential and the difficulty of reconcil-
ing floodplain uses in Mediterranean areas. It 
is widely recognized as a river system with 
many natural values that can be enhanced by 
modifying the flow regime and floodplain land 
use. However, the Ebro also illustrates the great 
challenges of implementing these measures in 
regions where water and land are both used 
intensively with economic activities that depend 
on current management regimes.

CASE STUDY 4: MANAGING FLOODS IN 
THE MISSISSIPPI RIVER

In 1927, the lower Mississippi River experi-
enced a flood that is considered the most 
destructive river flood in the history of the 
United States: levees were breached or over-
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of the river, near the Gulf of Mexico, 60% of the 
total flow is designated to move through flood-
ways, primarily those in the Atchafalaya Basin. 
The main channel, which flows past New Orle-
ans, is intended to carry the remaining 40% of 
flow (USACE 2008). Additionally, four “back-
water” or “natural storage” areas exist at the 
gaps in the levees where major tributaries enter 
the Mississippi (St. Francis, Yazoo, White, and 
Red rivers). These are intended to store water 
and attenuate the peak of flows arriving from 
tributaries.

The effectiveness of connected floodplains 
as components in a flood-management system 
was demonstrated during major floods in the 
lower Mississippi Valley in 1973 and 2011. Dur-
ing these events, the floodways and backwater 
storage areas relieved pressure on levees pro-
tecting Cairo, Illinois, large areas of agricul-
tural land, and major urban and industrial 
areas from Baton Rouge to the Gulf of Mexico. 
The 2011 flood was the largest that the MR&T 
has confronted. The system managed the flood 
without a single levee breach or fatality and 
three of the floodways were activated simulta-
neously for the first time since the system was 
built. Diversion of Mississippi waters into the 
floodways and allowing water to accumulate  
in the backwater areas shaved off the peak of 
the forecast flood stages (figure 11.4). The dra-
matically different outcomes of the floods of 
1927 and 2011 emphasize the effectiveness of 
both system-scale approaches to river manage-
ment and the value of hydrologically connected 
floodplains, as activation of floodways was 
essential for reducing flood risk for riverside 
cities such as Cairo, Baton Rouge, and New 
Orleans. The MR&T is also an example of inte-
grating “green” infrastructure, such as flood-
ways and backwater areas, with engineered 
infrastructure, such as dams and levees. In this 
case, some of the “green” infrastructure is com-
prised of heavily modified floodplain surfaces, 
within a system that is still heavily reliant on 
levees.

In addition to providing more effective flood 
management, the system-scale approach to 

agement of that era. First, flood management 
relied excessively on levees. The so-called 
“levees-only approach” presumed that nearly 
the entire floodplain could be disconnected 
from floods (Barry 2007). Second, the manage-
ment of rivers and floodplains was fragmented 
across states and other jurisdictions. The flood 
revealed the limitations of levees and the vul-
nerabilities of uncoordinated management, 
and in response, the US Army Corps of Engi-
neers (USACE) developed the Mississippi River 
and Tributaries Project (MR&T). The MR&T 
coordinated levee placement and design, dam 
development and operations, floodplain man-
agement, and navigation for the lower Missis-
sippi River basin, including several major tribu-
taries (USACE 2008).

In addition to replacing a piecemeal 
approach to river management with a compre-
hensive system approach, the MR&T also 
moved floodplain management away from the 
levees-only approach and included floodplain 
storage and conveyance as critical components 
of flood-risk management. Five floodways were 
designated and developed. These were portions 
of the historic floodplain that would reconnect 
to the river and convey flood waters during the 
highest floods. The floodways include the New 
Madrid Floodway in southeast Missouri and 
the West Atchafalaya, Lower Atchafalaya, Mor-
ganza, and Bonnet Carré floodways in Louisi-
ana (figure 11.3)[AQ]. During large floods, 
water can move from the river into the flood-
ways through gates or “fuseplug” levees. Fuse-
plug levees have a section that can be removed, 
often with dynamite, to allow flood waters to 
enter the floodway. During very large floods, 
floodways are intended to convey a significant 
portion of flow in order to lower flood stages 
elsewhere in the system and reduce pressure on 
levees. The MR&T is designed to handle a 
“project design flood,” which is the maximum 
flood with a reasonable probability of occur-
rence. Thus, the New Madrid Floodway is 
intended to convey nearly a quarter of the 
project design flow below the confluence of the 
Ohio and Mississippi rivers. In the lower reach 
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than they did in the river (Phelps et al. 2014). 
Rantala et al. (2016) observed that the New 
Madrid Floodway did provide some ecosystem 
services during the period of inundation, but pro-
vision of services was relatively limited due to the 
floodway’s lack of diverse vegetation and because 
it is designed to convey water and drain quickly, 
limiting residence time of water on the flood-
plain. Similarly, BryantMason et al. (2013) 
reported that the Atchafalaya River (Morganza 
and Atchafalaya Floodways) retained 7% of the 
nitrate that flowed into it during the 2011 flood, 
attributing the relatively low retention to the low 
residence time of water.

The original design of the MR&T constrains 
its ability to provide ecosystem services. The 

water-management infrastructure in the MR&T 
has the potential to contribute to greater environ-
mental sustainability for the lower Mississippi 
River. During the 2011 flood, large volumes of 
water were stored and conveyed through backwa-
ter areas and floodways. Flooding these portions 
of the historic floodplain provided greater envi-
ronmental benefits than would have been 
achieved through pre-1927 uncoordinated and 
levees-only flood management. In 2011, the 
floodways provided foraging habitat for fish and 
birds (D. Thomas, Illinois Natural History Sur-
vey, pers. comm., 2011) and an opportunistic 
study that took advantage of the inundation of 
the New Madrid Floodway found that several fish 
species had faster growth rates on the floodway 
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FIGURE 11.4 River stage on the Ohio River at Cairo, Illinois, adjacent to the floodway; Metropolis, 
Kentucky, approximately 60 km upstream of Cairo; and Old Shawneetown, Illinois, approximately 185 
km upstream of Cairo. River stages at all three gages are plotted relative to their height on April 7, 2011. 
At Cairo, river stage began to decline on May 3 after opening of floodway and declined for the rest of the 
flood event. The gage at Old Shawneetown shows that the Ohio River flood did not crest upstream until 
May 6. Thus, the declining stage at Cairo reflects increased conveyance due to the opening of the 
floodway. The May 7 gage elevation at Cairo was 1.1 m below US Army Corps’ forecast for Cairo without 
operation of the floodway (adapted from Opperman et al. 2013).
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influence during the dry season and can swell 
to over 920 m3/s in the wet season[AQ]. Due to 
watershed characteristics and development pat-
terns, residents have endured at least 22 dam-
aging floods since record keeping began in 
1865 (figure 11.5). The most destructive flood 
event was in 1986, with damage estimates 
ranging from $93 to $185 million (in constant 
US dollars) and three deaths (USACE 1998). 
The frequent and severe flooding in this rela-
tively small community caused it to emerge as 
a priority flood protection project at the national 
level. Throughout the 1900s, flood manage-
ment on the Napa employed traditional 
approaches such as dredging, levees, and flood-
walls, but these interventions never reduced 
risk to an acceptable level. Following a para-
digm shift driven largely by citizen activism, 
managers have pursued a “living river” strategy 
linking numerous projects and policies to 
address flood risk at the watershed scale.

Four distinct project areas along the Napa 
River are discussed here in an upstream-to-
downstream progression that highlights sys-
tem-wide restoration of geomorphic function 
(figure 11.6). Projects include two areas in the 
middle reach of the river, a keystone project in 
the city of Napa, and the restoration of tidal 
marshes in the estuarine zone. The variety of 
restoration efforts in the drainage shows that 
projects with disparate funding sources, lead 
agencies, stakeholders, and objectives can com-
plement one another functionally.

Themes common to the projects include 
reach-appropriate scaling of engineered geomor-
phic features, transitioning land uses at key loca-
tions to be compatible with flooding, and local 
policies that promote retention of storm runoff 
on-site. Methods for addressing flood risk encom-
pass many of the green infrastructure approaches 
discussed in chapter 10: (1) slowing in-stream 
water down with in-channel structures such as 
logs, root wads, and boulders; (2) increasing 
flood capacity by spreading water out in engi-
neered bypass channels and connecting incised 
reaches of the river to constructed floodplains 
and backwaters; (3) replacing existing levees with 
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MR&T was designed essentially only for flood 
control and navigation, reflecting the values 
and scientific knowledge of the time, and did 
not strive to promote floodplain biodiversity or 
ecosystem services. Additionally, the Missis-
sippi Basin has experienced three historic 
floods in less than 20 years, and forecasts sug-
gest that flood magnitudes will increase with 
climate change (Kundzewicz et al. 2008). River 
managers thus need to analyze whether the 
current floodways and backwater areas provide 
sufficient floodwater storage and conveyance to 
maintain the integrity of the MR&T. This com-
bination of needs and opportunities suggests 
that reassessing the MR&T, and perhaps modi-
fying its design and operation, could yield sig-
nificant benefits in terms of reconciling flood 
risks with a broad range of river-floodplain ben-
efits, reflecting current scientific understand-
ing and societal values and expectations (Kozak 
et al. 2016; Rantala et al. 2016).

For example, while the floodways in the 
Atchafalaya are naturally vegetated, design and 
management of the system for flood control is 
damaging the floodplain forests because of 
altered flow and sediment dynamics. Improv-
ing flows to maintain the forests may require a 
combination of local-scale adjustments to flood-
way “plumbing” and system-wide changes in 
flow management (e.g., how flows are allocated 
between the Atchafalaya and the main stem 
Mississippi). In addition to improving forest 
conditions, these changes could promote 
greater retention of nitrogen within the Atcha-
falaya (Piazza 2014; Kozak et al. 2016).

CASE STUDY 5: NAPA RIVER— 
WATERSHED-SCALE APPROACH 
REDUCES FLOOD RISK

The Napa River runs through a California val-
ley famous for its bucolic vineyards and high-
quality wines. The alluvial soils responsible for 
its celebrated terroirs were deposited by the 
Napa River, which is 89 km long and drains 
975 km2. With a Mediterranean climate, the 
river’s flow sometimes ceases upstream of tidal 
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with levees or filled in to create more space for 
crops, confining the river to a single narrow 
channel. Meanwhile, upstream dams caused 
sediment deficits, leading to incision that low-
ered the riverbed 2–3 m (Grossinger 2012).

The Rutherford Reach Restoration Project 
was initiated in 2002 by landowners who were 
interested in reducing bank instability and 
flood problems. The project also created a 
mechanism to bring landowners into compli-
ance with government standards for sediment 
loads. Partnering with the County of Napa 
allowed landowners to receive otherwise unob-
tainable permits for in-channel modifications 
and opened doors to public funding sources. 
Landowners voluntarily contribute money to 
support long-term monitoring and adaptive 
management. This steady source of project-
specific funding allows Napa County staff, in 
coordination with a landowner advisory com-
mittee, to respond quickly to complications 
such as alien plant species invasions or bank 
erosion events. Timely and organized responses 
from resource-management professionals  
prevent more serious problems from develop-
ing and also avoid piecemeal or improvised 
interventions that might disrupt watershed 
processes. Adaptive management and monitor-
ing also allow staff to apply lessons learned to 

levees set back as far from the channel as possi-
ble (County of Napa 2008; USACE and Napa 
County Flood Control and Water Conservation 
District 1999[AQ]; California Land Stewardship 
Institute et al. 2011); and (4) enacting policies for 
new development that eliminate or minimize 
increases in surface runoff and encourage 
groundwater infiltration (Napa County Depart-
ment of Public Works 2008). In addition to 
flood-management benefits, in-channel struc-
tures, floodplains, backwaters, and setback levees 
are designed to meet habitat restoration objec-
tives. As successive projects have been imple-
mented, they are integrated with existing projects 
for habitat continuity and flood management.

Middle Reach

The upstream-most major restoration project 
on the Napa River is near the town of Ruther-
ford, a small farming community. The land-
scape along this reach is primarily agricultural 
and, although property values are extremely 
high, the project included converting 12 ha of 
vineyard along 7.2 km of river to floodplain 
habitat. Conditions preceding restoration in 
this reach were similar to riparian conditions in 
many agricultural landscapes. Floodplains and 
braided channels were separated from the river 
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FIGURE 11.5 A Napa River flood 1940 (A) and low water conditions in 2016 (B). The 2016 photo shows flood bypass infrastructure 
crossing the neck of an oxbow at center right (US Army Corps of Engineers 1995; photo by Amber Manfree and Heather Davis 
2016).
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FIGURE 11.6 Numerous projects on the Napa River are restoring geomorphic function along 54% of the river’s length 
(Gesch et al. 2002; CalAtlas 2012; GreenInfo Network 2016).

AQ: “Water 

bodies” has 

been inserted 

against the 

blue box. 

Please check 

and confirm.

[AQ]

Opperman - Foodplains.indd   150 23/03/17   3:11 PM



case studies of floodplain management and reconciliation     151

sion potential reduced, and f lood capacity 
increased. Ecologically, zones of lower velocity 
flow offer refuges for aquatic species, provide 
foraging opportunities for riparian animals, 
and encourage nutrient cycling and transport. 
These designs offer a compromise between 
meeting geomorphic objectives and protecting 
adjacent land uses. While present-day flood-
plains are not as extensive as they were histori-
cally, the habitat value of restored reaches has 
increased dramatically from conditions a dec-
ade ago.

Riverine-Tidal Transition Zone

The Napa River Flood Protection Project (the 
Project) focuses on the downtown area of the 
city of Napa, where the river is influenced by 
tides from the San Francisco Estuary. The 
Project attained national prominence with an 
innovative design that will increase flood capac-
ity threefold, develop urban recreational ameni-
ties that bolster the economy, and restore fish 
and wildlife habitat. The USACE touts it as a 
pilot project for a new type of flood manage-
ment, where “living river” principles guide 
design (Dickson 2015). The lengthy stakeholder 
process that fostered the Project brought the 
community together and set the tone for subse-
quent projects in Napa Valley.

Despite the clear need to address flood risk 
in Napa Valley, voters had previously rejected 
several proposals for traditional flood-manage-
ment projects due to environmental and fiscal 
concerns. A 1975 USACE proposal calling for 
“channel widening and realignment, dredging, 
riprap on portions of the riverbanks, and con-
struction of concrete step-walls through the 
central urban area of the city” (USACE 1975) 
was defeated twice. A similar 1995 proposal 
was also rejected at the polls (USACE 1995). 
Through years of citizen action and collabora-
tion with agencies, an innovative proposal, 
focused on “living river” principles, emerged. 
This proposal was supported by two-thirds of 
voters in 1998. Planning documents define a 
“living river” as one that “conveys variable flows 

other sites throughout the county. For example, 
the design for the upcoming Oakville to Oak 
Knoll Restoration project, which runs along 
14.5 km of the Napa River downstream of the 
Rutherford Reach, is very similar to, and draws 
heavily on, successes seen in the Rutherford 
Reach.

Floodplain design in both the Rutherford 
reach and the Oakville to Oak Knoll Reach 
includes floodplain terraces, secondary chan-
nels, in-stream habitat structures, and widened 
riparian zones in areas where levees have been 
set back. Most common are floodplain terraces 
that address the loss of floodplains that occurred 
when historical floodplains became discon-
nected from the river as its bed incised. These 
terraces are graded at the elevation of the 1–2 
year flood interval to allow frequent flooding to 
support riparian vegetation, fine sediment dep-
osition, and reduction in stream velocity and 
erosion. Floodplain terraces generally have a 3:1 
gradient and are 3–10 m wide with length deter-
mined by site conditions. The middle reach of 
the river historically featured sections with 
braided channels. To mimic this feature, flood-
plain secondary channels were constructed by 
excavating abandoned channel beds at slightly 
higher elevations than the main stem. These 
secondary channels will be active during rela-
tively frequent flood events (recurrence interval 
of 1.5–2 years). This allows frequent inunda-
tion, sometimes over long time periods, and 
creates high flow refuges as well as ephemeral 
wetlands as waters recede after flooding. Set-
back levees are constructed in areas where adja-
cent land use or facilities require flood protec-
tion during major inundation events. In some 
areas, setback levees may be part of a “managed 
retreat policy” that gradually expands the ripar-
ian corridor (California Land Stewardship Insti-
tute et al. 2011). Levees may be completely 
removed where local or upstream restoration 
actions have sufficiently lowered flood risk.

All three of the interventions described 
above allow water to slow down and spread out 
during flood events. Geomorphically, func-
tional channel width has been increased, ero-
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ment, resulting in dramatic redevelopment of 
the city center (Huffman 2014).

The Napa River Flood Protection Project is 
similar to the Dutch “Room for the River” pro-
gram (earlier this chapter) in that it uses a mix 
of gray and green infrastructure to lower flood 
risk and features aesthetically pleasing urban 
design of flood-management infrastructure. 
While the green infrastructure features have 
gained most of the attention, the project also 
includes new levees and floodwalls, bypass cul-
verts and channels, bank stabilization meas-
ures, pump stations, and water detention 
facilities.

In the downtown area, flood control, habitat, 
and open space for recreation are coincident at 
several sites. The oxbow bypass channel bed is 
landscaped with native plants and functions as 
a park, concert venue, and pedestrian-friendly 
thoroughfare. A city street crossing the 
upstream end can be closed off with massive 
flood gates during high-flow events. Floodwalls 
serve dual purposes as riverfront walkways. 
New infrastructure is both functional and 
attractive and has been built in a way that high-
lights the river and connects it with the city 
center (Dickson 2015; Urban Design and Aes-
thetics Workgroup 1997).

Estuarine Marshes

Downstream of the Napa River Flood Protec-
tion Project, the estuary meanders for 18 km to 
San Francisco Bay. In the 1900s, islands of 
tidal marsh in this area were diked, drained, 
and managed as industrial salt evaporation 
ponds or hayfields (Grossinger 2012). Today, 
the area is a reserve system encompassing over 
14,000 ha of wetlands managed by a patchwork 
of agencies ranging from the US Fish and 
Wildlife Service to local nongovernmental 
agencies. Managers share the common goal of 
reactivating tidal processes throughout nearly 
the entire historical extent of estuarine marsh. 
Restored tidal marsh plains provide substantial 
additional space for flood waters to spread out. 
Critically, restoring tidal marsh will help coun-

and stores water in the floodplain, balances 
sediment input with sediment transport, pro-
vides good quality fish and wildlife habitat, 
maintains good water quality and quantity, and 
lends itself to recreation and aesthetic values.” 
Explicit Project objectives include attaining 
geomorphic equilibrium with sediment supply 
and transport and river-floodplain connectivity 
(Community Coalition for a Napa River Flood 
Management Plan 1996).

Within the city of Napa, the Project is 
designed to manage a 100 year flood event and 
expands the space available to the river, allow-
ing it to build point bars, spill onto floodplains, 
and establish a vegetated riparian corridor. This 
required removal of dozens of buildings, exten-
sive recontouring of banks, and reconstruction 
of five bridges and two railroad trestles (USACE 
and Napa County Flood Control and Water 
Conservation District 1998). Engineered flood-
plain terraces, floodplain secondary channels, 
and setback levees are incorporated into project 
design at a scale commensurate with the size of 
the river in this reach. For example, floodplain 
terraces on the east bank of the river are 
20–300 m wide and 4 km long. An oxbow dry 
bypass channel, effectively a floodplain second-
ary channel, is 100 m wide and 400 m long. 
Levees and dikes have been breached just 
downstream of the urban area, connecting both 
tidal inundation and flood flows to 490 ha of 
historical marsh floodplain. Reconnecting the 
river to its floodplain and tidal marsh, terracing 
of the marsh plain, and reestablishment of 
native vegetation in these areas have created a 
mosaic of productive habitat in an area that for-
merly featured warehouse yards and alfalfa 
fields (Napa County Resource Conservation 
District 2007; Stillwater Sciences 2013).

With the completion of the project, the Fed-
eral Emergency Management Agency will 
revise flood zone maps to represent reduced 
levels of risk, which will in turn lower flood 
insurance premiums for some residents. The 
enhanced security from floods and improved 
aesthetics have spurred an estimated US$1 bil-
lion in private business and real estate invest-
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amidst over-allocation, persistent drought, and 
social conflict.

Australia is the driest continent on earth 
with the most variable river flows (Wohl 2011). 
The Murray-Darling is the largest river basin in 
Australia (approximately a million square kil-
ometers), has a relatively unpredictable flood 
regime compared to other temperate rivers 
(such as the Sacramento), and highly variable 
annual discharge, ranging from 7 billion cubic 
meters (bcm) to 118 bcm in the past century 
(Richter 2014). Within the basin, three primary 
rivers arise in the Great Dividing Range, near 
the coast of southeast Australia—the Murray, 
the Darling, and the Murrumbidgee—that con-
verge as they flow westward across semiarid 
and arid flatlands. The Murray represents 5% 
of the basin area but half of total discharge 
(Wohl 2011). Due to the relatively unpredictable 
flooding regime, the Murray basin apparently 
lacked fish that were obligate floodplain spawn-
ers, but a number of native fishes opportunisti-
cally used inundated floodplains for spawning, 
rearing, feeding, and dispersal (Wohl et al. 
2011[AQ]).

Paralleling the history of the Sacramento 
River of California (see chapter 12), the Murray 
basin experienced a gold rush in the 1850s that 
led to a dramatic increase in population of the 
basin along with the need to feed that growing 
population, setting the Murray on its path to 
becoming Australia’s “bread basket” (Richter 
2014). Agriculture in the basin required large-
scale irrigation, so reservoirs and other infra-
structure were constructed beginning in the 
1920s (Wohl 2011). Today, reservoirs can store 
up to 3 years of mean annual flow (Richter 
2014) and total diversions have averaged 
40–50% annual outflow. Through this water 
management and conversion of floodplains to 
agriculture, the Murray has become extremely 
important to Australia’s economy supporting a 
quarter of the country’s cattle and dairy, half of 
the sheep, and three quarters of irrigated land 
producing 90% of irrigated crops, along with 
providing water to 3 million people (Richter 
2014).
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teract the impacts of sea level rise, which were 
not accounted for in the design of the Napa 
River Flood Protection Project.

Conclusion

In Napa Valley, projects and policies work 
together to reduce flood risk, restore habitat, 
and provide economic and civic benefits. Ongo-
ing projects are returning 54% of the Napa 
River’s length to a state of greater connectivity 
to floodplains with restored geomorphic proc-
esses. The increase in connectivity and dynamic 
processes are creating a diverse gradient of 
habitats that range from riparian forests to 
estuarine marshes. Floodplains have been cre-
ated and restored in agricultural, urban, and 
industrial landscapes. One of the greatest suc-
cesses has been how the engagement of citi-
zens, supported by local agencies, has led to 
innovative project designs and brought the 
community together around shared interests. 
Projects on the Napa River are reconciling  
environmental goals with agricultural and 
urban land uses, and will have long-ranging 
benefits.

CASE STUDY 6: THE MURRAY-DARLING—
ATTEMPTS TO RECONCILE RIVERS, 
FLOODPLAINS, AND WETLANDS IN 
AN OVER-ALLOCATED SYSTEM

While floodplain restoration typically involves a 
rising river flowing out into forests and wet-
lands, this case study describes efforts to recon-
cile a highly altered river system using a suite 
of approaches far removed from that “natural” 
image. Reconciling the Murray-Darling River 
in Australia involves water markets, impact 
investments, engineering refinements to sys-
tem “plumbing,” and targeted delivery of water 
to floodplain wetlands through canals and even 
pipes. Whether this approach will be sufficient 
to maintain healthy river-floodplain ecosystems 
is still vigorously debated (Pittock et al. 2015), 
but the Murray-Darling River example certainly 
illustrates the quest for innovative solutions 
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to the drought, the Australian Water Act of 
2007 created the Murray-Darling Basin Author-
ity with a mandate to prepare a basin plan, 
along with US$9.7 billion allocated to be spent 
on infrastructure projects, water efficiency, and 
the “buyback” of water rights to provide water 
for restoration.

The basin authority ultimately called for 
2.75 bcm of water buybacks after the original 
proposal of 3 bcm was met with considerable 
protest from agricultural communities. How-
ever, comprehensive studies had concluded that 
more than twice that much water would need to 
be reallocated to the river to maintain healthy 
river-floodplain ecosystems (Pittock 2013; Rich-
ter 2014). Conservation interests and scientists 
motivated, in part, by the goal of using less 
water to achieve restoration outcomes expressed 
further concern that too much emphasis had 
been placed on “Environmental Works and 
Measures” engineering projects facilitating tar-
geted delivery of water to specific wetland sites 
(Pittock 2013).

By 2014, 2.4 out of the 2.75 bcm had been 
bought back through the water market and 
reallocated to environmental purposes (Richter 
2016). The water market also helped the agri-
cultural economy weather the drought by 
incentivizing efficiency and promoting trading 
from lower- to higher-value water uses (Pittock 
2013). Currently more than half of total alloca-
tions in the basin, on average, are actively 
traded (Richter 2016).

As described above, wetland restoration 
projects generally feature targeted delivery of 
water to a site through canals or pipes. This 
precise, managed flooding has allowed scien-
tists to use those events as experiments to study 
floodplain ecosystem responses to interven-
tions. For example, monitoring of one of the 
initial restoration projects, the Barmah Forest, 
found minimal benefits from initial application 
of 100 million m3 and modeling suggested that, 
rather than consistent annual allocations, the 
environmental water should be saved for sev-
eral years and then delivered as a larger flood 
event. This larger allocation, combined with a 

While promoting agricultural productivity, 
storage and diversion of river flows has had con-
siderable impact on the basin’s river-floodplain 
systems in terms of hydrology, geomorphic 
processes, and ecosystems. Low flows have 
been reduced and the flooding regime has been 
altered, producing lower flood peaks with faster 
recession rates. The frequency of spring flood-
ing has declined, the frequency of summer 
flooding increased (Robertson et al. 2001), and 
the frequency and extent of overbank flooding 
has been dramatically reduced. Seasonally 
flooded wetlands have generally become con-
sistently inundated or consistently dry (Wohl et 
al. 2011). By the 1980s, the total outflow from 
the Murray-Darling basin had been reduced by 
40% and, again paralleling the trajectory of the 
Sacramento, native fish species had declined 
dramatically (Richter 2014). Nonnative fish 
species, such as common carp, were common 
(Wohl 2011) and floodplain forests were in 
decline (Mac Nally et al. 2011).

The flow of the Murray-Darling had become 
over-allocated. To address declining ecosystem 
function and other problems, like increased 
soil salinity, diversions were capped in 1995 
and a cap and trade market was introduced (Pit-
tock 2013). Total water consumption was lim-
ited to 11 bcm, approximately the level of 1994 
and, through an initiative called the Living 
Murray, the state and federal governments 
planned to buy back 0.5 bcm to dedicate to res-
toration. Restoration would focus on six iconic 
wetland sites that were important to Aboriginal 
people with managed delivery of water to wet-
lands through canals or pipes (Richter 2014).

Just as this attempt at ecological reconcilia-
tion got underway, Australia was hit by the 
onset of the Millennium Drought, so called 
because its timing flanked the turn of the mil-
lennium. For much of Australia, the drought 
persisted from 1997 to 2009. As the drought 
settled in, the Murray-Darling basin experi-
enced depleted reservoirs, dramatically lower 
flows, and widespread ecosystem decline, with 
80% of red gum floodplain forests showing 
stress (Richter 2014; Wohl 2011). In response 
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benefits within a system that is dramatically 
altered, including widespread nonnative 
species.

The active water markets within the basin 
allowed for the development of another tool for 
the reconciliation toolbox. In 2015, the Nature 
Conservancy, the Murray Darling Wetlands 
Working Group, and Kilter Rural (an asset 
management firm) launched a Water Sharing 
Investment Partnership (WSIP). The WSIP 
raised funds (US$21 million) to acquire, man-
age, and trade a pool of water rights. The funds 
were drawn primarily from impact investors 
(those who expect a return but invest funding 
to promote a socially beneficial outcome), 
although government or philanthropic money 
could be added. The majority of the WSIP’s 
water will be sold or leased within the agricul-
tural community, providing a return for the 
investors. The remainder of water will be 
donated to an Environmental Water Trust to 
implement specific “environmental watering” 
events. The WSIP is aiming for investments of 
US$77 million to manage 40 million m3 of 
water and provide targeted flows to thousands 
of hectares of wetlands, particularly those not 
receiving water from government programs. 
This approach is self-funding and does not 
require continued government or philanthropic 
funding, and so can complement the larger 
effort to reconcile the rivers and floodplains of 
the Murray-Darling.

large natural flood, produced significant bene-
fits for waterbirds in 2000–2001.

Robertson et al. (2001) studied 6 years of 
managed flooding and found that summer 
floods promoted growth of river red gums, 
while spring flooding promoted aquatic pri-
mary production, such as macrophytes and 
biofilms. Beesley et al. (2014) studied 26 dis-
crete watering events, evaluating how fish 
abundance varied with wetland (e.g., habitat) 
and water delivery characteristics (e.g., source, 
timing, duration). They found that delivery 
mode of the source of water had a large influ-
ence with fish abundance greatest when deliv-
ery was more “natural” (from the river, deliv-
ered from a channel, at a time appropriate for 
spawning) rather than artificial (sourced from 
an irrigation channel, delivered through pipes). 
They pointed out that watering events were 
often focused on a specific goal, such as restor-
ing forests, without considering other resources 
such as fishes. For example, the precise delivery 
of water, through pipes and culverts, often pre-
vented fishes from migrating to and from the 
floodplain.

Debate continues as to whether these efforts 
will be sufficient to maintain healthy river-
floodplain ecosystems, particularly in the face 
of a changing climate (Pittock 2013). Clearly, 
the Murray-Darling represents a long-term 
attempt at reconciliation, with highly managed 
interventions attempting to increase ecological 
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Focusing on the Central Valley also allows 
us to integrate all the major themes in the  
book into one case study: how biophysical proc-
esses create ecosystem services, how manage-
ment has changed those processes over time, 
and how management and ecosystem services 
can be reconciled. By looking closely at one 
system—through various lenses, including bio-
physical, historical, and social—we can draw 
lessons that apply more broadly to temperate 
floodplains across the world.

In this chapter, we review Central Valley cli-
mate and hydrology, describe the immense, 
dynamic floodplain system that once existed 
there, and summarize the history of change 
since the Gold Rush (approximately 1850). We 
finish by estimating the current extent and con-
dition of floodplain habitat.

CENTRAL VALLEY CLIMATE AND 
HYDROLOGY

California has a Mediterranean climate (Gasith 
and Resh 1999), with nearly all precipitation 
falling between October and April, and thus 

Chapters 12–14 present an extended case 
history of interactions between people and 

floodplains in California’s Central Valley. One 
reason we feature this area is our own familiarity 
with this system. It is a large floodplain system 
about which we know a great deal, knowledge 
that can be applied to other systems. But the 
Central Valley floodplain system is of interest in 
its own right due to the economic, social, and 
environmental significance of its floodplains. 
The Central Valley has a flooding regime that is 
fairly predictable in annual timing but highly 
unpredictable in duration and volume, creating a 
shifting mosaic of floodplain wetlands, water-
ways, and forests. The predictability of flooding 
gave rise to impressive aggregations of fish and 
wildlife that relied on these seasonally inundated 
habitats: Central Valley floodplains are a major 
reason that the Pacific Flyway for waterfowl and 
other birds exists (Garone 2011[AQ]) and huge 
runs of salmon and other migratory fishes 
(Moyle 2002) took advantage of the productivity 
in the vast wetlands. These abundant resources 
in turn helped to support dense populations of 
native peoples living in or near the Valley.
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Modoc Plateau to the north. The diverse range 
of physical environments and hydrological 
regimes within these contributing areas adds to 
the diversity of floodplain processes in the Cen-
tral Valley.

Precipitation in the Central Valley watershed 
varies greatly spatially, within and between geo-
morphic provinces. In general, precipitation 
increases with elevation, exhibiting an oro-
graphic effect (figure 12.2). Precipitation also 
varies from west to east and from north to 
south. The Coast Ranges form a rain shadow 
such that the Central Valley receives less rain 
than the coastal areas to the west of the ranges. 
The Sacramento Valley in the north is relatively 
wet in contrast to the San Joaquin Valley in the 
south. However, the higher elevation southern 
Sierra Nevada receives more snowfall than the 
lower elevation northern Sierra, leading to pro-
longed spring snowmelt flows in rivers drain-
ing the southern mountains.

the state has a long dry season that extends over 
half the year (figure 12.1). Total precipitation 
can vary greatly between years (figure 12.2). 
Most years are either well above or well below 
the average, suggesting that “normal” is an elu-
sive concept for California precipitation.

The Central Valley is the largest watershed 
in California, with the south-flowing Sacra-
mento and north-flowing San Joaquin Rivers 
converging in an inland Delta and draining 
toward the Pacific Ocean through the San Fran-
cisco Estuary. The total area of the basin drain-
ing through the Delta encompasses approxi-
mately 160,000 km2, or 42% of California’s 
land area (The Bay Institute 1998; James and 
Singer 2008). Tributaries to the Central Valley 
drain numerous geomorphic provinces includ-
ing the Sierra Nevada range along the eastern 
and southeastern margins, the Coast Ranges 
along the western and southwestern margins, 
and the Klamath and Cascade Mountains and 
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FIGURE 12.1 The average proportion of annual precipitation that falls each month in 
Sacramento, California.[AQ]
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the Sierra Nevada. The large floods of 1964, 
1986, and 1997 were all associated with this 
meteorological pattern (Roos 2006). In most 
winters, almost all precipitation comes in 2–4 
large storms, delivered by “atmospheric rivers,” 
which can create prolonged flooding if rain or 
snow falls over an extended period (Florsheim 
and Dettinger 2015). Particularly large flood 
events are generated when warm rain falls on 
previously accumulated snow—a “rain-on-
snow” event (Carle 2004).

The Central Valley watershed can generate 
extremely high volumes of runoff and flood 
waters; the maximum recorded flood discharge 
for the Sacramento (17,500 cms in 1986 [Roos 
2006]) is approximately 20% of the magnitude 
of the Mississippi’s maximum flood even though 
the Sacramento drainage area is only 2% of that 
of the Mississippi. Due to the considerably 
smaller drainage area, the Sacramento’s flood 
peaks arrive much quicker than floods in the 
Mississippi (James and Singer 2008). The larg-
est recorded flood on the San Joaquin was 2200 
cms in December 1950, just over 10% of the Sac-
ramento’s largest recorded flood (Roos 2006).

Central Valley flood flows are generated by 
winter rainfall, or rain-on-snow events, and 
spring snowmelt. Winter storms generally pro-
duce distinctive high peak discharges with short 
durations, while snowmelt f loods produce 
smaller, more gradual, and sustained floods (fig-
ure 12.3). Historically, floodplains could become 
inundated by winter rain beginning in Novem-
ber. These rain events could produce relatively 
rapid inundation, followed by somewhat longer 
draining periods. By contrast, the melting of the 
Sierra Nevada snowpack, which typically 
extended from April through June (Dettinger 
and Cayan 1995), historically led to sustained, 
low-magnitude flooding within the lowland 
flood basins and floodplains of the system.

The largest floods are produced by storms 
arriving from the southwest and this storm 
track is sometimes called the “pineapple 
express” because the storms begin in the 
Pacific near Hawaii. Because these storms 
originate in areas with warm water, they can 
have very high moisture content, leading to 
intense precipitation as the warm air masses 
are forced upward over the Coast Ranges and 
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FIGURE 12.2 Annual precipitation between 1870 and 2000[AQ] for Sacramento and Nevada City (113 km north of 
Sacramento and 760 m higher in elevation) with horizontal lines indicating annual average precipitation.[AQ]
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ramento River (“meandering river floodplain”) 
and the floodplain within the lowland flood 
basins along the Sacramento River downstream 
of Stony Creek (“flood basins”). In these sec-
tions, we describe major habitat features and 
synthesize the geomorphic and ecological proc-
esses that created them. We also describe which 
features were frequently inundated and capable 
of providing ecological benefits during “flood-

HISTORIC CONDITIONS OF CENTRAL 
VALLEY FLOODPLAINS

Central Valley floodplains displayed a changing 
continuum of surfaces, features, and habitats as 
rivers flowed out of adjacent mountain systems 
on either side of the valley, into the valleys and 
eventually to the Delta (see figure 1.3). Below 
we focus on two broad types of floodplain: the 
floodplain along the meandering northern Sac-
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FIGURE 12.3 Average annual precipitation across California (CalAtlas 2012).

Opperman - Foodplains.indd   160 23/03/17   3:12 PM



central valley floodplains     161

sand to more cohesive silt and clay), these rivers 
transitioned from meandering channels to 
channels with fairly stable planforms (The Bay 
Institute 1998). South of Colusa, channel 
capacity of the Sacramento decreased dramati-
cally from 7000 to 2000 cms (Singer et al. 
2008) such that the channel capacity was only 
approximately one-tenth of the largest flood vol-
umes (James and Singer 2008). Due to the 
reduced channel capacity, during high flows a 
large volume of water left the main-stem chan-
nel and entered a series of flood basins that 
flanked the Sacramento (Kelley 1989). Gilbert 
(1917) and Bryan (1923) first described these 
flood basins, identifying six topographically 
distinct basins (Butte, Colusa, Sutter, Yolo, 
American, and Sacramento Basins; figure 12.3) 
that covered approximately 260,000 ha (The 
Bay Institute 1998). The basins occupied the 
low-lying areas between the natural levees 
along the river channels and the alluvial fans 
emanating from the Sierra and Coast Range 
mountains. For example, the Yolo Basin was 4 
m lower than adjacent levee crests (Philip Wil-
liams and Associates 2003).

River flow into the basins historically began 
approximately 32 km north of Colusa into the 
Butte Basin. There were numerous breaks in 
the natural levees of the Sacramento River and 
major tributaries, providing connections 
between the main river channels and the chan-
nels and floodplains within the flood basins 
(Kelley 1989). The flood basins supported a 
diverse range of geomorphic features such as 
smaller alluvial levees, sand splays, channels, 
and wetlands (Florsheim and Mount 2002, 
2003) and deltas formed by tributary flows 
(Florsheim et al. 2011).

The banks of the Sacramento River south of 
Colusa were characterized by broad, natural 
levees that formed during overbank f lows 
because larger, heavier sediment particles were 
deposited first and closest to the channel (Kati-
bah 1984; The Bay Institute 1998; Knighton 
1998). Natural levees were 2–7 m in height 
(James and Singer 2008) and ranged between 3 
and 5 km in width (Scott and Marquiss 1984). 

plain activation floods” (sensu Williams et al. 
2009).

Meandering River Floodplains

The Sacramento River between Colusa and Red 
Bluff historically meandered across its floodplain, 
in a classic configuration of this floodplain type. 
The river here can be characterized as an alluvial 
river with noncohesive banks and moderate 
stream power that meandered across a floodplain; 
channel gradients are moderate (1–2%) but are 
higher than the channel gradients downstream. 
Other examples of this floodplain type include 
portions of the San Joaquin Valley and tributaries 
of the Sacramento and San Joaquin Rivers (e.g., 
Feather, Yuba, Tuolumne, and Merced Rivers). 
Meander migration (chapter 3) created a mosaic 
of successional stages supporting diverse, 
dynamic habitats (Larsen and Greco 2002). 
These included patches of forest with a range of 
age classes and species and various aquatic habi-
tats, including open water, sloughs, and peren-
nial marsh. Complex channels, with numerous 
side channels and links to off-channel water bod-
ies, provided complex habitat for resident fishes 
such as Sacramento perch and thicktail chub.

The portion of the floodplain that was fre-
quently inundated and connected to the river 
was composed of patches of riparian vegetation, 
secondary channels, and off-channel water 
bodies. Fish likely utilized this mosaic of habi-
tats when floodplains became inundated and 
connected to the river. Sacramento splittail, 
Sacramento perch, and other native fishes 
spawn on submerged terrestrial vegetation 
(Moyle 2002) and thus would have utilized 
open areas of the mosaic for spawning. The 
complex channels, with numerous side chan-
nels and links to off-channel water bodies, 
likely provided diverse and complex habitat for 
rearing Chinook salmon and steelhead.

Flood Basins

Based on changes in slope and dominant sub-
strate (moving from less cohesive gravel and 
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mento flowed eastward into the basin (Kelley 
1989, p.115).

The six basins acted something like a reser-
voir, temporarily storing and then releasing 
over 5 billion cubic meters (bcm; 4 million acre-
feet) of water (The Bay Institute 1998; citing 
Grunsky 1929). This storage, which was 
roughly four times the capacity of modern-day 
Folsom Reservoir, reduced the stage height of 
floods in the main river channel and, through 
seasonal retention of large volumes of flood 
waters, dramatically increased residence time 
of water in wetlands. As a result of this storage 
in basins, peak outflow through the estuary 
was delayed by 1–2 months (The Bay Institute 
1998; figure 12.4). The basins had poorly 
drained soils with high clay content so surface 
water remained for long periods of time (The 
Bay Institute 1998). The early descriptions of 
the Sacramento River (in Davidson et al. 1896; 
Cook 1960) indicate that return flows from 
flood basins and wetland areas continued well 
into the late summer.

During periods when Sacramento River 
flows were too low to enter the basins, basins 
could still be inundated from tributaries that 
entered them through distributary channels. 
The natural levees of the Sacramento River 
helped to retain tributary flood waters within the 

Historically, these natural levees were not fre-
quently overtopped and inundated, as evi-
denced by the fact that they were the locations 
of Native American and early European settle-
ments (Stutler 1974[AQ]; Kelley 1989). During 
winter and spring of most years, water left the 
main river through channels (“sloughs”) and 
levee breaks that connected the main channel 
and the flood basins. Flow from the flood basins 
reentered the river (or other basins) through 
sloughs or flowed into the Delta; however, the 
basin’s wetlands often held water for months.

The Feather River also built natural levees, 
which were breached during avulsions, creat-
ing sloughs that diverted flood waters into the 
basins. Early settlers along the Feather River 
described “a ridge of high ground running 
along the edge of the river all the way up with 
the exception of narrow passages or cuts, 
through which the water flows” (Kelley 1989, 
p.92). The principal “cut” the settlers described 
was Gilsizer Slough, which conveyed high 
flows from the Feather River into the Sutter 
Basin. The Sutter Basin also received flows 
from Butte Sink, flowing through a channel 
between the Sutter Buttes and the natural 
levees of the Sacramento and then Butte 
Slough, a channel that was 30 m wide and 10 m 
deep through which flood waters of the Sacra-
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productive Yolo Bypass water today does not 
make a significant contribution to the carbon 
budget of the Delta. However, the historic flood 
basins had an area an order of magnitude 
greater than the current Yolo Bypass and these 
basins drained slowly compared to the Bypass. 
Thus, through this vast area and long residence 
time, the basins very likely boosted food webs 
both directly—fish and other organisms fed 
within the basins when flooded—and indirectly, 
with the downstream export of organic carbon, 
detritus, phytoplankton, invertebrates, and fish. 
This productivity helps explain the immense 
salmon runs, dense populations of resident fish, 
and huge flocks of wintering waterfowl that 
once characterized the Central Valley (Cun-
ningham 2010). These animal populations 
likely served as important sources of protein for 
California’s indigenous people and the Central 
Valley once supported one of the densest popu-
lations of Native Americans in North America 
(Brown and Moyle 2005).

HISTORIC EXTENT OF CENTRAL 
VALLEY FLOODPLAINS

It is broadly acknowledged that the Central Val-
ley once encompassed a considerable extent of 
floodplain, and that the current extent is a 
small fraction of the historic area (figure 1.3). 
However, deriving an estimate of the historic 
extent of floodplain compared to current extent 
is difficult because historical accounts and 
methods for characterizing floodplains differ 
and because floodplains are defined in numer-
ous ways: hydrologically, geomorphically, and 
ecologically (chapter 1). Here we review esti-
mates of historic floodplain extent, acknowl-
edging limitations of comparing these esti-
mates with current estimates.

Katibah (1984) estimated that in 1848 the 
Sacramento Valley had 324,000 ha (800,000 
acres) of riparian forest, a key indicator of flood-
plain, and he conservatively estimated that the 
entire Central Valley contained approximately 
373,000 ha (921,000 acres) of riparian forest. 
The Bay Institute (1998) estimated the Central 

basins. These tributaries included Putah and 
Cache Creeks in the Yolo Basin, the Cosumnes 
and Mokelumne Rivers in the Sacramento 
Basin, and Butte Creek in Butte Basin (Katibah 
1984; The Bay Institute 1998). Inundation could 
also occur through direct precipitation and high 
water tables in the basins. Sacramento River 
floods that entirely filled the basins occurred in 
approximately 20% of years (Singer et al. 2008).

The lowest elevation portions of the flood 
basins were occupied by tule marshes. These 
were flooded very frequently and for long dura-
tions, often holding water through summer. 
Surrounding the tule marshes were fringes of 
willow forest (Philip Williams and Associates 
2003). Riparian forests grew on the natural 
levees and other topographic high points on the 
floodplain (e.g., sand splays) in part because 
these surfaces were inundated less frequently.

These flood basins provided diverse and 
extensive habitat, including seasonal and perma-
nent wetland, channels, and riparian forest of 
varying successional stages, for both terrestrial 
and aquatic species. Fish species, such as Sacra-
mento splittail, would have entered the basins 
from the estuary or river and spawned on sub-
merged vegetation (Moyle 2002). Juvenile Chi-
nook salmon likely also entered from the river to 
feed and rear in the channels and shallow water 
of the marshes, similar to what is observed in 
today’s Yolo Bypass (chapters 8 and 13).

Long-duration spring flooding can promote 
high production of algal carbon (chapter 7) and 
the historic system of flood basins provided an 
immense area with long residence times for 
algal productivity. It is likely therefore that the 
basins were an important source of carbon for 
the San Francisco Estuary (Sommer, Harrell, 
Kurth et al. 2004). For example, during wet 
years, the inundated Yolo Bypass (a remnant of 
the historic Yolo Basin) effectively doubles the 
wetted area of the Delta (Jassby and Cloern 
2000) and, as it drains, the Bypass can poten-
tially export water with high levels of biologi-
cally available carbon (Sommer, Harrell, Kurth 
et al. 2004). However, Jassby and Cloern (2000) 
suggested that, on a volumetric basis, the highly 
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during the dry season and hunting waterfowl 
and mammals such as beaver and elk. In fact 
the natural landscape of the Central Valley has 
been continuously influenced by people for at 
least 6000 years (e.g., Manfree 2014, for 
Suisun Marsh). The Spanish and Mexicans ran 
semiwild cattle throughout the Valley, which 
probably had grazing impacts on wetlands, and 
killed grizzly bears, which may have had impor-
tant influences on floodplain ecosystems as a 
top predator and through their digging behav-
ior. However, the systematic removal of beaver 
from the Valley by trappers may have had the 
most dramatic effects on wetlands. Tappe 
(1942) noted that the Hudson’s Bay Company 
sent “fur brigades” of up to 200 trappers in the 
Central Valley in the first half of the nineteenth 
century and as a result the once abundant bea-
vers were nearly extirpated from the state. Bea-
ver dams create shallow, low-velocity habitat off 
the main channel in Central Valley rivers which 
provide favorable habitat for native fish, espe-
cially salmonids. Pollock et al. (2004) reported, 
for example, that the loss of beavers dramati-
cally reduced floodplain rearing habitat for sal-
monids on the Stillaguamish River in Wash-
ington. The loss of beaver altered floodplains 
throughout North America, because their dams 
created wetlands that slowed runoff, retained 
water in ponds, deposited sediment, killed 
trees, and caused other habitat alterations 
(Naiman et al. 1988). The alteration by beaver 
of the landscape was so extensive—and their 
extirpation by trappers was complete—that it is 
difficult to fully appreciate their former impor-
tance to floodplain systems.

Late Nineteenth-Century Changes

Discovery of gold led to a dramatic increase in 
California’s non-Indian population (Scott and 
Marquiss 1984). The Gold Rush, especially 
hydraulic mining, had a major influence on the 
Central Valley and its river-floodplains systems 
directly, through massive sedimentation, and 
indirectly, through population growth and sub-
sequent land-use changes. Many miners recog-

Valley (not including the Tulare Basin) encom-
passed 400,000 ha of riparian areas, based on 
soil types, with a smaller portion of that cov-
ered by riparian forest at any given time. The 
remainder would have been occupied by grass-
land, oak woodland, and oak savanna. Shelton 
(1987; citing Kuchler 1977) reported that his-
torical riparian forest in the Sacramento Valley 
was 200,000 ha with the entire Central Valley 
(including Tulare Basin) encompassing 
314,000 ha. The Chico Central Valley Histori-
cal Mapping Project (2003) estimated 408,000 
ha of riparian forest in the entire Central Valley 
in 1900. Thus, valley-wide estimates for ripar-
ian forest range from 314,000 to 408,000 ha.

The flood basins of the Sacramento Valley 
were estimated to have occupied 260,000 ha 
(The Bay Institute 1998; citing Clapp and Hen-
shaw [1911]). Flood basins were comprised of a 
mix of tule wetland, open water, and riparian for-
est. Large expanses of less frequently flooded 
floodplain wetlands existed outside the flood 
basins. Estimates of total extent of Central Valley 
wetlands, including the Tulare Basin, range from 
520,000 ha (Mandeville 1857) to 1.6 million ha 
(Garone 2011). The latter estimate is about 28% 
of the total surface area of the Central Valley. 
Though these estimate vary widely, they consist-
ently support the conclusion that floodplains and 
associated plant communities in the Central Val-
ley once covered much of the Valley floor.

CENTRAL VALLEY FLOODPLAINS:  
A HISTORY OF CHANGE

Numerous studies have reported on the dra-
matic losses of various habitat types within the 
lowland Central Valley, with losses of several 
habitat types exceeding 90% (table 12.1). This 
section reviews the processes that converted or 
degraded Central Valley floodplain habitats.

Pre-Gold Rush Changes

The Central Valley once supported dense popu-
lations of native peoples who influenced flood-
plains by burning grasslands and wetlands 
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by hydraulic mining sediment or to channels 
prior to advent of hydraulic mining. Removal of 
wood, particularly large wood jams, has 
reduced the frequency of overbank flooding in 
other rivers (Montgomery et al. 2003). As early 
as 1868, settlers commented on lack of availa-
ble wood in the valley, indicating the extremely 
depleted status of riparian forests only 20 years 
after the Gold Rush began (Thompson 1961).

Initial Flood-Control Efforts and 
the Gold Rush

In his classic book “Battling the Inland Sea: 
Floods, Public Policy, and the Sacramento Valley,” 
Robert Kelley (1989) chronicled the long strug-
gle between the Central Valley’s settlers and its 
floods. Kelley describes how the Valley popula-
tion and governments were slow to realize the 
intensity and frequency with which their new 
home was subject to flooding. For example, Kel-
ley wrote that after a massive flood inundated 
the new city of Sacramento in 1850, the experi-
ence did not leave city leaders “appalled and 
humbled by their experience but instead confi-
dent that the problem could be promptly mas-
tered.” The Sacramento newspaper, Placer 
Times, noted that “it will be seen that Sacra-
mento City can be easily protected against inun-
dations, and that, too, at comparatively small 
expense” (Kelley 1989, p.11). This confident 

nized that the Valley offered more reliable 
resources than the gold fields and agriculture 
greatly expanded, ultimately leading to demand 
for irrigation and flood control (Mount 1995).

As the Valley was settled, riparian areas 
were cleared for agriculture because of their 
high-quality soil and low frequency of inunda-
tion compared to the flood basins (Scott and 
Marquiss 1984). The steamships that began to 
serve Valley communities caused riparian for-
ests to be felled for fuel (Katibah 1984). Snag-
ging—the removal of logs and other large wood 
from channels to reduce obstructions to naviga-
tion—also reduced riverine habitats. Sedell et 
al. (1990) estimated that, to improve naviga-
tion, the US Army Corps of Engineers removed 
approximately 90 “snags” per kilometer from 
the Sacramento River. Based on the dynamics 
of wood in large rivers, each snag was likely not 
an individual log but a mass or jam of multiple 
logs (Swanson 2003).

Not only did removing wood reduce habitat 
complexity of river channels, but also loss of 
large volumes of wood may have reduced fre-
quency of overbank flows. Williams (2006) 
quotes John Bidwell as testifying in 1883 that  
“I can speak generally that our streams there 
are less likely to overflow than formerly from 
the fact that we cut out the drifts from them,” 
with “drifts” referring to logs and log jams. Bid-
well was likely describing channels not affected 

TABLE 12.1
Estimates of f loodplain and wetland habitat loss from the Central Valley

Habitat Degree of loss Reference

Central Valley riparian forests 89% Barbour et al. (1991)

Central Valley riparian forests 99% destroyed within 100  
years of settlement

Reiner and Griggs (1989)

Sacramento riparian and 
bottomland forests

90–98% Garone (2011)

Tule marsh (includes Delta) 69% Barbour et al. (1991)

Central Valley interior wetlands 94–96% Reffalt (1985); Kreissman and 
Lekisch (1991)[AQ]

All Central Valley wetlands 91% Garone (2011)
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ning back to the local level, with counties given 
responsibility for flood-control within their bor-
ders. However, the legislature instructed coun-
ties to strive to align flood-control works with the 
natural flow and drainage features of the valley. 
The Green Act of 1868 further extended this 
local devolution, giving flood-control authority to 
local and self-defined districts. The Green Act 
had been written by William Green, a newly 
elected assemblyman, editor of the Colusa Sun, 
and former surveyor of Colusa County. The 
Green Act precipitated a rapid transfer of flood-
basin land from the state to private landowners 
(Kelley 1989).

In a countervailing trend to the broader nar-
rative of “battling the inland sea,” Kelley 
describes that some landowners within the Val-
ley actually perceived the floods as beneficial 
rather than harmful. Many landowners real-
ized that the floods served as free irrigation, 
particularly for farms on former grassland or 
riparian lands that were somewhat higher than 
the flood basins. Others noted that periodic 
floods deposited nutrient-rich soil and killed 
rodents that, if left unchecked, became agricul-
tural pests. Other landowners utilized the tule 
marshes of the flood basins as grazing land for 
cattle during the Valley’s hot, dry summers 
(Kelley 1989). Thus, the Central Valley flood-
plains were being utilized for recessional agri-
culture and pasture, similar to how floodplains 
are currently used in Africa and Asia (Opper-
man et al. 2013).

Despite these beneficial uses of natural 
floodplains, the Green Act and subsequent dra-
matic expansion of agricultural landowners led 
to a period characterized by “levee wars”—
complete with late-night dynamite raids and 
vigilante gangs—as various districts and indi-
viduals strived to prevent flooding of their 
lands, often to the direct detriment of adjacent 
landowners or those on the opposite bank.

Meanwhile, even as the settlers were failing 
to grasp the size of floods that the Sacramento 
and its tributaries could produce, flooding was 
being exacerbated by hydraulic mining. 
Hydraulic mining originated in the Sierra 

statement would prove to be wildly unrealistic 
and, in fact, even today, Sacramento is consid-
ered to be one of the most flood-vulnerable 
major American cities (James and Singer 
2008).

Immediately after California achieved state-
hood, the US Congress passed the Arkansas 
Act (1850), which gave California, and other 
states, title to all “swamp and overflowed” land 
within their borders, and required that the 
states invest funds from selling the land into 
actions to improve the land for agriculture, 
such as drainage. California did not pursue a 
centralized reclamation strategy but, instead, 
required purchasers of swampland—in the 
Central Valley, this referred to the f lood 
basins—to sign an affidavit that they would 
undertake such activities (Kelley 1989).

Criticism of this policy emphasized that 
individual efforts at drainage and flood control 
had no chance at success against the large 
floods that could turn the Valley into an “inland 
sea.” In response, the California legislature 
passed a bill in 1861, creating the Board of 
Swamp Land Commissioners. The board was 
tasked with promoting larger-scale drainage 
and f lood-control projects that would be 
designed to correspond to natural features of 
topography and flow rather than corresponding 
to individuals’ property boundaries. To do this, 
the board authorized the formation of districts, 
which were a new government entity that could 
raise taxes from within the district and apply 
the funds to drainage and flood control (Kelley 
1989). The districts were to encompass a unit 
of land “susceptible to one mode or system of 
reclamation . . . within natural boundaries,” 
which included features such as an entire flood 
basin (Kelly 1989, p.48). Though able to work 
on much more systematic basis than individual 
landowners, the districts soon realized that 
they did not have sufficient funding, engineer-
ing expertise, or understanding of the Valley’s 
hydrology to effectively prevent the basins from 
flooding (Kelley 1989).

The districts’ failures combined with political 
changes led to a devolution of flood-control plan-
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Evolution of Current Floodplain Use

While the Keyser Decision facilitated transition 
to more systematic flood control for the Sacra-
mento Valley, debate broke out over the best 
approach to accomplish this. Owners of large 
properties within the flood basins favored a sys-
tem that would prevent overflow from the river 
into the basins, and this “levees-only” approach 
was consistent with standard engineering prac-
tice of the day. Flanking the main channels 
with constructed levees was also consistent 
with the goal of hastening the movement of 
hydraulic mining sediment downstream, and 
so levees were placed close to the channel to 
promote scouring and downstream transport of 
sediment (James and Singer 2008). Although 
most landowners and engineers favored this 
approach, Will Green asserted that the volume 
of water produced by the Sacramento and 
Feather Rivers during flood could never be con-
tained between levees and, instead, portions of 
the flood basins should be designated for man-
aging flood waters (Kelley 1989).

Several decades of continuing levee failures, 
exacerbated by inadequate design and poor con-
struction materials (Scott and Marquiss 1984), 
made clear that the system was not working. In 
the mid-1890s, A. H. Rose was appointed State 
Commissioner of Public Works. He reviewed 
the Sacramento Valley’s flood defenses and 
concluded, “the prime cause of failure has been 
the same throughout, namely: the endeavor to 
construct through individuals or small dis-
tricts, and without unity of action, the integral 
parts of a vast drainage and protection system, 
itself without design or conception” (Kelley 
1989, p.238). Rose commissioned a study, 
which found that Sacramento River floods 
could not be contained between levees but must 
be allowed to overflow in some locations. The 
report observed that this overflow was needed 
to accommodate relatively frequent flood events 
and outlined a system of weirs that allowed 
flood waters to enter bypasses, located within 
flood basins. The report solidified support for a 
multichannel approach that included bypasses 

Nevada foothills near Nevada City in 1853, 
approximately 100 km north of the city of Sac-
ramento. This mining entailed directing high-
pressure streams of water from cannon-like 
“monitors,” or nozzles, onto hillsides, turning 
soil and rock into slurry from which gold could 
be extracted (figure 12.5). Hydraulic mining 
expanded throughout the Yuba, Bear, and 
Feather River basins, all tributaries to the Sac-
ramento River, and immense volumes of sedi-
ment were washed into the river canyons of the 
Sierra Nevada mountains and foothills. The 
fine sediment moved quickly and continuously 
as suspended load and began to be deposited in 
San Francisco Bay and the low gradient por-
tions of Valley rivers, impeding navigation as 
early as 1856. Coarser sediment moved during 
winter f loods and was deposited in river 
canyons and on Central Valley floodplains (Kel-
ley 1989).

It is estimated that hydraulic mining deliv-
ered over a bcm of sediment into the Central 
Valley. The Yuba, Bear, and Feather Rivers expe-
rienced rapid aggradation, as did the Sacra-
mento below its confluence with the Feather 
(James and Singer 2008). Channel beds rose by 
as much as 6 m, greatly exacerbating flooding 
(figure 12.6), and the consequent deposition of 
sediment across farm fields removed nearly 
20,000 ha of farmland from production (Scott 
and Marquiss 1984). Fragmented attempts to 
hold back the wave of sediment were no more 
successful than fragmented efforts at halting 
inundation of the flood basins (Kelley 1989).

Key legal decisions put a halt to both the 
levee wars and the hydraulic mining, setting 
the stage for the Valley’s current flood-manage-
ment system. In 1876, the Keyser Decision by a 
federal court held that landowners could not 
redirect flows in ways that harmed other land-
owners (Kelley 1989). In the Sawyer Decision 
of 1884, a federal court decided that hydraulic 
mining was causing undue harm to Valley 
landowners, and decreed that hydraulic miners 
could only continue if miners could contain 
their sediment. This decision effectively ended 
hydraulic mining.
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FIGURE 12.5 Hydraulic mining methods used in the Sierra Nevada range washed 
tremendous volumes of sediment into Central Valley streams (Watkins 1800s, courtesy 
of the Bancroft Library).

FIGURE 12.6 A street in Sacramento, California, during the flood of 1861–1862 
(Lawrence and Houseworth ca. 1862, courtesy of the Bancroft Library). 
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figure 12.8). In the next section, we summarize 
estimates of the degree of loss of Central Valley 
floodplain habitats and the current extent, and 
the effects that this loss and flow alteration 
have had on floodplain habitats and processes.

Managing flood risk in the Central Valley is 
challenging. Flood recurrence intervals have 
been generally underestimated (James and 
Singer 2008, citing NRC and James 1999) even 
as flood magnitudes are forecast to increase due 
to climate change (Hayhoe 2004; Das et al. 
2011). Sedimentation in the bypasses (Singer et 
al. 2008), deterioration of constructed levees, 
erosion, and a maintenance backlog for levees 
and other structures contribute to rising flood 
risk. Finally, population growth in the Central 
Valley places more people at risk from flooding. 
For example, the population living behind 
levees in three Central Valley counties near Sac-
ramento in 1990 was approximately 800,000. 
By 2005, this population had increased to over a 
million and is forecast to reach 1.3 million peo-
ple by 2020 (Independent Review Panel 2007; 
Burton and Cutter 2008).

CHANGES TO CENTRAL VALLEY 
FLOODPLAINS

Changes to Hydrology

The system of dams and reservoirs built for 
water supply, flood control, and hydropower 
have dramatically changed the flow regime of 
Central Valley rivers, including the f lood 
regime. Reservoirs in the Sacramento and San 
Joaquin Valleys collectively maintain 6.4 bcm 
of flood storage. Nearly all locations in the Sac-
ramento Valley show a significant reduction in 
the peaks of the small, frequent flood events, 
because these can be easily stored within reser-
voirs. Many of the dams, such as Shasta on the 
Sacramento River and Oroville on the Feather 
River, are capable of storing moderate to large 
floods and thus reduce the peaks of larger, less 
frequent floods (see figure 13.1). For example, 
the magnitudes of the 10 and 100 year floods 
on the Sacramento River at Bend Bridge (83 km 

and, in principle, outlined the coordinated sys-
tem that eventually was constructed (James 
and Singer 2008).

Two large floods, in 1907 and 1909, galva-
nized state government to fund flood control. 
Then the US Congress passed the Flood Con-
trol Act in 1917, authorizing a direct federal role 
in flood control with a federal cost contribution 
of 50%. The act specifically authorized a Sacra-
mento River Flood Control Project (SRFCP), 
which was mostly built between 1918 and 1944 
(James and Singer 2008).

The current SRFCP consists of 1760 km of 
levees along river channels, including the Sac-
ramento below Ord Ferry, and along portions of 
the Feather, Yuba, Bear, and American Rivers, 
and a few smaller channels. The system also 
includes five weirs that direct flood flows into a 
system of overflow areas that occupy portions 
of the historic flood basins, including the Butte 
Basin and the Tisdale, Sutter, Yolo, and Sacra-
mento Bypasses (figure 12.7). The Tisdale and 
Sacramento Bypasses are relatively small fea-
tures that convey water into the much larger 
Sutter and Yolo Bypasses, respectively.

From the 1940s to the 1970s, multipurpose 
reservoirs—providing f lood control, hydro-
power, and water storage—were built on nearly 
every river entering the Central Valley, primarily 
through the Central Valley Project (federal gov-
ernment) and the State Water Project (California 
government; Hundley 1992). These reservoirs 
have aggregate storage volumes of 12.9 bcm for 
the Sacramento Valley and 10.1 bcm for the San 
Joaquin, with 3.5 and 2.9 bcm of that storage 
dedicated to flood control in each basin, respec-
tively. Flow regulation, storage, and diversion 
resulted in major alterations to the hydrology of 
Central Valley rivers, described in a subsequent 
section.

The cumulative effect of the constructed 
levees and flow regulation from the reservoirs 
has caused the majority of f loodplains to 
become hydrologically disconnected from the 
rivers and converted to other uses—primarily 
agriculture but increasingly urban and subur-
ban development (Burton and Cutter 2008; 
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FIGURE 12.7 The Sacramento River basin flood-management system (Gesch et al. 2002; CalAtlas 2012; Sacramento 
Area Council of Governments 2016).
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FIGURE 12.8 Constructed levees in the Central Valley (Gesch et al. 2002; CDWR 2010; CalAtlas 2012; Sacramento River Forum 
2016).
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While flood management reduces the mag-
nitude of geomorphically important peak flows 
in much of the Central Valley, the pattern of 
refilling reservoirs in spring greatly reduces the 
magnitude and duration of the preregulation 
snowmelt flood pulse (Yarnell et al. 2010). This 
spring flood pulse, described as the “floodplain 
activation flow” by Williams et al. (2009), can 
be particularly important for supporting envi-
ronmental benefits from the Central Valley 
river-floodplain system, such as spawning and 
rearing habitat for native fish and food-web pro-
ductivity (Opperman et al. 2010).

In short, flow regulation from reservoirs has 
reduced the magnitude of small and moderate 
floods throughout the Central Valley. In some 
locations, such as below Shasta and Oroville 
Dams, the magnitude of large floods has been 
reduced, although the lower areas of the Valley 
show much less change from historical levels. 
Due to operation for water deliveries, flows in 
the Sacramento Valley are elevated in summer 
and fall, but are greatly reduced in the San 
Joaquin Valley because of diversions. Through-
out the Valley, the ecologically important snow-
melt pulse, which provided a frequent, long-
duration inundation of floodplain habitats, has 
been greatly reduced because reservoirs typi-
cally refill during spring (Yarnell et al. 2010).

downstream of Shasta Dam) have been cut 
approximately in half by flood regulation at 
Shasta Dam (Singer 2007). The attenuation of 
flood peaks by reservoirs becomes much less 
pronounced lower in the valleys. In contrast to 
Bend Bridge, the more downstream gages at 
Colusa and Verona (330 and 440 km down-
stream from Shasta, respectively) show little 
influence of regulation on the peaks of moder-
ate to large floods. Thus in the lower portion of 
the Sacramento Valley, f lood management 
depends largely on the system of weirs and 
bypasses (Singer 2007).

In addition to reducing flood peaks, the large, 
multipurpose reservoirs are also operated to 
store water for irrigation and municipal water 
supply. The reservoirs generally begin to fill in 
spring as risk of floods declines (Roos 2006), 
resulting in lower spring flows compared to the 
natural hydrograph (Williams et al. 2009). In 
summer and fall, flows in rivers of the Sacra-
mento Valley are elevated due to in-channel 
deliveries for irrigation, resulting in an overall 
“flattening” of the hydrograph of the Sacramento 
River (figure 12.9). In addition to lower winter 
and spring flows, rivers in the San Joaquin Val-
ley also have reduced summer and fall flows 
because irrigation deliveries are made through a 
canal system (Brown and Bauer 2010).
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FIGURE 12.9 Monthly hydrographs for the Sacramento River, before and after 
construction of Shasta Dam.[AQ]
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reach of the Sacramento River (Greco and Plant 
2003). Reduced flows have also decreased the 
frequency of channel cut-off and oxbow lake 
creation, both of which provide valuable habi-
tats. The loss of these dynamics reduces hetero-
geneity of vegetation types and impacts species 
dependent on specific vegetation structures. 
Changes in flow regime and reduction of geo-
morphic processes that create specific habitat 
features—such as cut banks and channel 
bars—have been implicated in decline of bank 
swallows (Riparia riparia; Moffatt et al. 2005; 
Girvetz 2010) and extinction of Sacramento 
Valley tiger beetle (Cicindela hirticollis abrupta; 
Fenster and Knisley 2006).

While much of the Sacramento River’s 
banks between Colusa and Red Bluff are 
armored, reducing channel migration, the 
remaining unarmored portions may actually 
have a greater than historic rate of bank erosion 
and meander migration due to the conversion 
of riparian forests to agriculture. Forested 
banks have greater resistance to erosion due to 
increased bank strength or increased channel 
roughness. Conversion of f loodplain from 
riparian forest to agriculture has increased 
meander migration rates and erosion of unfor-
ested banks by 80–150% (Micheli et al. 2004).

Today, the portion of the floodplain that is 
frequently inundated is greatly reduced. What 
remains is composed primarily of remnant 
riparian forest and agricultural land not pro-
tected by levees or behind very low levees. In 
general, because of loss of channel migration 
and constriction by levees, frequently inun-
dated floodplain is generally no longer a mosaic 
of patches but is composed largely of mature 
riparian forest (Stella et al. 2003). Loss of chan-
nel migration and creation of new surfaces has 
also resulted in a reduced amount of vegetation 
in early successional stages, which has implica-
tions for animal species dependent on these 
successional stages. Fish that utilize the flood-
plain can no longer do so with the same fre-
quency. Chinook salmon have fewer options for 
slow-water habitat most years and so may move 
downstream faster than previously, perhaps to 

Changes to Meandering River Floodplains

Meandering river floodplains have been prima-
rily affected by two processes: upstream dams, 
which regulate flow and levees, and riprap, 
which reduces meander migration and connec-
tion to floodplains. Regulation from dams has 
generally decreased peak flows—dampening 
most winter floods and reducing or eliminating 
the snowmelt pulse, in some rivers dramati-
cally so, particularly in the San Joaquin Basin 
(The Bay Institute 1998). As a result, remain-
ing floodplain surfaces are inundated much 
less frequently; they still receive flood waters in 
very large, infrequent events, but the frequent 
events are much smaller. For example, on the 
Stanislaus River, the current Q25 (flow with a 25 
year recurrence interval or a flow with a 4% 
exceedance probability) is lower than the pre-
dam Q2 (Schneider et al. 2003). On the Sacra-
mento River at Bend Bridge, Shasta Dam has 
decreased the Q2 from 117,000–76,900 cfs. 
The pre-dam Q5 (157,000 cfs) is now equivalent 
to the present-day Q30 (LASRL 2003).

Capture of sediment by reservoirs disrupts 
the balance between deposition and erosion, 
which leads to channel incision and increased 
isolation of the channel from the floodplain, 
even at flows well above base levels (Kondolf 
1997; Schneider et al. 2003). Thus, the combi-
nation of flow regulation, bank armoring, and 
channel incision results in a much smaller area 
of floodplain being inundated on a frequent 
basis. Stella et al. (2003) estimated that the fre-
quently inundated surface of a reach of the 
Merced River is one-fifth that of the pre-dam 
river. Due to constriction between levees, when 
flows become high enough to exceed channel 
capacity, they move across the confined flood-
plain with greater depth and velocity. Lower 
flood magnitude, along with bank armoring, 
has also diminished the rate of channel migra-
tion, which reduces the amount of floodplain 
that is reworked and deposited as new surfaces. 
For example, due to flow regulation, the amount 
of exposed gravel bar declined by more than 
half between 1938 and 1997 in a 31 km study 
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Thus, rather than representing a “reservoir-
like” system that stored and delayed the large 
flows, the stage in the bypass very closely fol-
lows that of the river, and residence time on the 
bypass floodplain is much reduced relative to 
the historic basins. However, the bypasses still 
have slower water and longer residence times 
than the main-stem channel (Sommer et al. 
2001). Due to upstream flow regulation and the 
refilling of reservoirs in spring, bypasses are 
inundated less frequently and for shorter dura-
tions in spring than prior to construction of the 
large reservoirs of the Sacramento River water-
shed (Williams et al. 2009).

To promote rapid conveyance, the bypasses 
are managed to minimize hydraulic roughness. 
Thus, land cover such as riparian forest or even 
extensive patches of tules are discouraged. 
Most of what is flooded is annual vegetation, 
bare ground, or wetland (Sommer et al. 2001). 
Fringes of riparian forest exist along a primary 
drainage channel and in other isolated pockets. 
Riparian forest along the natural levees of the 
Sacramento River and its tributaries, which are 
now behind engineered and maintained levees, 
is minimal and linear. Whereas the historic 
basins were estimated to occupy 260,000 ha 
(The Bay Institute 1998), the bypass system 
occupies a total of 31,300 ha (Sommer et al. 
2001), along with more acreage in the Butte 
Sinks/Butte Basin (see below).

CURRENT EXTENT OF FLOODPLAIN 
HABITAT

As described above, Central Valley habitats 
were rapidly and extensively converted to agri-
culture and other land uses (table 12.1) and cur-
rent estimates of floodplain extent are a fraction 
of historic estimates. Katibah (1984) estimated 
that, in the mid-1980s, there remained 41,300 
ha of riparian forest in the Central Valley, with 
approximately half in disturbed or degraded 
condition. This represents 11% of his estimate 
of historic riparian forests in the Central Valley. 
Further, much of the remaining riparian forest 
is on the “dry side” of levees or on terrace 

rear in the San Francisco Estuary. Because 
there is evidence that native fish benefit from a 
mosaic of patch types on the floodplain (Crain 
et al. 2004), the current floodplain provides 
less habitat diversity and less spawning and 
rearing habitat for native fishes. Reduced fre-
quency and area of floodplain inundation has 
undoubtedly reduced exchange of nutrients, 
energy, material, and organisms between flood-
plain and river and downstream habitats (e.g., 
large wood, organic carbon, invertebrates, juve-
nile fish; see chapter 6[AQ]).

Changes to Flood Basins

Two of the basins (Sutter and Yolo) have been 
partially converted to engineered bypasses that 
now frequently convey high flows. The other 
flood basins have been primarily converted to 
agriculture although some, such as Butte Basin, 
still contain large areas of wetland that are man-
aged as wildlife refuges or duck clubs[AQ]. Rice 
fields within the former basins are often inten-
tionally flooded in winter and provide extensive 
areas utilized by waterfowl and wading birds 
(O’Malley 1999; Bird et al. 2000).

The two bypasses retain some of the charac-
teristics of flood basins and lack others. Flood 
waters enter the bypasses when river stage 
reaches a certain height and water is conveyed 
across weirs rather than through sloughs. The 
Yolo Bypass begins to flood when combined 
flows of the Sacramento and Feather Rivers and 
the Sutter Bypass exceed 1600 m3/s (Sommer 
et al. 2001[AQ]). The natural levees of the main 
channels have been augmented with additional 
constructed levees and armored with riprap 
and, thus, overbank flow from the main chan-
nel across or through the levees is now an 
extremely rare event. The bypasses receive flow 
in about 60% of years and, similar to historical 
patterns, the bypasses can achieve partial inun-
dation from west-side tributaries in years that 
they don’t receive flow from the Sacramento 
(Sommer et al. 2001). The topography and sur-
face cover of the bypasses are maintained to 
promote rapid drainage (Sommer et al. 2001). 
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has altered flow regimes or lacks connectivity to 
the river.

CONCLUSIONS

Floodplains of the Central Valley and their 
associated wetlands—like temperate f lood-
plains and wetlands everywhere—have a long 
history of being managed for everything but 
naturally functioning floodplain. They have 
changed dramatically as the result of many 
interacting factors, from beaver trapping to 
mining to dam and levee construction. Even 
much of the remaining floodplain or wetland 
habitat is degraded or highly managed, and is 
largely disconnected from the floodplain or 
river. From a habitat perspective, the Central 
Valley is fortunate that the flood-control system 
features bypasses, whose ecological values have 
recently become apparent. As discussed in the 
next chapter, managers and stakeholders are 
exploring how to improve the bypass for both 
their flood-risk-management functions and 
their ecological functions. This pursuit of mul-
tiple benefits within flood-management sys-
tems has great potential to restore or maintain 
the biodiversity and ecosystem services of 
floodplains around the world. Paralleling the 
history of the Central Valley, other river-flood-
plain systems have long histories of both failed 
and successful management. These lessons can 
be applied to the creation and management of 
innovative reconciled floodplains (chapter 11).

surfaces that are no longer hydrologically con-
nected to the river (Philip Williams and Associ-
ates 2003) and thus don’t represent riparian 
forest ecosystems that are likely to regenerate 
on their own in response to flooding.

The majority of the flood basins have been 
largely disconnected from river flows. Portions 
of the historic basins still receive frequent inun-
dation, including the Butte Basin and the Yolo 
and Sutter Basins because of Yolo (24,000 ha) 
and Sutter (7300 ha) bypasses. The Butte Basin 
still encompasses significant wetland habitats 
with 7200 ha in the Butte Sink Wildlife Man-
agement Area (US Fish and Wildlife Service 
2012), 3700 ha in the Upper Butte Basin Wild-
life Area, and 50 ha in the Colusa Bypass (Cali-
fornia Department of Fish and Wildlife 2012a, 
2012b).

Estimating the remaining area of Central 
Valley floodplain habitat is thus not a simple 
question. For example, waterfowl habitat, which 
can be produced on flooded agricultural fields, 
is produced on a much larger area of historic 
floodplain than is native fish habitat, which 
requires long-duration spring flooding of areas 
directly connected to rivers. For a ballpark esti-
mate of historic versus current f loodplain 
extent, we can draw on two mapping efforts 
(Shelton 1987; Chico State University 2003). 
They report that current total floodplain habi-
tats (riparian and wetland) occupy 100,000–
200,000 ha, compared to 840,000–1,600,000 
ha historically although much of what remains 
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biophysical processes, studying reconciled 
floodplains provides insights into how manag-
ers can achieve a broader range of benefits out 
of the temperate floodplains that are highly 
managed. For example, Bond et al. (2014[AQ]) 
show that even heavily engineered floodplains 
can be used to experimentally test and demon-
strate floodplain restoration actions.

Floodplain-management actions, such as 
reconnection with river flows, are often labeled 
as restoration, but these projects are rarely well 
documented, monitored, and studied (Sparks 
et al. 1990). Lack of such monitoring and 
research has undoubtedly contributed to the 
high rate of failure, or suboptimal perform-
ance, of river and floodplain restoration projects 
(Kondolf 1995; Ward et al. 2001; Downs and 
Kondolf 2002). There are, however, success sto-
ries in California of well-documented examples 
of reconnected floodplains that provide a broad 
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The floodplains of california’s 
Central Valley today are very different from 

the floodplains that Robert Kelley described. 
The “vast inland sea” has been leveed, drained, 
and converted to farmland, with only relatively 
small remnants allowed to flood. This follows 
the trajectory that most temperate floodplains 
have followed, particularly those in Mediterra-
nean regions such as California. Fortunately, 
much can be learned from studying the few 
remaining functioning floodplains to under-
stand natural processes (Bayley 1991; Ward et 
al. 2001). Some of the best remaining opportu-
nities to study how temperate floodplains func-
tion are in fact on reconciled floodplains, where 
humans and alien species are active players in 
the ecosystem, but flood regimes follow natural 
or seminatural patterns. While studying “natu-
ral” floodplains will remain important for 
improving our understanding of fundamental 

THIRTEEN

Central Valley Floodplains Today

Thousands of antelope, tule elk, and deer grazed the Valley floor in drifting bands 
. . . and the Valley’s many small and larger watercourses were full of fish . . . birds 
of all descriptions swept overhead in flocks that could darken the sky . . . The  
river’s channel could never contain within its natural banks the huge flows of 
water that almost annually poured out of the canyons of the northern Sierra 
Nevada. Signs of yearly flooding were everywhere apparent . . . Together, the ponds 
in the basins annually created a vast inland sea a hundred miles long occupying 
the centerline of the Sacramento Valley which slowly drained back into the river 
channels and down through the delta during the spring months.

kelley (1989, p.3)
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River in the Sacramento-San Joaquin Delta 
(Swenson et al. 2003). The Cosumnes water-
shed is relatively low elevation, with only 16% 
of its area above 1500 m, so the river’s 
hydrograph is primarily driven by winter rain-
storms, resulting in higher winter flood pulses 
and lower spring snowmelt flood flows com-
pared to other rivers draining the Sierra Nevada 
(Moyle et al. 2003). The Cosumnes River water-
shed contains just one reservoir, Sly Park Res-
ervoir, located on a tributary that provides 
approximately 10% of the average annual yield 
of the watershed. Other than this modest alter-
ation, winter and spring flows of the Cosumnes 
River are unimpaired. Summer f lows are 
reduced, however, due to diversions and 
groundwater pumping near the river.

Historical Conditions

Historically, the Cosumnes River emerged 
from the foothills and meandered across a 
broad floodplain (Swenson et al. 2003). The 
river was characterized by a complex of multi-
ple channels that shifted over time as a func-
tion of sediment deposition and other proc-
esses. The f loodplain featured abandoned 
channels, marshes, and seasonal lakes or “lagu-
nitas.” Riparian forest was established on 
higher elevations, including natural levees, 
with tule marshes occurring in lower areas 
(Florsheim and Mount 2002). The river was 
tidal at its downstream end (Swenson et al. 
2003). The Cosumnes floodplain historically 
was part of the Sacramento flood basin, the 
southernmost of the six basins described by 
Gilbert (1917; chapter 12). During wet years, 
overbank flow from the Cosumnes and the 
adjacent Mokelumne River inundated the basin 
along with overflow from the Sacramento and 
American rivers. These flood waters filled the 
marshes and lakes and slowly drained to the 
Delta through multiple channels (Florsheim 
and Mount 2003)[AQ].

Flow in the Cosumnes River varies dramati-
cally between seasons, and the floodplain is 
generally inundated between 1 and 5 months a 
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range of ecosystem services. In this chapter, we 
present three case histories of Central Valley 
f loodplains: the Cosumnes River Preserve 
(CRP), the Yolo Bypass, and the Sacramento 
River. The first two are remnant floodplains 
that have been studied extensively in the past 
decade, while the Sacramento River is an exam-
ple of a planning effort for reconciliation on a 
fairly large scale. The CRP and Yolo Bypass are 
quite different from each other. The CRP is 
relatively small and is arguably the most “natu-
ral” floodplain in the Central Valley. The Yolo 
Bypass is considerably larger and bears only 
superficial resemblance to a natural floodplain. 
Yet both support floodplain ecosystems that 
contain many native species and provide a 
range of ecosystem services. Both are novel eco-
systems that rely on reconciliation, rather than 
restoration, to function. The Sacramento River 
case focuses on a chain of restoration projects 
in the valley that also includes the Yolo Bypass.

COSUMNES RIVER PRESERVE

The Cosumnes River is the only river draining 
the western slope of the Sierra Nevada that does 
not have large dams on its main stem; there-
fore, high flows on the Cosumnes are mostly 
unchanged from their natural condition (Moyle 
et al. 2003; see figure 9.1). Because of this, 
Moyle and Yoshiyama (1994) recommended 
that the Cosumnes River be managed as a “key 
watershed” to protect the landscape-scale proc-
esses that still operate there but are rare else-
where in the Central Valley. The Nature Con-
servancy (TNC), along with numerous 
partners, established the CRP along the lower 
river in 1987. Within the preserve, the 
Cosumnes River can connect to its floodplain 
and the CRP thus provides one of the few 
opportunities in the Central Valley to study a 
near-natural floodplain with relatively unim-
paired hydrology and a mosaic of habitats 
(Mount et al. 2003; Swenson et al. 2003).

The watershed encompasses 3000 km2 with 
elevations ranging from 2400 m to near sea 
level at its confluence with the Mokelumne 
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restoring riparian vegetation through natural 
processes of flooding (Reiner 1996).

Floodplain Renewal

In 1985, a levee breached naturally during a 
flood, allowing the river to flow onto a farm 
field. The farmer fixed the levee but did not 
remove the splay of sediment that had been 
deposited on his field by the flood nor did he try 
to plant a crop in the freshly deposited sedi-
ment. Cottonwoods and willows rapidly estab-
lished in the new substrate. This area, now 
referred to as the “accidental forest,” became 
part of the CRP in 1987 and currently has a tall 
canopy of cottonwoods with an understory of 
valley oaks (Tu 2000; Swenson et al. 2003; fig-
ure 13.2). Due to the successful riparian regen-
eration following the 1985 breach, TNC sought 
to increase connectivity between the river and 
floodplain through additional breaches. After 
hydrological modeling indicated that a new 
breach would not increase flooding for neigh-
boring landowners, in 1995 TNC opened a 16.5 
m breach in the levee downstream of the acci-
dental forest, allowing the river to access an 
additional 80 ha of floodplain. Following the 
floods of 1997, TNC implemented another 
breach in the main levee upstream of the acci-
dental forest (the “Corps Breach”), with addi-
tional breaches in an internal levee to allow 
flood waters to drain into the accidental forest 
and the new floodplain created in 1995 (Swen-
son et al. 2003). At the Corps Breach, TNC 
built a low setback berm to protect nearby rice 
fields and also dug a 2 m deep pond on the 
newly connected floodplain for waterfowl.

Since levee breaches reconnected the flood-
plain, the CRP has supported diverse studies 
on floodplain physical processes, primary and 
secondary productivity, fishes, and birds, dis-
cussed in the next sections.

Floodplain Processes

Prior to the breaches, the levee contained floods 
up to about the Q5 (0.20 exceedance probability; 

year in winter and spring. The floodplain sur-
face and the lower Cosumnes River itself gener-
ally become dry during the summer. However, 
permanent water persists in the many sloughs 
that drain the floodplain; these sloughs are 
weakly tidal, are fringed by riparian forest, and 
support large populations of resident warm 
water fishes (mostly alien species).

Diverse land uses have altered the river and 
its floodplain, especially by increasing the riv-
er’s sediment supply through mining, grazing, 
timber harvest, and conversion of natural veg-
etation to vineyards and other agriculture. This 
increase in sediment supply is reflected in an 
anthropogenic layer of sediment in soil cores of 
the floodplain. Although mining was not as 
intense in the Cosumnes River as in other 
Sierra Nevada watersheds, mining debris raised 
the bed of the Sacramento River by 3 m, which 
likely had a backwater effect on the lower 
Cosumnes River and its floodplain (chapter 
12). In the nineteenth and twentieth centuries, 
channel migration, avulsion, and overbank 
flows were greatly reduced by extensive levees, 
the floodplain was leveled for agriculture, and 
many of the standing water bodies were drained 
(Florsheim and Mount 2003).

TNC began purchasing land on the 
Cosumnes River floodplain in 1984, initially to 
protect large groves of valley oak (Quercus lobata) 
that grew on a small remnant of natural flood-
plain. The CRP was formally established in 1987 
and has grown to encompass 40,000 acres, 
most of which is managed as wildlife-friendly 
agriculture, such as grazing and organic rice 
production, compatible with periodic flooding 
(figure 13.1). Habitat types on the preserve 
include riparian forest, lakes, wetlands, and 
annual grassland with vernal pools. Initial man-
agement of the preserve focused on active plant-
ing of riparian trees and 500 acres were hand 
planted, with mixed success. However, it soon 
became obvious that riparian trees, such as wil-
low (Salix spp.), Fremont cottonwood (Populus 
fremontii), and valley oak, were establishing suc-
cessfully on their own, particularly in areas with 
deposition from floods. TNC now emphasizes 
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floodplain. The length of time the floodplain is 
connected to the river can vary widely between 
years. For example, the river and floodplain 
were connected for 128 days in 2005 but only 
22 days in 2002 (Ahearn et al. 2006). Booth et 
al. (2006) provide a thorough review of hydro-
logical variability and flood types at the CRP.

Florsheim and Mount (2002) and Mount  
et al. (2003) documented how high-magnitude 
f low events created complex f loodplain 

see chapter 2). Mount et al. (2003) calculated 
that hydraulic connectivity through the present 
breaches is established at flows only half the 
size of the mean annual flood, with an annual 
exceedance probability of 0.95. Water begins 
moving onto the floodplain when discharge 
exceeds approximately 735 ft3/s at a gage 
upstream at Michigan Bar[AQ]. The flood-
plains at both breach sites have been inundated 
repeatedly, allowing sediment to deposit on the 
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FIGURE 13.1 The Cosumnes River Preserve. The reach above its mouth on the 
Mokelumne River is the principal floodplain area.[AQ]
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in the river[AQ]. Areas more distant from pri-
mary flow paths through the floodplain had 
higher residence time and greater productivity 
(Ahearn et al. 2006); this is similar to the 
“inshore retention concept” (Reckendorfer et 
al. 1999), which emphasizes the importance of 
littoral backwater areas to the productivity of 
large rivers. Export of algal biomass was high 
during the draining phase both because longer 
residence time led to greater overall productiv-
ity on the floodplain and because more distal 
portions of the floodplain, which have had 
longer residence times and productivity 
throughout the flood event, drained and mixed 
with floodplain water being exported (Ahearn 
et al. 2006)[AQ].

Ahearn et al. (2006) also found that the 
ability of the Cosumnes floodplain to produce 
and export algal biomass varied with the 
sequence and characteristics of flood events. 
For example, a long interval between flood 
events allowed water on the f loodplain to 
develop high algal biomass with the second 
flood exporting much of this productivity to the 
river. In contrast, a rapid sequence of floods did 
not allow for high algal productivity and thus 
exported water with lower algal biomass. The 
Ahearn et al. (2006) study focused on phyto-
plankton; however, periphyton (see figure 7.1) 
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topography, including sand splays formed at 
breach openings. Sand splay complexes influ-
ence f loodplain-river connectivity, increase 
local high hydrologic residence time, and pro-
vide bare ground for establishment of riparian 
plant communities (Trowbridge 2002). The 
higher elevation surfaces of the sand splays, 
which are higher than most of the surrounding 
floodplain surfaces, support growth of riparian 
trees (figure 13.2; Tu 2000; Trowbridge 2002; 
Mount et al. 2003).

Primary and Secondary Productivity

The topographic complexity of the Cosumnes 
floodplain and the river’s variable hydrograph 
has led to high spatial and temporal heteroge-
neity of the floodplain’s hydrology, water qual-
ity, and productivity. Ahearn et al. (2006) 
found that, upon initial inundation, water qual-
ity on the floodplain was similar to that of the 
river, but diverged upon disconnection. Pri-
mary productivity (largely from algae) peaked 
2–5 days following cessation of river inflow. 
Concentrations of phytoplankton peaked dur-
ing the draining phase (see discussion of 
phases in chapter 4) and were measured at 19 
and 18 10 μg/L during two draining periods in 
2005, approximately four times the level found 

AF
AF 1996 Splay

2006 Splay

FIGURE 13.2 Cosumnes River forest regeneration following levee breaches. The “accidental forest” (AF) is a stand of riparian trees 
that generated on a sand splay deposited during an unintentional levee breach in 1985 (dashed arrows). Solid arrows indicate flow 
direction and 1995 intentional levee breach location. (A) During a 1996 flood, a crevasse sand splay formed due to sediment 
transport and deposition. (B) In 2006, a forest is colonizing the splay (photos by Mike Eaton).
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(1998–2002) during the winter-spring flood-
ing season. They sampled 32 species of fish in 
the seasonal floodplain, the river, and a neigh-
boring slough; 18 were present in all years in all 
three habitats. Eight of the 18 abundant species 
were natives, while the rest were aliens (see 
table 8.1).

Moyle et al. (2007) classified the fishes into 
six guilds based on how they used the seasonal 
floodplain: (1) floodplain spawners (four spe-
cies), (2) river spawners (six species), (3) flood-
plain foragers (five species), (4) floodplain pond 
fishes (two species), (5) inadvertent users 
(seven species), and (6) nonusers/avoiders 
(seven species)[AQ]. See chapter 8 for defini-
tions of the guilds. There was a consistent pat-
tern of seasonal floodplain use over the 5 year 
period, with some annual variability due to the 
timing and extent of flooding. The first fishes 
to appear on the floodplain were floodplain for-
agers, inadvertent users, and juvenile Chinook 
salmon (river spawners). The next fishes to 
appear were adult floodplain spawners, princi-
pally Sacramento splittail and common carp, 
although small numbers of foragers and inad-
vertent users from neighboring sloughs and 
ditches were also present. Juvenile splittail and 
carp quickly grew large enough to dominate 
floodplain fish samples, along with juvenile 
Sacramento sucker and pikeminnow (river 
spawners). The adult floodplain spawners left 
the floodplain when inflow decreased and their 
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and detritus from terrestrial plants likely also 
contribute major sources of carbon and energy 
for f loodplain food webs and can also be 
exported back to the river.

Due to a variety of factors, including greater 
algal productivity, zooplankton biomass was 
10–100 times greater on the Cosumnes flood-
plain than in the adjacent river. Flood events 
initially reduced zooplankton biomass by flush-
ing organisms from the floodplain; biomass 
then increased following the flood event and 
generally peaked between 10 and 25 days after 
the flood (figure 13.3). Water on the floodplain 
also tended to be warmer than the adjacent 
river, which may also have increased zooplank-
ton growth rates (Grosholz and Gallo 2006).

In short, primary and secondary productivi-
ties (chapter 7) are closely tied to residence time 
of the water on the Cosumnes floodplain, 
which in turn depends on the frequency and 
magnitude of flooding. A series of moderate 
flood events spaced over a 2–3 month period 
appear to be optimal for maximizing productiv-
ity, which in turn can result in high production 
of fishes and birds.

Fishes

The high zooplankton and invertebrate produc-
tivity of the floodplain provides abundant food 
for larval and juvenile fish. Moyle et al. (2007) 
sampled fishes on the floodplain for 5 years 
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FIGURE 13.3 Zooplankton abundance in relation to number of days since the last flood 
event on the Cosumnes River Preserve (from Ahearn et al. 2006).
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reported that juvenile Chinook salmon grew 
faster in enclosures within floodplain habitats 
than within enclosures in adjacent river habi-
tats; highest growth rates occurred in flood-
plain areas where the water had the highest 
residence time (figure 13.4).

Driven by the natural flood regime of the 
Cosumnes, the timing of floodplain inundation 
favors native fish and common carp, species 
which tend to spawn earlier in the year. Con-
versely, the seasonal floodplain is generally dry 
when most nonnative fish spawn, in late spring 
or summer (Crain et al. 2004). Native species’ 
synchronization of spawning with the flood-
plain inundation—and nonnative species’ lack 
of synchronization—is supported by the fact 
that the floodplain is dominated by native fishes 
through the end of April, after which time con-
nection to the river is usually lost (Moyle et al. 
2007). Most native fishes leave the floodplain as 
it drains and remnant water (in pools) becomes 

juveniles persisted only as long as occasional 
new flood pulses kept water levels high and 
temperatures low. Most juveniles left the flood-
plain either with the pulses or with declining 
inflows. Usually, the floodplain disconnected 
from the river by mid-May. In two large shallow 
ponds of residual water, alien species, mainly 
juvenile centrarchids, western mosquitofish, 
and Mississippi silverside, dominated catches 
by June.

Native fishes that were most abundant each 
year were those with juveniles that used the 
floodplain for rearing. The Cosumnes flood-
plain often provides improved rearing condi-
tions for native fishes, compared to the river, 
likely due to low water velocity and greater pro-
ductivity. For example, Ribeiro et al. (2004) 
reported that juvenile Sacramento splittail rear-
ing in the Cosumnes floodplain generally was 
in better condition than fish rearing in the river 
or in slough habitats. Jeffres et al. (2008) 

FIGURE 13.4 Rapid growth of Chinook salmon juveniles on Cosumnes River floodplain. 
Fish on the left were reared in the river, while those on the right were reared in the 
floodplain (photo by Jeff Opperman).
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reproductive success in the spring was posi-
tively correlated with winter flooding. Ulti-
mately, the winter flooding may be beneficial to 
song sparrow populations, because populations 
in the year following winter flooding were 
larger (Wood et al. 2006). Surprisingly, repro-
duction of birds specialized for living in mature 
riparian forest, rather than wetlands, declined 
over the study period, likely due to an invasion 
of alien black rats (Rattus rattus). Because the 
rats are arboreal, they can escape flooding and 
easily access bird nests (D. Whisson, UCD, 
unpublished data). The patch of riparian forest 
on the preserve is apparently too small to sus-
tain songbird populations under high preda-
tion rates, without predator control.

Conclusions

The Cosumnes River f loodplain, although 
small in size compared to historic floodplains 
of the Central Valley, demonstrates the impor-
tance of river-floodplain connectivity for flood-
plain ecosystems. Studies on algae, zooplank-
ton, aquatic invertebrates, and juvenile fish all 
emphasize the importance of residence time for 
the productivity of floodplain food webs. Flood 
events at the Cosumnes vary dramatically from 
year to year in timing, magnitude, and dura-
tion, contributing to diverse and dynamic flood-
plain habitats. The Cosumnes River floodplain 
also clearly supports a novel ecosystem, with 
native species strongly dependent on a natural 
flooding regime but alien species remaining a 
large part of the fish biota. Because the 
Cosumnes floodplain is relatively small, active 
management is required to maintain the 
mosaic of habitats that benefit native fishes. For 
example, mature forest does not appear to be 
particularly valuable habitat for fishes. The 
present mix of floodplain forests in various suc-
cessional stages and open floodable farmland is 
probably a beneficial pattern of habitats for 
native fishes and birds, although at some point 
it is likely that active clearing of some forest 
may be needed to maintain sufficient area of 
the early successional stages of open water and 

dominated by short-lived alien fishes such as 
Mississippi silversides, western mosquitofish, 
and golden shiner, or by juvenile carp. Most fish 
that become stranded are nonnative species, 
although some native fish do become stranded 
in artificial ponds, ditches, or behind roads and 
levees—structures that interfere with drainage. 
Colvin et al. (2009) reported a similar pattern of 
fish use of floodplains of the Willamette River, 
with native fishes dominating seasonal flood-
plains and nonnatives dominating permanent 
water bodies. Nonnative fishes were not found 
in floodplain habitats until water temperature 
exceeded 20°C in the spring.

Permanent floodplain water bodies such as 
ponds, oxbow lakes, and sloughs are also domi-
nated by alien fish species, mainly from the 
eastern and Midwestern United States, includ-
ing centrarchids (bluegill, largemouth bass, 
etc.) and ictalurid catfishes (Ameiurus spp.). 
Also important are cyprinids such as common 
carp, golden shiner, and goldfish (Moyle et al. 
2007). This pattern is consistent throughout 
the Central Valley (Moyle 2002).

Birds

When flooded, the CRP attracts large flocks of 
ducks, geese, swans, and shorebirds, as well as 
several thousand sandhill cranes (Grus 
canadensis). The CRP is also a “hot spot” for 
migratory and resident passerine songbirds 
because of its diverse habitats, from open flood-
plain to old growth riparian woodland (Dybala 
et al. 2015). Wood et al. (2006) monitored the 
use of the floodplain by 22 species of passerine 
birds for 11 years. Most of these birds responded 
positively to development of floodplain forest, 
reflecting the increase in habitat complexity. 
Some birds appear to benefit from an increase 
in food supply of invertebrates from flood-
plains; abundance of tree swallows (Tachycineta 
bicolor) had a positive correlation with the 
extent of flooding. Song sparrows (Melospiza 
melodia) displayed a complex response to flood-
ing. The abundance of adults in the spring was 
negatively correlated with winter flooding, but 
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from Cache and Putah Creeks, groundwater 
inflow from the Sacramento River, and direct 
precipitation (Philip Williams and Associates 
2003).

Set within that historical flood basin, the 
Yolo Bypass runs parallel to the western side of 
the Sacramento River, connecting the river at 
Knights Landing to the Sacramento-San Joaquin 
Delta near Rio Vista (figure 13.5). It is 68 km 
long, 2–4 km wide, and has a flood capacity of 
9700 m3/s at its upstream end, which increases 
to 13,900 m3/s at the downstream end where 
flood waters flow into Cache Slough (Stutler 
1973). Flow from the Sacramento and Feather 
Rivers and Sutter Bypass enters the Yolo Bypass 
by way of the Fremont Weir, a low cement wall 
that forms the northern boundary of the Bypass. 
Inundation of the Bypass generally begins when 
flow at the Fremont Weir exceeds 2000 m3/s, 
which occurs in approximately 60% of all years 
(Sommer, Harrell, Solger et al. 2004); in about 
half of those years, the Bypass is inundated for a 
month or longer (Schemel et al. 2004). During 
larger flood events, additional flow from the Sac-
ramento and American Rivers can enter the 
Bypass through the Sacramento Weir, a few kil-
ometers downstream from the Fremont Weir. 
Other inflows to the Bypass include Putah and 
Cache Creeks, Willow Slough, and the Knight’s 
Landing Ridge Cut (Schemel et al. 2004). The 
Bypass is graded to drain toward a perennial 
channel, the Toe Drain, so-called because it fol-
lows the toe of the major levee at its eastern 
edge.

Much of the Bypass is in seasonal agricul-
ture with crops including rice, sugar beets, saf-
flower, tomatoes, and corn. The State of Califor-
nia has flow easements allowing flooding in the 
bypass in any month but, historically, the Bypass 
has rarely had extensive inundation beyond 
May. The Bypass floods in more than half of all 
years, although larger flows have been reduced 
since closure of Shasta Dam in 1945.

While the bypass was originally constructed 
to protect cities from flooding while also sup-
porting agriculture, more recently it has been 
recognized as valuable floodplain habitat that 

annual plants most favored by native fish and 
waterfowl. This need for active management, 
along with the recognition that floodable farm-
land is part of the mosaic for maintaining 
native species, illustrates that reconciliation 
ecology is an appropriate management para-
digm for the Cosumnes River floodplain.

YOLO BYPASS

The Yolo Bypass has been a critical component 
of the Sacramento River Flood Control Project 
since the early 1930s (Sommer, Harrell et al. 
2001; chapter 12). The Bypass is a 24,000 ha 
portion of the historic Yolo Basin that receives 
and conveys flood waters from the Sacramento 
River and Sutter Bypass through a system of 
weirs (see figures 12.7 and 13.5).

The Bypass was adopted as an essential fea-
ture for flood management because levees and 
upstream dams simply could not contain the 
volumes of flood waters that were causing dam-
age to Sacramento and other communities 
(chapter 12). While not described as such, the 
creation of the Yolo Bypass was basically a 
major floodplain reconnection project. Creation 
of the Bypass resolved more than 50 years of 
debate over whether Sacramento River flows 
could be contained within levees or whether 
flows would require access to historic flood-
plain (Stutler 1974[AQ]; Kelley 1989). During 
major flood events, the Bypass now carries 
80% of the flow of the Sacramento River, with 
the rest remaining in the incised and leveed 
channel that flows past Sacramento (Sommer, 
Harrell et al. 2001).

The Yolo Basin is one of the six basins that 
flanked the Sacramento River. Historically, the 
Basin was bounded on the north and east by 
the natural levees of the Sacramento, on the 
west by the coalesced alluvial fans of Cache and 
Putah Creeks and on the south by tidal tule 
marshes. The basin became inundated when 
Sacramento River flows reached a sufficient 
stage to flow over natural levees, similar to 
flows cresting the Fremont Weir today. Other 
sources of inundation included tributary flows 
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FIGURE 13.5 The Yolo Bypass within the lower Sacramento Valley, California. A mosaic of land uses are shown including 
agriculture, wetlands, and other natural habitats. In the photo, the levees on the boundaries of the bypass are highlighted. Small 
photo shows same area while flooded (adapted with permission from Sommer et al. 2001)[AQ]
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Due to its prominent role in Sacramento 
Valley f lood management, the Bypass has 
always been of great interest to the hydrologists 
and engineers of the California Department of 
Water Resources (CDWR), the agency with pri-
mary management responsibilities for the 
Bypass. As the agency’s requirements to protect 
the environment expanded, its attention to the 
Bypass has grown to include research from fish 
biologists and other aquatic scientists. Along 
with other agencies, academic institutions and 
consultants, the Bypass has become a major 
area for research on Central Valley floodplain 
ecosystems. Below we review this research and 
summarize insights gleaned from the Bypass 
about basic floodplain processes and the man-
agement of reconciled systems.

Hydrology

Recent research has demonstrated that the Yolo 
Bypass provides many functions similar to those 
of a natural Central Valley floodplain and, at 
24,000 ha, the Bypass represents the largest 
floodplain in the Central Valley. Because of lim-
ited surface connections to the main river (the 
Fremont Weir and, occasionally, the Sacramento 
Weir), the Bypass has relatively simple hydrol-
ogy compared to a natural floodplain such as the 
Cosumnes and processes within the Bypass can 
be measured without accounting for multiple 
connections from the river (Schemel et al. 2004; 
Sommer, Harrell, Solger et al. 2004).

When the Bypass is inundated, it contains 
an immense amount of shallow water habitat. 
Even relatively small flood events produce 
extensive areas of inundation, including more 
than 10,000 ha of shallow water habitat (<2 m 
deep), which is an order of magnitude higher 
than the amount of shallow water habitat found 
along the adjacent, channelized Sacramento 
River (Sommer, Harrell, Solger et al. 2004). 
Water in the bypass is shallower, slower, less 
turbid, and generally warmer than water in the 
river. These differences are magnified as resi-
dence time increases (Sommer, Harrell, Solger 
et al. 2004).

supports significant populations of fish and 
wildlife (Sommer, Harrell et al. 2001). Approxi-
mately one-third of the bypass is now in nonag-
ricultural habitats, including ponds, wetlands, 
grassland, and riparian forest. Recognizing 
these fish and wildlife benefits, the 65 km2 Vic 
Fazio Yolo Bypass Wildlife Area (YBWA) was 
established within the Bypass in 1991[AQ]. 
However, the Bypass cannot be neatly divided 
into “natural” and “agricultural” land cover. 
Illustrating the concepts of reconciliation and 
novel ecosystems, portions of the YBWA are 
grazed to help manage vernal pool habitat and 
other portions are planted in rice—both because 
rice is highly valuable to migratory waterfowl 
and because the crop helps fund management 
costs. When the Bypass is flooded, native fish 
and birds use its full extent, benefitting from 
both agricultural and natural habitats.

Interstate 80 (I-80), a major highway con-
necting San Francisco to the eastern United 
States, crosses the upper end of the YBWA on 
the 5 km long Yolo Causeway. Interstate 5, the 
major north-south freeway of the US west coast, 
crosses the Bypass on another causeway 11 km 
to the north. A major railroad line, carrying 
Amtrak trains, also crosses the Bypass parallel 
to I-80. With tens of thousands of people using 
these arteries every day, the Yolo Bypass is one 
of the most visible flood control features—and 
one of the most visible wildlife areas—in the 
United States, with massive flocks of birds 
quite visible from the freeway. During sum-
mer, when birds are much less numerous, bats 
from a colony of Mexican free-tail bats emerge 
each evening from their roost beneath the 
causeway, providing drivers with the unusual 
sight of hundreds of thousands of bats pouring 
into the sky each dusk.

The Sutter Bypass, upstream of the Yolo 
Bypass (figure 13.5), shares many features with 
the Yolo Bypass (Feyrer et al. 2006) but has been 
much less studied. However, because of their 
similarities, many of the broad trends described 
below likely also apply to the Sutter Bypass. Dur-
ing major flood events, water from the Sutter 
Bypass flows directly into the Yolo Bypass.
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inflows from the Sacramento were dropping, 
nutrient levels rose due to inputs from west-
side tributaries and breakdown of organic mat-
ter on the Bypass. Phytoplankton biomass 
increased during the draining phase because of 
these increased nutrient levels and because 
residence time increased, while water velocity, 
depth, and turbidity declined.

The Bypass can be a source of water with 
high algal biomass that can promote food webs 
both within the Bypass and, when the biomass 
is exported, to downstream ecosystems. Phyto-
plankton density can be high enough to pro-
duce a Chl a concentration of up to 23 μg/L, 
considerably higher than the value reported as 
producing growth in the zooplankton cladocer-
ans (10 μg/L; Muller-Solger et al. 2002)[AQ]. 
Because Chl a concentrations in the Sacra-
mento-San Joaquin Delta rarely exceed 10 μg/L 
(Sobczak et al. 2002; Schemel et al. 2004), the 
water draining from the Bypass can, under 
some circumstances, provide high levels of bio-
logically available, nutritious phytoplankton for 
downstream consumers, at least in a limited 
area (see next section).

Within the Bypass food web, primary con-
sumers of phytoplankton included cladocerans 
and copepods. Initial studies did not find differ-
ences in zooplankton density between the 
Bypass and the Sacramento River, because the 
low residence time of water in both habitats 
reduced reproduction (Sommer, Harrell, Solger 
et al. 2004). However, the density of zooplank-
ton in the Bypass did rise substantially, and 
zooplankton became a substantial part of the 
diet of juvenile Chinook salmon, during the 
draining phase of a long-duration flood event 
(February to March 1998; Sommer et al. 
2001[AQ]). This suggests that zooplankton 
densities in the Bypass can become ecologically 
significant during long residence time draining 
phases.

Density of dipteran larvae, primarily chi-
ronomid midges, was significantly higher in 
the Bypass than in the Sacramento River (Som-
mer, Nobriga et al. 2001). During initial inun-
dation, aquatic invertebrates in the Yolo Bypass 
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The residence time of water entering the 
Yolo Bypass at the Fremont Weir during a typi-
cal winter flood is between 5 days and 4 weeks 
until it returns to the Sacramento River near 
Rio Vista. Flood waters may persist longer in 
the lower half of the Bypass because tidal action 
can impede drainage. Residence time can be 
quantified by dividing the total volume of water 
within the Bypass by the inflow rate. When 
flows are small relative to total volume within 
the Bypass, the residence time is high. Con-
versely, when flows are large relative to total 
volume, residence time is low.

Although the Sacramento River provides 
most of the water to the Bypass, west-side tribu-
taries (Ridge Cut, Willow Slough, Cache, and 
Putah Creeks) provide significant amounts of 
water during drier years when no or limited 
flow enters via the weirs. These tributaries can 
also provide important sources of water prior to 
and after periods of inundation from the Sacra-
mento River, and be sources of nutrients dur-
ing the draining phase, which can be important 
to productivity of phytoplankton (described 
below). Flow from these tributaries also aids in 
transporting highly productive water across the 
Bypass and downstream. This is an example of 
the ecological importance of diverse sources of 
water on a floodplain (chapter 2; Tockner et al. 
2000; Ward et al. 2001).

Primary and Secondary Productivity

As is true of the Cosumnes River floodplain, 
aquatic productivity in the Bypass is strongly 
influenced by hydrologic patterns such as sea-
son of inundation and hydrologic residence 
time. Schemel et al. (2004) studied nutrient 
levels and productivity during floods in the 
Bypass, using chlorophyll a (Chl a)as an indica-
tor of phytoplankton biomass. They found that 
Sacramento River water had relatively low con-
centrations of nutrients and thus, during initial 
inundation, nutrient levels in flood waters of 
the Bypass were low. Consequently, productiv-
ity was low due to low nutrient levels along with 
short residence time. Later in the flood, as 
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the Bypass during other seasons are generally 
negligible (1% or less of total flow in spring 
through fall). Thus, concentrations of dissolved 
organic carbon (DOC) would have to be an 
order of magnitude higher in Bypass water 
than in river water for it to equal inputs from 
the river during winter. Further, when the pro-
portion of water flowing through the Bypass is 
at its greatest, the proportional increase in 
Bypass contribution is offset by the lower resi-
dence time (and thus lower productivity) of 
water and the lower residence time of water 
flushing through the Delta during high flows. 
The findings of Mount et al. (2014), who 
reviewed the vast amount of information avail-
able on this issue in the draft Bay Delta Conser-
vation Plan, support this assessment. The 
greatest benefit that the Bypass provides to the 
Delta ecosystem is therefore that, when flooded, 
it essentially doubles the area of the Delta (Jas-
sby and Cloern 2000). Organisms within the 
Delta can then access resources available in the 
Bypass during periods of inundation.

Although under current conditions, the 
annual productivity contribution from the 
Bypass to the Delta seems to be negligible from 
a mass balance perspective, it may provide con-
tributions at critical time periods at specific 
locations (Schemel et al. 2004). Further, active 
management of Bypass flooding—controlling 
timing, duration, and frequency of inunda-
tion—could greatly increase its contribution to 
downstream productivity. For example, man-
aged flooding of the Bypass could promote a 
series of relatively short pulses with long drain-
ing times that would produce pulses of produc-
tivity to the Delta. Such managed flooding 
could also be timed to maximize the value of 
the Bypass to native fishes, with the optimal 
period of managed inundation being March 
and April, because this would coincide with 
peak Chinook salmon rearing on the floodplain 
and splittail spawning and larval rearing. As 
discussed above, while the direct export of algal 
carbon to the Delta may not be significant on 
an annual basis, productivity within the Bypass 
during inundation may be important, for exam-

can be dominated by the endemic chironomid 
midge (Hydrobaenus saetheri), which emerges 
from diapause from floodplain soils (Benigno 
and Sommer 2008). Chironomid midges in 
some years form a major part of the diet of juve-
nile Chinook salmon and splittail on flooded 
areas. Alternately, when water originates from 
other sources such as the Ridge Cut drain, a 
large planktonic crustacean, Daphnia magna, 
can dominate the invertebrates available as 
food to fish (Katz 2015). Other invertebrates 
captured in the drift of the Yolo Bypass included 
oligochaete worms (Naididae and Enchytraei-
dae), snails (Physidae), and cnidarians (Hydri-
dae). In general, drift invertebrates, including 
terrestrial invertebrates, were more abundant 
on the floodplain than in the river and their 
abundance was positively correlated with flow. 
Significantly, the development of large popula-
tions of midges and other food-web organisms 
can be very swift—on the order of days—and, 
thus, even relatively short inundation periods 
may have ecosystem or population-level bene-
fits for fish that can access the Bypass (Som-
mer, Harrell, Solger et al. 2004).

Export of Productivity

Although during the draining phase water 
from the Bypass has a significantly higher con-
centration of Chl a than does the Sacramento 
River, the ability of the Bypass to produce sig-
nificant levels of biologically available carbon 
for downstream ecosystems, especially the 
Sacramento-San Joaquin Delta, is uncertain. 
Concentrations of phytoplankton were higher 
in Bypass outflow than in water in the Delta, 
but the period of this input is relatively brief 
(Schemel et al. 2004). Jassby and Cloern 
(2000) concluded that the Bypass is unlikely to 
be a primary source of carbon for the down-
stream Delta and estuary due to the relatively 
small proportion of water passing through the 
Bypass on an annual basis. The median propor-
tion of water moving through the bypass dur-
ing winter was only 10% of total Sacramento 
River flow and 1% during spring. Flows from 
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spawning substrate of splittail—inundated 
annual vegetation—as well as feeding opportu-
nities for adults and for larval fish (Moyle 
2002). Strength of splittail year classes (age-0 
abundance) is highly correlated to the length of 
inundation of the Bypass (Sommer et al. 1997), 
although wet years also provide more spawning 
habitat for splittail outside the Bypass (Moyle et 
al. 2004). Sommer et al. (1997) reported that 
splittail sampling programs had the greatest 
catch within the Bypass compared to other loca-
tions in the Delta and lower Sacramento River 
system. Splittail spawning in the Bypass occurs 
whenever f looding occurs, from February 
through April.

The flooded Bypass also provides important 
rearing habitat for juvenile Chinook salmon, 
with a greater prey base and water with lower 
velocities than the main-stem Sacramento 
River. In one study, juvenile Chinook within 
the Bypass fed primarily on chironomid larvae 
emerging from the soil (Sommer et al. 2001) 
although a study using artificially flooded fields 
on the Bypass found they fed mainly on zoo-
plankton, especially Daphnia magna (Katz 
2015), suggesting that juvenile salmon can rely 
on a range of prey sources depending on avail-
ability. Due to the combination of highly abun-
dant food and near-optimal physical conditions, 
juvenile Chinook in the bypass grow faster with 
likely higher survival than those rearing in the 
river (Sommer, Nobriga et al. 2001; Henery et 
al. 2010; Katz 2015), as noted for the Cosumnes 
River (figure 13.4). Higher survival rates likely 
continue as the juvenile salmon transition from 
fresh water to salt water (smolting). Smolt sur-
vival into adulthood has been found to be posi-
tively correlated with smolt size upon entering 
the marine environment (Ward and Slaney 
1988) and the higher survival rates of smolts 
can have significant positive influences on 
population viability of salmonids (Kareiva et al. 
2000). By providing habitat that produces 
larger smolts, the Bypass and other Central Val-
ley floodplains are thus likely contributing to 
greater survival of smolts that enter the San 
Francisco Estuary and ocean.

ple, in the form of juvenile fish that were 
spawned or reared on the Bypass and are 
consumed by downstream predators (see 
chapter 8).

The extent of the historic flood basins was 
an order of magnitude greater than the extent 
of current bypasses, and the basins experienced 
frequent and prolonged flooding. Thus, the 
system-scale benefits of the basins in terms of 
productivity and export to the Delta were likely 
significant.

Fishes

Fifteen native fish species and 27 alien species 
have been recorded within the Bypass (Som-
mer, Harrell et al. 2001). As in the Cosumnes 
floodplain, perennial aquatic habitat is domi-
nated by alien species; surveys within perma-
nent water bodies, such as ponds, collected 20 
species of nonnative fish and only 3 native spe-
cies (Sacramento blackfish, Sacramento sucker, 
and prickly sculpin). The native species repre-
sented <1% of the total number of individuals 
collected and <3% of total biomass (Feyrer et al. 
2004). Both native and alien fish species use 
the Bypass while inundated, taking advantage 
of food resources and physical habitat provided 
by inundated annual vegetation and crop stub-
ble. Native fishes tend to use the bypass earlier 
(January–April) than do alien fishes (April–
June) (Sommer, Harrell, Kurth et al. 2004), 
similar to the way fishes use the Cosumnes 
River floodplain (Crain et al. 2004; Moyle et al. 
2007). Sommer, Harrell et al. (2001) hypothe-
sized that the inundated Bypass may have par-
ticular importance to native species because 
the spawning period of native fish coincides 
with spring f looding, while the spawning 
period for many nonnative species occurs when 
the Bypass is generally dry.

Common carp are the primary alien fish 
that spawns in the Bypass, while Sacramento 
splittail appear to be the only native fish that 
relies on floodplain for spawning and is the pri-
mary native species that spawns in the Bypass. 
When flooded, the Bypass provides preferred 
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three orders of magnitude larger as adults, the 
increased accumulation of methylmercury for 
those rearing on the floodplain represents an 
insignificant difference in the total mercury 
found in adults (Henery et al. 2010).

Birds

The Yolo Bypass supports a wide array of birds 
and is especially important habitat for migra-
tory waterbirds. Because of its bird diversity 
and abundance, the YBWA is classified by the 
National Audubon Society as a Globally Impor-
tant Bird Area (Suddeth 2014; Grimm and 
Lund 2016). So far, 112 species have been 
recorded from YBWA.

Most of the time, the Bypass is either not 
flooded or only partially flooded, so there is a 
strong resident component to the bird fauna, 
including (a) species that can forage in wet-
lands, ditches, and rice fields, such as various 
herons and egrets (Ardeidae), white-faced ibis 
(Plegadis chihi), and double-crested cormorants 
(Phalacrocorax auritus); (b) resident wetland 
songbirds, such as song sparrows and tricolored 
blackbirds (Agelaius tricolor); (c) raptors that 
forage in wetlands or agricultural fields, such 
as the rare Swainson’s hawk (Buteo swainsoni) 
and northern harrier (Circus cyaneus); and (d) 
diverse upland species that use grasslands and 
other habitats when not flooded (Dybala et al. 
2015). Tropical migrant songbirds are found in 
the limited habitats with trees and bushes 
along ditches and sloughs, in spring and fall.

Despite the high diversity of birds on the 
Bypass, most attention is paid to the migratory 
waterfowl (ducks, geese, and swans) and shore-
birds, due to their high visibility, their impres-
sively large flocks, and popularity with hunters 
and birdwatchers. Large numbers of shorebirds 
start arriving in the Bypass in August and con-
tinue through the winter. Migration patterns are 
complicated by the fact that some species over-
winter in the Bypass and Central Valley, while 
others are moving through to more distant wet-
lands in Mexico or South America. Species such 
as cinnamon teal (Anas cyanoptera) and gadwall 

Within the Bypass, juvenile salmon appear 
to prefer slower water, including shoals and 
areas downstream of obstructions such as 
causeway, levees, and trees (Sommer, Harrell et 
al. 2001). Juvenile salmon also appear to use a 
range of inundated land cover types. For exam-
ple, Katz et al. (2015) found that juvenile salmon 
would rear, with fast growth rates and low mor-
tality, on artificially flooded fields in the Bypass, 
with flooded rice stubble creating particularly 
favorable habitat.

Juvenile Chinook salmon begin to enter the 
Bypass in January and they generally leave by 
April. The Chinook salmon that use the bypass 
are likely mostly fall run. The Central Valley 
hosts three other runs of Chinook, and the 
extent to which juveniles of those other runs—
spring, late fall, and winter—use the Bypass is 
not well understood. Analyses of lengths of 
juvenile salmon caught in screw traps at 
Knight’s Landing, just above the Fremont Weir, 
suggest that juveniles of all four runs may be 
using the Bypass to some extent during periods 
of flooding. The bypasses are much smaller in 
area than the historic flood basins, and these 
massive areas of floodplain may have been 
extremely important as rearing habitat for all 
four runs of Chinook salmon, all of which have 
outmigration of juveniles that would have 
allowed floodplain rearing (Moyle 2002).

Stranding of both juvenile splittail and 
salmon appears to be a minor issue primarily 
because the Bypass is graded to drain quickly 
toward the perennial Toe Drain. Native fish are 
rarely observed stranded in the few permanent 
water bodies on the Bypass (T. Sommer, pers. 
comm.). Sommer et al. (2005) reported that the 
majority of juvenile salmon within the Bypass 
successfully emigrated to the Delta.

The Bypass is a reservoir of mercury, a leg-
acy of nineteenth-century mercury mining, 
primarily in the upstream Cache Creek water-
shed (Springborn et al. 2011). As a result, juve-
nile Chinook salmon rearing in the Bypass 
accumulate significantly more methylmercury 
than do juveniles rearing in the Sacramento 
River. However, because the salmon will grow 

Opperman - Foodplains.indd   191 23/03/17   3:14 PM



192     central valley floodplains today

places. Flooded rice fields also can serve this pur-
pose. Within the Bypass, agricultural fields in 
general are important for ducks, providing nearly 
80% of their food energy. In addition to seeds 
and vegetation, agricultural fields support high 
densities of invertebrates that are available to 
ducks after the plant material has been depleted 
(Suddeth 2014; Grimm and Lund 2016).

Mammals

The mammals of the Yolo Bypass have not been 
well studied. Truan et al. (2010) found 34 spe-
cies of mammals along lower Putah Creek near 
its entry to the Bypass, and presumably most of 
these species also occur in the Bypass, espe-
cially within the narrow corridors of trees along 
the Toe Drain or creek entry points. Similar to 
other floodplains, populations of small mam-
mals likely build up during long periods of low 
or no flooding but then crash when flooding 
drives them from their burrows. Common 
aquatic mammals include river otter (Lontra 
canadensis), beaver (Castor canadensis), and 
nonnative muskrat (Ondatra zibethica)[AQ]. 
River otter in the Bypass and nearby areas feed 
on crayfish (mainly the alien Procambarus 
clarkii), fish, and, occasionally, ducks (P. Moyle, 
unpublished data). In summer, the most con-
spicuous mammals, at least at dusk, is the 
Mexican free-tailed bat (Tadarida brasiliensis), 
which has a nursery colony of over 250,000 
roosting under the Yolo Causeway (Taylor 
2013). These bats emerge at dusk to feed on the 
abundant insects produced in the Yolo Bypass.

Endangered Species

The US Endangered Species Act of 1973 is per-
haps the most powerful piece of environmental 
legislation in the world, because it is unequivo-
cal about the obligation to keep species from 
going extinct and the need to protect habitat for 
species listed as threatened or endangered. Cali-
fornia’s Endangered Species Act is less strin-
gent in its requirements but still quite powerful 
in its effects. Therefore, the welfare of species 
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(A. strepera) will forage in the Bypass for a few 
weeks to gain “fuel” for their extended migra-
tion further south. Others, like northern pintail 
(A. acuta), white-fronted geese (Anser albifrons), 
and snowy plover (Charadrius melodus [AQ]), 
spend the winter in Central Valley, often with 
complicated local movements related to foraging 
and avoiding hunters. Each species has its own 
distinct seasonal and local patterns of move-
ment and so areas within the Bypass that pro-
vide prime habitat, such as the YBWA, offer a 
kaleidoscope of species during the peak migra-
tion period, November through March.

The migratory birds all share a common 
need for flooded land, and readily use habitats 
inundated by both natural and managed flood-
ing. Within flooded habitats, the primary food 
for the migratory birds—seeds and inverte-
brates—is generally found on the bottom or 
close to it, and the birds have a range of behav-
iors for accessing the food. For example, differ-
ent species have different optimal foraging 
depths (Suddeth 2014; Grimm and Lund 
2016). Shorebirds (aka wading birds) require 
shallow (5–8 cm) areas such as mudflats for 
foraging, with preferred depth varying with 
each species’ length of bills and legs. Dabbling 
ducks such as northern pintail, various teal, 
and mallards (A. platyrhynchos) are largely 
unable to forage in water greater than 45 cm 
deep and prefer water less than 25 cm deep 
(Taft et al. 2002; Petrik et al. 2012). The com-
plex topography of natural floodplains histori-
cally provided a diversity of depths that sup-
ported a diversity of species’ preferred foraging 
habitat. Managed f loodplains, such as the 
Bypass, generally have less complex topography 
and so may require manipulation of the water 
supply or creation of flooded areas of appropri-
ate depths to maintain a diversity of birds (Sud-
deth 2014; Grimm and Lund 2016).

The timing and duration of flooding also 
affect the growth and availability of plants pre-
ferred by waterbirds for food, such as swamp 
timothy and water grass. These species are often 
planted in fall or winter by duck hunting clubs to 
encourage waterfowl to forage in accessible 
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Threatened, are found in the Bypass on occa-
sion, but it does not appear to be important habi-
tat for either of them, although if even a few 
become stranded and die, there is great concern. 
The Bypass is probably the most important 
floodplain area for spawning Sacramento split-
tail, an endemic species of special concern.

Other species (table 13.1) are part of a habitat 
conservation planning effort by the Yolo Habi-
tat Conservancy (Yolo Habitat Conservancy 
2016). Of those species, the giant garter snake 
is probably of most concern in the Bypass 
because it lives along ditches, foraging on alien 

that are formally listed under the state and fed-
eral acts has to be taken into account by manag-
ers of the Yolo Bypass (table 13.1). In recent 
years, the most attention has been paid to the 
listed fishes, especially winter-run and spring-
run Chinook salmon, both listed under state 
and federal Endangered Species Acts. Juveniles 
of the two runs use the flooded Bypass at least 
in some years, while adults occasionally get 
trapped when they move up the dead-end Toe 
Drain rather than the Sacramento River. Both 
adults and juveniles of Central Valley steelhead 
and southern green sturgeon, both listed as 

TABLE 13.1
Species that use Central Valley f loodplain habitats with state or federal status 

E = ENDANGERED; T = THREATENED; C = CANDIDATE FOR LISTING; SSC = CALIFORNIA SPECIES OF SPECIAL CONCERN

Species Latin name Federal status State status

Greater sandhill crane Grus canadensis tabida – T

Least Bell’s vireo Vireo bellii pusillus E E

Swainson’s hawk Buteo swainsoni – T

Tricolored blackbird Agelaius tricolor – SSC

Western yellow-billed cuckoo Coccyzus americanus occidentalis C E

Willow f lycatcher Empidonax traillii

Yellow-breasted chat Icteria virens – SSC

Chinook salmon, fall run Oncorhynchus tshawytscha – SSC

Chinook salmon, spring run O. tshawytscha T T

Chinook salmon, winter run O. tshawytscha E E

Central Valley steelhead O. mykiss T

Delta smelt Hypomesus transpacificus T E

Southern green sturgeon Acipenser medirostris T T

White sturgeon A. transmontanus SSC

Sacramento splittail Pogonichthys macrolepidotus SSC

California red-legged frog Rana aurora draytonii T SSC

California tiger salamander Ambystoma californiense

Giant garter snake Thamnophis gigas T T

Western pond turtle Actinemys marmorata – SSC

Valley elderberry longhorn 
beetle

Desmocerus californicus dimorphus T –

Riparian brush rabbit Sylvilagus bachmani riparius E E

Riparian woodrat Neotoma fuscipes riparia E SSC

 

Opperman - Foodplains.indd   193 23/03/17   3:14 PM



194     central valley floodplains today

by early March), so there is plenty of time 
for fields to dry before tilling and planting. 
Delayed planting can postpone harvest 
until autumn when early rains can inter-
fere with harvest. In general, erosion and 
deposition associated with flooding 
increases maintenance time and costs for 
farmers. Thus, from an agricultural 
standpoint, farmers presumably prefer 
minimizing flooding.

b. Native fishes, especially salmon, benefit 
from having the floodplain inundated as 
long as possible, ideally from January 
through April, after which temperatures 
become too warm. Long inundation creates 
high residence time of the water and high 
food production.

c. Dabbling ducks generally prefer less water 
than is ideal for fish, in order to maximize 
the extent of relatively shallow flooded 
areas that allow easy feeding, and the 
period that ducks benefit from a flooded 
bypass extends into the period that farmers 
prefer the Bypass to be dry. As dabbling 
ducks are highly valued for hunting, 
hunters share the ducks’ preferences.

Adding complexity, the flood-management 
agencies must maintain vegetation with very 
low roughness to maintain conveyance and 
thus discourage land cover that impedes flood 
flows. While this need is compatible with farm-
ing, it can conflict with management objectives 
to maintain diverse vegetation for fish and 
wildlife.

Two additional issues that may affect man-
agement in the future are mosquito control and 
terrestrial species that are listed as threatened, 
endangered, or of special concern. Areas of 
standing water in the Bypass allow mosquitoes 
to breed in large numbers. Recently, managers 
have become increasingly focused on mosqui-
toes as vectors of West Nile Virus, which is fatal 
to many birds and some humans. The Bypass is 
part of Yolo County, which is currently develop-
ing a Habitat Conservation Plan and a Natural 
Communities Conservation Plan to ensure 

frogs and fish. Flooding may force individuals 
to evacuate underground dens where they over-
winter, but how different flood regimes might 
affect this aquatic snake is not known.

Balancing Conflicting Uses of the Bypass

The overriding purpose of the Yolo Bypass is 
flood management, which means it lacks per-
manent buildings and its land cover is man-
aged to maintain low hydraulic roughness and 
rapid draining. The farming of annual crops—
such as rice, wild rice, tomatoes, and corn—
maintains low roughness and, thus, annual 
crops are very compatible with flood manage-
ment. Without farming (or some other form of 
active vegetation management), the Bypass 
would likely become a mosaic of floodplain for-
est and wetlands, as shown by the history of the 
Cosumnes floodplain. Although agriculture is 
often equated with loss of natural ecosystems, 
farming the Bypass actually results in high-
quality habitat for migratory waterfowl, which 
use harvested fields that are inundated during 
winter. Due to high densities of waterfowl, 
hunters created duck hunting clubs in the 
Bypass, mostly on agricultural lands, and the 
precedent of managing the Bypass for both 
agriculture and waterfowl ultimately lead to 
creation of the Yolo Basin Wildlife Area[AQ], 
which allows some hunting (Suddeth 2014).

More recently, the potential importance of 
the flooded Bypass to fishes has been recog-
nized, as has its role in providing habitat for a 
range of other endangered species. While these 
diverse uses can coexist, management actions 
that are beneficial for some resources or values 
can be detrimental to others—such as the 
managed increase in the extent or duration of 
flooding—setting up the potential for conflict 
among various managers, users, and stakehold-
ers (Salcido 2012). To illustrate, various parties 
have specific preferences for the timing of 
flooding and draining:

a. Farmers prefer to have their fields drain as 
quickly and as early as possible (preferably 
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for finding balanced solutions within highly 
altered systems like the Yolo Bypass. To guide 
managers in finding such solutions, Grimm 
and Lund (2016) developed a multi-objective 
systems model various options, quantify per-
formance of those options across various objec-
tives, and illustrate trade-offs[AQ]. The model 
focuses on February–April, when most flood-
ing occurs naturally and when most birds and 
fish are likely to be using the Bypass. In addi-
tion to the current conditions, the model also 
considers potential future changes to manage-
ment. For example, the addition of a gated 
notch in the Fremont Weir would give manag-
ers the ability to direct flows into the Bypass at 
times when the river stage was below the weir, 
increasing the frequency of flooding in the 
Bypass. Further, managers could control char-
acteristics of this intentional flooding, such as 
timing and duration, to maximize benefits for 
native fish (table 13.2).
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compliance with federal and state endangered 
species acts, respectively (Yolo Habitat Con-
servancy 2016). The planning effort focuses  
on habitat for a range of terrestrial endangered 
species; although the planning is focused  
on areas outside the Bypass, some species, such 
as the giant garter snake and western pond tur-
tle, are common in the Bypass. Plans and deci-
sions for the Bypass will likely need to consider 
the potential for management actions for 
flooding and waterfowl to affect endangered 
species.

Managers are actively seeking solutions to 
balance these diverse uses of the Bypass. Poten-
tial conflicts over the timing, duration, and 
depth of flooding between fish, birds, and 
farmers illustrate these challenges. Grimm  
and Lund (2016) suggest that pursuing a recon-
ciliation approach to floodplain ecosystems and 
management, rather than focusing on classic 
restoration, allows managers greater flexibility 

TABLE 13.2
Summary of potential operations for a gated notch in the Fremont Weir

 Dec 1–Feb 15 Feb 16–28 March 1–23 Mar 24–April 10 April 11–May 15

Current % of 
years with 
Fremont Weir 
overf low

61 50 47 22 17

Potential % 
years with 
modified 
weir[AQ]

69–89 67–75 72–81 61–67 19

Proposed 
volume (cfs)

Up to 6000 Up to 6 000 Up to 6000 Up to 6000* Up to 6000*

Targeted f lood 
extent (acres)

17,000 17,000 7000–10,000 7000–10,000 7000–10,000

Proposed  
duration

30–45 days  
or longer

30–45 days or 
longer

30 days 30 days 30 days

Targeted  
species for 
f loodplain 
habitat (does  
not include 
passage)

Winter-run  
and spring-run 
Chinook 
salmon, 
Sacramento 
splittail

Fall-, winter-,  
and spring-run 
Chinook 
salmon, 
Sacramento 
splittail

Fall, spring, and Butte  
Creek spring-run Chinook 
salmon, and steelhead

Late fall-run 
Chinook salmon 
and steelhead

source: Based on Grimm and Lund (2016)

*Only in years with natural overf low.
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(c) habitat requirements of waterfowl and fish; 
and (d) revenue and costs from different types 
of agricultural land use. The model illustrates 
the trade-offs between different flooding sce-
narios and/or management interventions. For 
example, the model demonstrates that, in dry 
years, just 3 weeks of flooding in January or 
February could significantly benefit fish and 
birds at no cost to farmers. Allowing longer 
flooding provides additional benefits to fish and 
birds, but also imposes costs on farmers.

The model also indicates that economic 
incentives for farmers to grow rice or wild rice 
would benefit fish and wildlife, because these 
crops function as de facto wetlands (box 
13.1[AQ]). Converting Bypass land currently in 
low-value agriculture (e.g., corn or pasture) to 
rice could have a minimum impact on farm 
income while providing large benefits to ducks 
and fish. Much of the low-value agricultural land 
cover is within the southern end of the Bypass, 
and this location makes it particularly valuable to 
be managed for annual flooding. This portion of 
the Bypass is adjacent to extensive tidal slough 
habitat, allowing easy access by spawning split-
tail, as well as promoting exit of juvenile salmon 
from the Bypass (Grimm and Lund 2016). 
Another potential management option would be 
to use managed flooding through a gated notch 
on Fremont Weir to create “miniature” seasonal 
floodplains along the Toe Drain (the east side of 
the Bypass), inundated at times that would most 
benefit native fish and birds. These possibilities 
underscore that the Bypass is not a uniform 
landscape; specific management interventions 
can be tailored to support the diverse land uses 
and habitats that occur in specific portions of the 
Bypass (figure 13.6). Indeed, active management 
that varies across the floodplain, calibrated to 
specific land uses and habitat types, will likely be 
a prominent feature of managing floodplains as 
reconciled landscapes.

Conclusions

Although the Yolo Bypass occupies a portion of 
the historic floodplain and, in some years, expe-
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Grimm and Lund’s (2016) multi-objective 
model draws on a range of inputs including (a) 
hydrological and hydraulic data, such as tim-
ing, depth, and extent of flooding; (b) land use, 
including area devoted to different crops;  

BOX 13.1 • Experimental Demonstration 
of Flooded Rice Fields to Rear Salmon

Rice is an important summer crop on the Yolo 
Bypass. Because rice grows in standing water, 
areas farmed for rice are organized into paddies 
that can also be intentionally flooded after the 
growing season to attract migratory waterfowl. 
During natural inundation of the Bypass, rice 
fields provide rearing habitat for juvenile salmon, 
carried with flood waters onto the floodplain. 
These juvenile salmon utilize a range of natural 
and farmed habitats, and the fact that salmon 
have high growth rates in rice fields provides a 
clear illustration of reconciliation ecology.

Katz (2015) used experimental treatments 
to explore how rice farming practices affect 
winter rearing habitat for juvenile Chinook 
salmon. They built nine 0.8 ha rice fields in the 
Bypass and randomly assigned each field to 
one of three postharvest farming options: fal-
low, rice stubble, or tilled. Each field was 
stocked with 4500 juvenile salmon of hatchery 
origin and the fish were allowed to rear in the 
fields for 6 weeks, simulating the optimal 
flooding duration for multiple purposes as 
described in Suddeth (2014). After 6 weeks, 
the fields were drained and salmon were 
counted, measured, and released. Despite 
high densities of diverse zooplankters 
observed in all field treatments, salmon fed 
almost exclusively on the cladoceran Daphnia 
magna. Salmon growth (0.93 mm/day) and 
body condition were high across all treatments 
and, averaged across all treatments for the 41 
day study, were the highest ever recorded in 
the Central Valley. This indicates that posthar-
vest field treatment can be tailored to the 
needs of a farmer’s operation, without affect-
ing the ability of a field to provide productive 
rearing habitat for Chinook salmon, illustrating 
the potential to reconcile floodplain manage-
ment for salmon with the needs of farmers in 
an intensely managed landscape.
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below a specific threshold of river flows, thus 
reducing the range and type of floods that can 
inundate the Bypass.

With these highly engineered or managed 
characteristics, it may seem quite surprising 
that the Bypass retains so much value as a 
floodplain ecosystem. Its value for waterfowl 
was long appreciated, as birds come to the 

riences flooding that approximate historic con-
ditions, there is very little that is natural about 
the Bypass. It is a novel floodplain ecosystem. 
Its surface is flattened and graded to drain rap-
idly, crisscrossed with ditches and levees to 
support farming and waterfowl operations. The 
timing and extent of flooding are limited by 
weirs (low walls) that prevent connectivity 

No management changes

Fallow land flooded

Increase duration of corn
field flooding

Wetland always flooded
Fallow land usually flooded

Convert some pasture to
wetlands

Some areas always flooded

Increase acreage of rice and
duration of rice field flooding 

Convert some pasture to
wetlands

Fallow land more frequently
for flooding

Increase flood duration in
pasture, fields, and wetlands

Roads

Yolo Bypass

Water bodies

Urban
0 5 10

km °

FIGURE 13.6 Land-use changes and flooding management by agricultural zone on the Yolo Bypass. Modeling results of 
Grimm and Lund (2016) suggest that the majority of flooded habitat should be concentrated in the southern bypass 
(Zone 6)[AQ]
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source of water for agriculture, industry  
and municipal use and thus it has extremely 
high economic and social importance to  
California—a state that would have the eighth 
largest economy in the world if it were its own 
country. Providing this water as an engine of 
economic growth required significant altera-
tion to the river’s flow regime, channel, and 
floodplains. The river’s historic conditions, 
changes, and current conditions are described 
in chapter 12. Here we discuss current plans for 
a reconciled floodplain-management system 
along the main channel.

Infrastructure

Water in California is intensely managed 
through a vast plumbing system, and storing 
and moving water from places with high water 
runoff to places with high water demands has 
necessitated a dramatic change to the state’s 
rivers and their flow patterns. Early in the twen-
tieth century, two major water engineering 
projects were initiated: The Central Valley 
Project (CVP) by the federal government and 
the California State Water Project (SWP) by the 
state government. Through these projects, and 
other smaller projects, the Sacramento River 
and its tributaries have been dammed, leveed, 
and otherwise altered.

Levees and other bank restraints were built 
on the Sacramento River beginning in the late 
1800s, partly in response to the aggradation of 
the river as millions of tons of sediment were 
flushed to the system from hydraulic gold min-
ing (chapter 12). The uppermost reach of the 
river, the first 300 km known locally as the 
“gorge reach,” has few levees because the chan-
nel has a considerably steeper gradient than the 
rest of the river and is confined by steep sides; 
floodplains are much less expansive than in 
lower reaches. Below the gorge reach, much of 
the channel is lined with levees and other bank 
restraints (e.g., riprap) especially on sections of 
river that historically had extensive floodplains. 
The 390 km of the Sacramento runs down-
stream from the town of Red Bluff and is 

Bypass in huge and highly visible f locks, 
prompting duck hunters to develop hunting 
clubs and, along with conservationists and 
agencies, to establish the YBWA. Because they 
were swimming literally beneath the surface 
and beyond easy observation, native fishes in 
the Bypass escaped equivalent recognition. 
Now, however, the Bypass receives a great deal 
of attention as the best remaining lowland 
floodplain habitat for native fishes. Its recogni-
tion as a valuable rearing area for juvenile 
salmon—a partial stand-in for the vast natural 
floodplains that no doubt helped maintain huge 
historical salmon runs—may spark a revolu-
tion in salmon management in the Central Val-
ley. Floodplain rearing can increase the survi-
vorship and size of smolts that enter the Pacific 
Ocean, ultimately improving returns to fisher-
ies and ecosystems. Active management of 
flow, habitat, or both, in the Bypass and else-
where in the Central Valley, can potentially 
maximize the value of floodplains to salmon 
populations. Although management to pro-
mote salmon can conflict with other uses of the 
Bypass—such as flood control, farming, and 
waterfowl—the same collaborative spirit that 
drove establishment of the YBWA can also cata-
lyze the search for balanced solutions for these 
various values. A collaborative process is under-
way now to find these solutions. The Bypass 
can serve as a global model of a floodplain that 
is simultaneously managed for f lood-risk 
reduction and a diverse range of ecosystem 
services, a reconciled floodplain system.

SACRAMENTO RIVER: PLANNING FOR 
RECONCILIATION

The Sacramento River, at 719 km long and 
draining 71,000 km2, is California’s longest 
and largest river. It is bounded by mountain 
ranges on the east (Californian Coast Ranges), 
west (Sierra Nevada), and north (Cascades), 
flowing from headwaters in the very northern-
most part of California and draining through 
the Sacramento-San Joaquin Delta into San 
Francisco Bay. The Sacramento is a major 
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tial for ecological restoration of floodplains 
within an overall flood-management strategy.

The plan evaluates potential for reconcilia-
tion through two types of analyses: (1) flood-
plain inundation potential (FIP) and (2) the 
potential meander zone of the river. The FIP 
analysis identified floodplain areas that could be 
inundated by specific recurrence interval flood 
flows, considering both areas currently con-
nected to the river and areas disconnected from 
the river by natural or built levees or other flow 
obstructions. This analysis drew on concepts of 
the “Frequently Activated Floodplain” (Williams 
et al. 2009, and discussed in detail in chapter 
14). The FIP mapped areas of potential inunda-
tion, and the depth and duration of inundation, 
for three levels of flow (67%, 50%, and 10% 
exceedance probabilities). Each analysis 
included a specific water surface elevation and 
an associated season (e.g., spring) and duration 
(e.g., 7 days). For example, the “67% chance 
sustained spring FIP” refers to inundation of a 
floodplain area with 1 ft or more of water, during 
spring, from a flood level that has a 67% chance 
of occurring in any given year (i.e., two out of 
three chance) and is sustained for at least 7 days.

The meander zone analysis defined a “natu-
ral meander zone” that strives to capture poten-
tial future movements of the river, accounting 
for natural restraints such as geology. Together, 
these analyses showed where interventions 
could provide the most benefits in terms of pro-
moting or allowing natural geomorphic proc-
esses to occur. The plan assessed three types of 
potential floodplain interventions: (1) lowering 
or otherwise modifying the floodplain elevation 
to achieve longer periods of inundation; (2) 
eliminating flow restrictions, such as levees; 
and (3) connecting side channels during a 
greater range of flows. These actions can all 
increase flood capacity and restore floodplain 
habitat, including wetlands, oxbow lakes,  
and riparian forests. DWR planners also con-
sidered the need to create additional resting 
and rearing habitat for salmon and steelhead 
within side channels and other floodplain 
features[AQ].
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divided into two main reaches[AQ]. The first 
runs from the town of Red Bluff to the town of 
Colusa (160 km) and the second starts at Colusa 
and ends at the Delta (230 km). The Red Bluff-
Colusa reach has discontinuous levees and 
other bank restraints and the river is free to 
migrate laterally in some areas. The Colusa-
Delta reach features continuous levees on both 
sides of the river, directly adjacent to the banks, 
preventing lateral movement.

Current Restoration

Numerous restoration projects have occurred or 
are being planned on the Sacramento River, 
including large-scale riparian restoration and 
levee setback projects. TNC and several conser-
vation partners formed the Sacramento River 
Project in 1988 to pursue large-scale, process-
based restoration of riparian and floodplain 
habitats of the Sacramento River (Golet et al. 
2006, 2008). To date, the project has conserved 
approximately 5400 ha of riparian habitat along 
the Sacramento River, between the towns of 
Colusa and Red Bluff. Primary strategies 
include conservation of f lood-prone land 
through acquisition or easement, active riparian 
restoration (i.e., planting), and restoration of 
natural river processes (Golet et al. 2008). Ini-
tial results suggested that, due to the altered 
hydrology of the Sacramento River, irrigation 
was necessary for successful riparian restora-
tion (Alpert et al. 1999). Golet et al. (2008) 
reported that restored riparian sites supported a 
broad range of fauna, including birds, bats, and 
insects.

Planning for Floodplain Reconciliation

Drawing on lessons from existing projects, 
including levee setbacks and the multipurpose 
benefits of the Yolo Bypass, the CDWR has pro-
posed a plan to expand the extent of connected 
floodplains along the Sacramento River (CDWR 
2014), focused on balancing flood-risk man-
agement with ecological benefits. The plan 
seeks to identify areas with the greatest poten-
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more effectively attenuate a flood wave before it 
reaches the more confined reaches down-
stream, (3) prioritizing sites adjacent to existing 
areas of wide levee separation to reduce bottle-
necks in the levee alignments, and (4) consider-
ing sites’ potential for habitat benefits and 
groundwater recharge.

The inundation potential and potential 
meander zone analyses were used to identify 
the most optimal areas for floodplain modifica-
tion and levee setbacks. The Upper Sacramento 
was shown to have significantly more potential 

The estimated natural meander zone (fig-
ure 13.7) was used to establish potential levee 
setback areas within at least three active chan-
nel widths (Larsen, Fremier and Girvetz 
2006[AQ]) from the current channel edge. The 
evaluation of candidate sites for new setback 
levees focused on areas of higher ground, 
which would require lower levee heights. Fur-
ther considerations for evaluating levee setback 
sites included (1) minimizing the length of the 
new setback levee to reduce maintenance costs, 
(2) prioritizing sites in upper reaches that could 
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FIGURE 13.7 Currently constrained compared with unconstrained meander potential 
on the Sacramento River from river mile 201 to 222. Constraints (in “currently 
constrained” meander potential) include levees, riprap, roads, and structures (Gesch  
et al. 2002; CDWR 2012; Sacramento River Forum 2016).
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both flood risk and ecosystem services, such as 
habitat for fish and wildlife and groundwater 
recharge.

CHAPTER CONCLUSIONS

California has changed dramatically and con-
tinuously since the Gold Rush in the 1850s. As 
described in the next chapter, California’s Cen-
tral Valley will continue to face new challenges 
due to population growth, climate change, and 
other stressors on flood- and water-manage-
ment systems. Floodplain reconciliation can 
help address many of these challenges. The 
CRP floodplain, although still a novel ecosys-
tem, provides the closest representation of a 
natural floodplain system that can inform man-
agement to benefit native species and ecosys-
tems. The Yolo Bypass has evolved to become a 
highly managed floodplain that serves multiple 
purposes, including some—such as farming 
and fish—that were once regarded as being 
largely incompatible with each other. In many 
respects, the Bypass is a grand experiment in 
reconciliation ecology. Plans for the Sacra-
mento River may advance this experiment fur-
ther, exploring how an entire highly developed 
river system can include floodplain ecosystems 
as part of its flood-management system.

for floodplain modification (861 ha) than the 
Lower Sacramento (6 ha). Similarly, the upper 
river was determined to have 4092 ha of flood-
plain that could be reconnected with setback 
levees, while the lower river had 1688 ha.

The goals of this plan focus on attaining a 
flood-management system that also promotes 
key physical processes and ecological functions 
required to yield an improved ecosystem. In 
short, the plan seeks to reconcile functioning 
floodplains within the highly altered Sacramento 
River system. This plan illustrates how quantita-
tive methods can be used to evaluate potential 
for reconciliation of floodplains that have been 
leveed and farmed for almost 150 years.

The planning process included several 
approaches to make the results of the plan more 
useful to decision makers and accessible to 
various stakeholders. First, the plan focused on 
identifying general areas for implementing 
actions rather than proposing specific actions. 
The plan used technically defensible methods 
and data but created simple end products. Cali-
fornia is currently planning massive invest-
ments in its infrastructure and water-manage-
ment systems to deal with drought, flood risk, 
climate change, and ecosystem restoration. 
This plan informs those decisions with a clear 
road map of where interventions could improve 
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2007, approximately 1.8 million people in the 
Central Valley lived in areas protected by levees 
and this population is projected to increase to 
more than 2.3 million by 2020 (Independent 
Review Panel 2007). The conversion of farm-
land to housing on deep floodplains greatly 
increases the number of people and the value of 
structures at risk from large floods (CDWR 
2005).

Even without a growing human population, 
the Central Valley’s geography, topography, cli-
mate, and land-use patterns all contribute to 
high flood risk. The Valley is surrounded by 
high, steep mountains that are relatively close 
to the ocean and thus intercept moisture-laden 
storms[AQ]. Storm runoff, particularly from 
rain-driven or rain-on-snow events, drains 
quickly from the channel network to a broad, 
flat valley. The Valley’s flood risk is rising due to 
a combination of population growth into flood-
prone areas and climate change, and is exacer-
bated by levee design deficiencies and deteriora-
tion (CDWR 2005). Further, even absent trends 
that are increasing risk, current expectations of 
flood risk are based on calculations of the  
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Floodplains of california’s cen-
tral valley (the Central Valley) have changed 

dramatically over the past 150 years and will 
continue to change over the next century. In 
this chapter, we first discuss current flood risks 
that exist in the Central Valley, followed by a 
discussion of how risk is likely to increase with 
climate change. We then describe the potential 
benefits of large-scale floodplain reconciliation, 
much of it underway, followed by a conceptual 
model of floodplain ecology and management, 
to inform reconciliation efforts. The review of 
benefits and conceptual model also serve as a 
synthesis of the main theme of this book: how 
connections between river and floodplain and a 
range of biophysical processes produce multi-
ple benefits for society.

FLOOD RISK

The human population of the Central Valley is 
growing rapidly and much of this population 
growth occurs in “deep floodplains,” defined as 
areas where flooding following a levee breach 
would be 1 meter or higher in depth. As of 

FOURTEEN
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CLIMATE CHANGE

Climate change is predicted to alter the hydrol-
ogy of the Central Valley in ways that could 
affect its river-f loodplain ecosystems and 
increase flood risk for people. While models 
have a wide range of predictions about how cli-
mate change will influence total annual pre-
cipitation, the models agree that air tempera-
tures will increase, resulting in higher water 
temperatures in rivers and floodplain wetlands, 
higher evapotranspiration rates, and an 
increase in the proportion of precipitation that 
falls as rain compared to snow in the Sierra 
Nevada and Cascades. Because atmospheric 
holding capacity for water vapor increases with 
air temperature, warmer air often produces 
more intense precipitation (Trenberth et al. 
2003). Together, these factors indicate that cli-
mate change will result in an increase in flood 
magnitudes and frequencies in the Central Val-
ley because of an increased frequency of storms, 
more intense precipitation, and increasing pro-
portion of precipitation falling as rain. Models 
of Dettinger et al. (2011) predict an increase in 
flood magnitudes, with some models predict-
ing that the largest floods will increase by up to 
150% of historical magnitudes by the end of the 
twenty-first century. The models show that 
flood magnitudes will increase even under 
overall drier conditions, due to an intensifica-
tion of the largest storms. Yoon et al. (2015) 
forecast that both intense droughts and severe 
floods will increase in frequency by 50% by the 
end of the century.

RESTORATION AND RECONCILIATION OF 
CENTRAL VALLEY FLOODPLAINS

Although the geographic extent of hydrologi-
cally connected floodplains in the Central Val-
ley has declined dramatically in the past cen-
tury, interest in, and funding for, floodplain 
restoration is increasing. While promoting 
floodplains’ environmental benefits is clearly a 
primary objective driving these efforts, flood-
plain restoration can be integrated into broader 

100 year flood (1% exceedance probability) and 
these calculations are derived from relatively 
short records of hydrological data. As a result, 
the calculated magnitude of the 100 year event 
often rises following a new flood (Mount 1995). 
Despite the challenges in accurately calculating 
the 100 year flood, the designation of the “100 
year floodplain” has great significance for plan-
ning, investment, and land-use patterns. Invest-
ments in flood protection are often designed to 
be just sufficient to offer 100 year flood protec-
tion. While investments to that level allow prop-
erty owners to avoid carrying flood insurance, 
they do not provide protection from larger 
floods and, as described above, the 100 year 
floodplain is an uncertain and potentially shift-
ing geographic reality (Davis 2007).

Levee maintenance in the Central Valley has 
been chronically underfunded (Leavenworth 
2004[AQ]), with 200 levee sections waiting for 
repair of erosion as of 2005 (Weiser 2005). A 
2003 survey by the US Army Corps of Engi-
neers found that 143 of the 1704 km of levees in 
the Sacramento River Control Project required 
repair, with an estimated cost of US$145 million 
(CDWR 2005[AQ]). The California Department 
of Water Resources (CDWR[AQ]) reported in a 
2011 survey that half of 480 km of urban levees 
did not meet engineering design standards and 
60% of rural levees had high potential for fail-
ure (CDWR 2011). Maintenance challenges in 
California reflect a broader trend in the United 
States where much of the flood-management 
infrastructure is aging and in need of repair or 
replacement, including an estimated US$12.5 
billion for dams and US$50 billion for levees 
(American Society of Civil Engineers 2009).

The design and location of Central Valley 
levees add to the difficulty of their mainte-
nance. Levees were initially built close to the 
channel in order to flush excess sediment from 
hydraulic mining out of the channel network. 
With much of the excess sediment now 
removed, levees in close proximity to the river 
are themselves vulnerable to erosion during 
high flows (CDWR 2005), which can lead to 
levee failure.
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in both rivers was high, flood waters would back 
up into the Bear River channel, causing exten-
sive flooding. Engineers determined that the 
best solution to reduce this backwater flooding 
was a levee setback project. The new setback 
levee is 3.2 km long and restores a large expanse 
of floodplain habitat (figure 10.3). The increased 
conveyance provided by the setback levee is pro-
jected to lower flood stages by 1 m during major 
floods, reducing flood risk along the lower Bear 
River. Because long-duration and frequent 
flooding can be particularly important for river-
floodplain ecosystems and native fishes, a low 
wetland feature was added to ensure that por-
tions of the reconnected floodplain experienced 
this type of flooding (Williams et al. 2009).

The Central Valley Flood Protection Plan 
(CDWR 2010) outlines a hybrid approach to 
flood-risk management, with improved gray 
infrastructure complemented by increased 
f loodplain conveyance. The plan calls for 
increasing protection levels for urban areas up 
to the 200 year flood level (0.5% annual proba-
bility) and also describes potential expansion of 
existing bypasses (Sutter and Yolo) and con-
struction of new bypasses on the Feather River 
and the lower San Joaquin River.

Floodplain restoration can be integrated 
into both levee setbacks and flood bypasses. 
Williams et al. (2009) describe how ecological 
restoration goals can be incorporated into flood 
projects, and a proposed setback levee on the 
Sacramento River at Hamilton City includes 
reconnection of 1200 ha of floodplain to the 
river. The combination of ecological and flood-
risk objectives was critical for demonstrating 
the cost effectiveness of this project and gain-
ing approval from the US Army Corps of Engi-
neers (Opperman et al. 2010). Because 
improved conveyance is a key feature of flood 
management, restoration objectives and flood-
management objectives need to be reconciled. 
For example, portions of the restored Bear 
River levee setback area will be maintained as 
grassland with low hydraulic roughness to 
maintain the desired conveyance levels (Wil-
liams et al. 2009).

water-management objectives and programs, 
under a reconciliation approach (chapter 10). 
As we emphasize in this book, floodplain rec-
onciliation is a particularly useful approach for 
work in the Central Valley because of the need 
to integrate novel ecosystems, active environ-
mental management, and natural ecosystem 
processes and services within a complex system 
of water and land management. As described 
in chapter 13, the ecosystem benefits from a rec-
onciliation approach are diverse and large. In 
the next section, we briefly review how improv-
ing function of floodplain ecosystems can be 
linked to flood-risk management and other 
water-management objectives. Creating these 
linkages can to lead to a much greater extent of 
ecologically functioning floodplains than could 
be accomplished through environmental pro-
grams alone.

LINKING ECOSYSTEM BENEFITS TO 
OTHER WATER-MANAGEMENT OBJECTIVES

As described in chapter 10, a promising strat-
egy for achieving floodplain reconciliation on a 
large scale is to integrate floodplain ecosystems 
into flood-management systems. This means 
integrating green infrastructure into a system 
of engineered infrastructure. California’s  
flood-management system already relies on a 
mix of gray and green infrastructure. Thus, the 
Yolo and Sutter Bypasses are critical compo-
nents of the system that combine gray (levees 
and weirs) with green (floodplain conveyance) 
infrastructure.

In addition to the system of bypasses, imple-
mented nearly a century ago, new solutions that 
accomplish floodplain reconciliation through 
the integration of green and gray infrastructure 
are being proposed, such as planning for new 
management of the Yolo Bypass or levee set-
backs, described in chapter 13. Recently, levee 
setbacks that have been implemented along the 
Bear, Feather, and Sacramento Rivers demon-
strate these new solutions. The Bear River had 
levees set close to the channel, including at its 
confluence with the Feather River. When stage 
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these mechanisms, large-scale reconnection of 
floodplains can be consistent with a vibrant 
agricultural economy.

As a component of flood-risk-management 
projects, floodplain restoration can also have 
value for water-management objectives for 
water supply. Within multipurpose reservoirs, 
the need to leave reservation space to capture 
potential floods can compete with water storage 
for water supply and irrigation (Das et al. 2011). 
Within California, climate change will exacer-
bate this competition. California’s large multi-

Proposals to reconnect f loodplains, for 
either ecological restoration or flood-manage-
ment objectives (or both), can lead to concerns 
from rural communities that loss of farmland 
will threaten the vitality of the agricultural 
economy. However, reconnected land doesn’t 
necessarily mean a loss of private land or a ces-
sation of revenue to landowners or local govern-
ments. Reconnected floodplain lands can con-
tinue to generate revenue through markets for 
ecosystem services or through flood-compatible 
agriculture (Opperman et al. 2009). Through 

The Yolo Bypass illustrates the role that floodplains 
can play within an integrated water-management 
system (chapter 13). Although the Bypass was built 
decades before the present system of multipurpose 
reservoirs in the Sacramento Valley, it effectively 
illustrates how a geographically large, hydrologically 
connected floodplain can increase flexibility of mul-
tipurpose reservoirs. By conveying 80% of the vol-
ume of flood waters during major floods, the 
Bypass floodplain relieves pressure on levees and 
substitutes for billions of cubic meters of reservoir 
flood storage. Opperman et al. (2011) present an 
analysis of the role the Bypass played in 1986, when 
a 50–80 year recurrence interval flood occurred in 
the Sacramento River. During the 3 day peak of the 
flood (February 19–21) 3.3 billion cubic meter (bcm) 
flowed through the Bypass; this volume is approxi-
mately the same as the combined flood-control 
storage of the six largest reservoirs in the Sacra-
mento River basin. During this peak, the multipur-
pose reservoirs’ flood storage volume was nearly at 
capacity and the Sacramento River was essentially 
flowing at its channel capacity; higher flows would 
have lead to levee overtopping. Thus, the 3.3 bcm 
that flowed through the Bypass during the peak 3 
days could not have been stored or conveyed by any 
other element of the existing flood-control system. 
The “green infrastructure” of the bypass floodplain 
provided a service that could not have been pro-
vided by the existing engineered infrastructure.

Managing the volume of water associated with 
the 1986 flood without the Bypass floodplain, let 
alone a 100 or 200 year event, would require some 

combination of (a) additional flood-control infra-
structure, including new or enlarged dams and 
extensive raising of levee height to increase chan-
nel capacity, and (b) considerable reallocation of 
existing reservoir storage from water supply to 
flood control. The first would require significant 
funding in a state where maintenance of the cur-
rent levee system is chronically underfunded 
(Leavenworth 2004). The second would impinge 
upon California’s already strained water supply 
resources. Thus, the hydrologically connected 
floodplain of the Yolo Bypass provides considera-
ble economic value in the form of avoided costs 
for additional infrastructure and maintenance of 
the operational integrity and flexibility of the cur-
rent system of water storage and allocation.

In another example, an analysis of the nearby 
Mokelumne River shows the advantages of reduc-
ing flood storage in a major reservoir to 50% of 
current levels and adapting downstream agricul-
tural land uses (e.g., crop selection) to be compat-
ible with increased inundation frequencies. 
Together, these actions would increase reliability 
of water supplies in part by reducing the number 
of times the reservoir reached levels that triggered 
drought management. The changes to reservoir 
allocation would also result in a slight increase in 
hydropower revenue and a significant increase in 
the reservoir’s ability to provide environmental 
flows for salmon. In total, the increased benefits 
outweigh the costs of adapting floodplain land 
use by several million dollars per year (Opperman 
et al. 2015).

BOX 14.1 • Linking Floodplain Management with Other Water-Management Objectives
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presents a more extensive set of conceptual 
models for this purpose and a list of mechanis-
tic tools and models that can be used to study or 
compare management or restoration 
alternatives.

Floodplains that can produce the various 
benefits described above require three primary 
characteristics: (1) hydrological connectivity; 
(2) a flow regime with a range of flow levels, 
including high flows that exceed bank-full; and 
(3) sufficiently large geographic area for bene-
fits to accrue to a meaningful level.

Connectivity

The main prerequisite for an ecologically func-
tional floodplain is hydrological connectivity 
between the river and floodplain (Amoros 1991; 
Tockner et al. 2002[AQ]). Connectivity drives 
all hydrologic and geomorphic processes on the 
floodplain and strongly influences ecological 
processes. Connectivity can be achieved 
through multiple pathways including lateral 
overflow as river stage rises into a floodplain 
that fringes the main channel, through breaks 
in natural or constructed levees, and through 
sloughs or side channels into a flanking flood 
basin. Water on the floodplain can then per-
form geomorphic work (erosion and deposi-
tion), facilitate the exchange of organisms, 
nutrients, sediment, and organic material 
between the river and floodplain, and provide a 
medium in which biogeochemical processes 
and biotic activity (e.g., phytoplankton blooms, 
zooplankton and invertebrate growth and 
reproduction) can occur.

In addition to the natural connectivity found 
on some remnant floodplains in the Central 
Valley, connectivity has also been achieved 
through management actions. For example, 
connectivity in the Cosumnes River Preserve 
has been facilitated by numerous intentional 
levee breaches (Mount et al. 2003). Connectiv-
ity between the main-stem rivers and the Yolo 
and Sutter Bypasses is controlled by engineered 
weirs, although partial inundation in the Yolo 
Bypass can be achieved by inflow from smaller 
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purpose reservoirs rely on refilling during 
April to July as the snowpack melts and, due to 
minimal risk of flooding, reservoir levels can 
be safely raised higher. Dettinger et al. (2011) 
predict that, under a warming climate, reduced 
snowpack could lead to a 14% decline in April-
July flows for the Merced River, with a 7% 
reduction for the American River. Because of 
the interrelationship between flood manage-
ment and water supply, the 2005 California 
Water Plan Update called for integrated flood 
management as one of the tools for improving 
water supply (see box 14.1).

Finally, by increasing populations of species 
with regulatory protection, floodplain reconcili-
ation can also yield direct benefits to water-
management systems in terms of lower regula-
tory conf licts and increased certainty and 
management flexibility. Because of this, water-
management agencies have often funded eco-
system restoration projects in recent decades. 
Several species with regulatory protection ben-
efit from floodplain reconciliation, including 
Chinook salmon, valley elderberry longhorn 
beetle, and giant garter snake (see table 13.1).

CONCEPTUAL MODEL OF CENTRAL 
VALLEY FLOODPLAINS

The first part of this chapter describes a range 
of benefits that can be achieved through flood-
plain reconciliation, such as promoting biodi-
versity and fisheries, improving flood-risk man-
agement, and increasing the overall flexibility 
of the water-management system. Through 
floodplain reconciliation, scientists and manag-
ers confront the challenge of designing projects 
and systems that can accomplish a specific 
management objective, such as f lood-risk 
reduction, while also promoting desirable spe-
cies and ecological processes. The engineering 
requirements of flood management are beyond 
the scope of this book, so here we provide a con-
ceptual model of how physical processes inter-
act with ecosystems to produce desired outputs 
(ecological benefits) at scales relevant for man-
agement (figure 14.1). Opperman (2012) 

Opperman - Foodplains.indd   207 23/03/17   3:15 PM



Hydrology

Floodplain activation

• Long duration

• Flood pulses
Floodplain reorganization

• Sufficient energy to transport
sediment onto floodplain

• Exceedance probability
~5–75%

• Scour and deposition
on floodplain

• Channel migration

• Channel avulsion

• Extensive scour of
floodplain surface

Exchange of nutrients,
organisms, and organic
matter between river
and floodplain 

Heterogeneous vegetation patches with varying
species, age, and structure

Floodplain water bodies of varying successional
stage and connectivity to river

Extended inundation of various
patch types

Winter Summer

Algal food-web productivity

Spawning habitat for fish

Floodplain resetting

• Very high energy

• Exceedance probability
< 5%

Limited: Local benefits Population or system
scale benefits

Export of biologically
available carbon 

Production of fish

Production of terrestrial
species (birds, mammals)

Magnitude of benefits

Geographic scale of functional floodplain 

1 10 100

Flood
duration

Ecological benefits

Recurrence interval (magnitude)

Extensive:

•  Channel migration and
point bar deposition

Geomorphology

Ecosystem processes and responses

FIGURE 14.1 A conceptual model of floodplain processes, based on floodplains in California’s Central Valley. Blue 
shaded boxes indicate processes that occur during the period of inundation. Note the temporal scale bar (Winter → 
Summer) in the box “Extended inundation of various patch types,” which indicates that the occurrence and magnitude of 
ecosystem processes vary with the season of inundation.
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Floodplain Activation Flows

Floodplain activation flows provide ecological 
benefits, such as production of phytoplankton 
and rearing of juvenile fish, which can be 
exported to downstream portions of the water-
shed. The key elements of a floodplain activa-
tion flow are (a) high frequency, (b) low magni-
tude, and (c) long hydrologic residence time. 
Floodplain activation flows inundate flood-
plains for a sufficiently long time to allow eco-
logically significant processes to occur in the 
water column (productivity) and within sub-
strates (decomposition, mineral recycling) and 
for fish, waterfowl, and other organisms to 
derive significant benefits from accessing the 
f loodplain and/or to complete f loodplain-
dependent portions of their life history. Inun-
dation must be relatively long for fish to effec-
tively utilize f loodplains, and must be 
sufficiently predictable for them to have adapted 
to using it, although many species can oppor-
tunistically use it. Because of their duration 
and frequency, floodplain activation flows pro-
mote several of the characteristics described in 
the Flood Pulse Concept (FPC): productivity, 
exchange of organisms and materials, and uti-
lization of floodplain habitats by riverine organ-
isms (Junk et al. 1989).

In the Central Valley, the primary ecological 
benefits provided by these types of floods are 
spawning (e.g., Sacramento splittail) and rear-
ing (e.g., Chinook salmon and native cyprinids) 
for fish, feeding areas for waterfowl and wading 
birds, and production and export of biologically 
available carbon for rivers and downstream 
food webs, such as the Delta.

The characteristic benefits of floodplain 
activation flows can be produced in the Central 
Valley with a variety of types of flows interact-
ing with riverine and floodplain topography. In 
the lower basin, floodplain activation flows 
occur through inundation of floodplains for 
extended periods of time. This includes flood-
ing on the bypasses, which occurs frequently 
(60% of years) and results in large areas of 
shallow water habitat flooded for extended 

tributaries (Sommer, Harrell et al. 2001; 
Schemel et al. 2004).

It is worth noting that some ecological ben-
efits can still be provided by Central Valley 
floodplains that are not hydrologically con-
nected to rivers (other than through canals). 
For example, floodplain land converted to rice 
supports large numbers of migratory waterfowl 
and wading birds (see box 10.2; O’Malley 1999; 
Bird et al. 2000).

Flow Regime with a Range of Flow Levels

Various types of flows, mediated through con-
nectivity, are ultimately responsible for the het-
erogeneous landforms and corresponding habi-
tats and processes that occur on floodplains. 
Diverse flows ranging from baseflows to rare, 
large floods have ecological significance (Poff et 
al. 1997). Furthermore, numerous characteris-
tics of any given flow, such as its seasonality, 
duration, and rate of change, influence its eco-
logical effects. A long-duration flood with high 
residence time that occurs in January will result 
in lower levels of productivity than a flood with 
the same characteristics that occurs in April. To 
simplify, we will focus on four broad types of 
flows that each produce a characteristic suite of 
ecological benefits (figure 14.1): channel-forming 
flows, floodplain activation flows, floodplain reor-
ganization flows, and floodplain resetting flows.

Channel-Forming Flows

Although bank-full discharge alone is often 
regarded as being most important for forming 
channels, river channel formation, and mean-
der migration in particular, is correlated with 
the cumulative effect of a broad range of flows 
(chapter 3). The process of lateral migration 
removes older floodplain surfaces and mature 
vegetation at the cutbank and creates new depo-
sitional surfaces on point bars, facilitating colo-
nization by riparian plants. Over time, channel-
forming flows in meandering rivers rework a 
large portion of the floodplain provided the 
channel is free to migrate.
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erosion occurs at channel cutbanks, reworking 
older floodplain surfaces and removing mature 
riparian vegetation, and erosion also occurs 
within side channels. Crevasses can form 
through levees, allowing new channels to form 
on the floodplain (Florsheim et al. 2002[AQ]). 
Sediment is deposited on bars within the chan-
nel, on crevasse splays, and in other locations 
on the floodplain. These deposition surfaces 
provide the necessary conditions for the regen-
eration of several species of riparian tree such 
as cottonwoods and willows (Trowbridge 
2002). Floodplain reorganization floods can 
also scour side channels, abandoned channels, 
and other floodplain water bodies, “resetting” 
them to an earlier stage within hydrarch suc-
cession. These floods can also remove alluvial 
plugs between main channels and floodplain 
water bodies, increasing connectivity between 
these features (Amoros 1991). Due to the ero-
sion of natural levees, banks, and alluvial plugs, 
floodplain reorganization flooding can move 
large amounts of wood and other organic mate-
rial to be deposited in the channel or on the 
floodplain. During the draining or recession 
stage, floodplain reorganization floods will usu-
ally display characteristics of floodplain activa-
tion flows, with long residence times, high 
food-web productivity, and export of material to 
the river channel.

FLOODPLAIN RESETTING FLOODS

Very high magnitude, rare events can cause 
extensive changes to the morphology of river 
channels and floodplains (Trush et al. 2000). 
During these high-magnitude events, the 
floodplain conveys a large proportion of the 
overall flow, with high shear stress on the flood-
plain and in the channel. Thus, these rare flows 
can also cause extensive scouring of the flood-
plain. During high winter flood events (>40 
year recurrence intervals), there is extensive 
geomorphic modification of the floodplain 
through channel avulsion, widespread scour 
and deposition, exchange of coarse particulate 
organic matter (CPOM) between channel and 
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periods of time (up to a month or more; 
Schemel et al. 2004; Sommer et al. 2004[AQ]).

Floodplain activation flooding in higher gra-
dient floodplains, such as along the upper Sac-
ramento River, corresponds more closely to the 
“f low pulses” described by Tockner et al. 
(2000) than the overbank flood pulse of the 
FPC. Extended inundation (usually 2 weeks or 
more) of floodplain surfaces occurs much less 
frequently in this portion of the system (Wil-
liams et al. 2009). The ecological benefits pro-
vided by floodplain activation flows occur with 
flows that are largely contained within the 
bank-full channel. Although these flows are not 
out on an extended floodplain surface (in a geo-
morphic definition of floodplain), natural chan-
nels can have heterogeneous habitat forms 
within the bank-full channel. During a flow 
pulse, flow can be initiated in side channels 
and connections can form with other aban-
doned channel features (Tockner et al. 2000; 
Ward et al. 2001, 2002). These features will 
tend to have slower velocities and greater inter-
action with surrounding riparian vegetation 
and are thus likely to be more productive (Amo-
ros 1991). Fish can use these connected habi-
tats for feeding, rearing, and spawning. For 
example, Limm and Marchetti (2009) found 
that juvenile Chinook salmon grew faster with 
greater prey availability in aquatic habitats off 
the main channel of the Sacramento. Vegetated 
bars can become fully or partially inundated 
and flow can extend into annual vegetation or 
trees (e.g., willows) that grow on the bars and 
banks.

FLOODPLAIN REORGANIZATION FLOODS

Floodplain reorganization floods, the “erosive 
floods” of Tockner et al. (2000), contain suffi-
cient energy to perform geomorphic work 
across the floodplain. While they occur less fre-
quently than floodplain activation flows, they 
occur frequently enough (once to a few times 
during a decade) to continually create new 
landforms and habitat features on the flood-
plain. During floodplain reorganization floods, 
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influence the ecological processes that occur 
during periods of inundation.

SCALE

Spatial scale of floodplains is important for two 
reasons. First, the benefits provided by the flood-
plain habitat mosaic (e.g., habitat for riparian 
songbirds) are generally proportional to the size 
of the floodplain site and so, from a management 
perspective, the extent of functioning floodplain 
must be sufficiently large to produce benefits 
that are measurable and relevant for managing 
systems or populations. Relatively small areas of 
functioning floodplain will produce only local-
ized benefits, whereas functioning floodplains 
throughout the Central Valley can produce ben-
efits measured at the system or population scale 
(figure 14.1). The positive relationship between 
inundation of the Yolo Bypass and year class 
strength of Sacramento splittail provides a clear 
example of how current floodplains provide ben-
efits measurable at the landscape or population 
scale (Sommer et al. 1997). As discussed in 
chapter 13, the extent of the bypasses is an order 
of magnitude smaller than the extent of the his-
toric flood basins, and these massive areas of 
floodplain with prolonged flooding likely had 
significant influences on downstream ecosys-
tems (e.g., export of productivity to the river and 
Delta) and population sizes of splittail, Chinook 
salmon, and other native fish.

Second, many of the processes that main-
tain the habitat mosaic, such as meander 
migration and channel avulsion, can only occur 
on sites sufficiently large enough for these 
processes to occur. Small floodplains may not 
have sufficient geographic extent to encompass 
these dynamic processes (Tockner et al. 2000; 
Richards et al. 2002) and so restoration of 
small areas of floodplain may require active 
management to maintain heterogeneity.

MODEL SUMMARY

Floodplain habitats along the Sacramento River 
and throughout California’s Central Valley have 

floodplain, and disturbance of riparian, wet-
land, and flood basin vegetation. These flows 
are associated exclusively with intense winter 
rainfall events, or rain-on-snow events (“atmos-
pheric river storms”). Because these large 
events are able to scour and deposit large vol-
umes of sediment, they exert the primary con-
trol on floodplain topography.

Flows that lead to channel migration and 
floodplain reorganization and floodplain reset-
ting floods (collectively termed “erosive floods”) 
create and maintain the template of landforms 
upon which floodplain ecosystems operate. The 
mix of vegetation types on the floodplain, 
including marshes, annual vegetation, and for-
ests of varying successional stage, is largely con-
trolled by the geomorphic work performed by 
erosive floods (figure 14.1; Stanford et al. 2005). 
Similarly, diversity of floodplain water bodies is 
also controlled by erosive floods. This heteroge-
neity of habitat types in turn influences the 
diversity of species that utilize these habitats 
(e.g., neotropical migrants, migratory fish). If 
erosive floods are eliminated or minimized due 
to flow regulation, floodplain habitats tend to 
simplify: riparian forests tend toward a domi-
nance of mature structure and floodplain water 
bodies tend toward terrestrialization.

Floodplain activation flooding occurs upon 
this template of habitat types that is created and 
maintained by erosive flooding. The ecological 
benefits produced by f loodplain activation 
flooding are strongly influenced by the types of 
habitats upon which the flooding occurs. For 
example, splittail and common carp spawn on 
flooded annual vegetation and thus require rel-
atively open areas. Food-web productivity may 
be higher in open areas and initial evidence 
suggests that a mosaic of habitat types may be 
best for native fish utilizing the floodplain 
(Crain et al. 2004); Hamilton et al. (1992) sim-
ilarly suggest that a mosaic of forest, aquatic 
macrophytes, and open water is important for 
maintaining the diversity and productivity of 
the Orinoco River floodplain. Thus, both ero-
sive floods (over longer time periods) and flood-
plain activation flows (during the flood event) 
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plains must exist at sufficient geographic scales 
for these processes to operate and for outputs to 
be measurable and meaningful.

CONCLUSIONS

A broad range of benefits can be achieved 
through floodplain reconciliation—promoting 
ecosystem services of floodplains by integrating 
them more effectively within water and flood-
management strategies. California is well-posi-
tioned to implement floodplain reconciliation 
projects that achieve multiple benefits because 
of the following:

•	 It	has	a	flood	season	that	usually	does	not	
overlap with the agricultural growing 
season.

•	 There	is	a	strong	need	for	floodplain	
ecosystem services such as groundwater 
recharge and habitat for fish and wildlife.

•	 Regulatory	drivers	exist	for	protecting	and	
restoring floodplain-dependent species.

•	 There	is	unacceptably	high	flood	risk	for	
Valley urban areas.

A reconciliation approach is particularly fitting 
for a region that, through the Bypasses, pro-
vided such an early example of the benefits of 
incorporating hydrologically connected flood-
plains into its flood-management system.

been greatly reduced from their historic extent, 
and key processes that create and maintain 
floodplains, such as flood flows and meander 
migration, have been greatly altered. These 
widespread alterations to habitats and proc-
esses have led to declines in many species’ 
populations in California’s Central Valley, cre-
ating challenges for both environmental and 
water management. To address these chal-
lenges, numerous entities and programs are 
now focused on restoring floodplains and other 
habitats. This chapter provides a conceptual 
model for floodplains that characterizes the key 
features and identifies the critical processes, 
drivers, and linkages that allow floodplains to 
produce a variety of functional ecological out-
puts. Ecologically functional floodplains—that 
is, those that can sustainably produce a full 
range of management outputs—require hydro-
logical connectivity with their adjacent rivers 
across a wide range of flow levels. Meander 
migration and high-magnitude flood events 
create and maintain the habitat mosaic, includ-
ing topographic features, such as side channels 
and oxbow lakes. Long-duration spring floods 
are essential for food-web productivity and the 
spawning and rearing of native fish. From a 
management perspective, meander migration, 
flow variability, and connectivity are necessary, 
but not sufficient to maintain production of 
desired floodplain outputs; functional flood-
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the twentieth century, incision was enhanced 
by state and federal agencies building higher 
levees and periodically scraping the channel 
free of vegetation. The final step that elimi-
nated flooding, however, was construction of 93 
m high Monticello Dam in 1957, which 
impounds Berryessa Reservoir on Putah Creek. 
The reservoir holds 1.976 × 109 m3 of water (1.6 
million acre-feet), over four times mean annual 
runoff from the watershed, so it rarely 
overflows.

The present-day Putah Creek below the dam 
is a classic novel ecosystem (Moyle 2013). It 
first flows as a blue-ribbon trout stream for 13 
km before being mostly diverted to water pros-
perous farms and cities of Solano County. 
Below the Putah Creek Diversion Dam, flow 
remaining in the channel supports a rich 
assemblage of riparian plants and animals in a 
narrow trench or “canyon” that cuts through 
the agricultural landscape. Managed f low 
releases, or “environmental flows,” from the 

It is perhaps ironic that the authors of 
this book all have a connection to the Univer-

sity of California, Davis, which is completely 
protected from flooding by traditional infra-
structure projects. The campus is located on 
the former floodplain of Putah Creek, in the 
middle of some of some most productive and 
floodplain-flat farmland in the world. The creek 
formerly flowed from the highly erosive Coast 
Range and spread across the landscape, filling 
its valley deep with sediment. The indigenous 
Patwin people coexisted with the annual flood 
events by locating villages on the highest natu-
ral levees and leaving for high ground before 
major flood events. The first Anglo settlers 
decided to fight the floods rather than live with 
them, enhancing natural levees and directing 
the creek down a single channel. This strategy 
was remarkably successful because the creek 
quickly cut down into the gravelly sediment, 
creating a deeply incised channel that rapidly 
carried flood waters to the Sacramento River. In 

FIFTEEN

Conclusions

managing temperate floodplains  

for multiple benefits

The Sacramento Valley bioregion was formed by flooding, yet we often pretend 
flooding doesn’t—or somehow shouldn’t—happen.

thayer (2003, p.195)
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is a vast novel ecosystem and a leading example 
of a large-scale hybrid f lood-management 
project that integrates engineered and green 
infrastructure and provides multiple benefits. 
Although Putah Creek only occasionally experi-
ences an unregulated flow event during periods 
of high precipitation in its watershed (Kiernan 
et al. 2012), it contributes to localized flooding 
in the Bypass.

But the complete success of Putah Creek 
infrastructure in eliminating floods from the 
lower watershed is an exception rather than 
the rule for California. The success is due to the 
combination of the highly erodible substrate on 
the valley floor and a huge reservoir that can 
contain potential flood events. The fact that 
Putah Creek flows into the Yolo Bypass, just 
east of Davis, gives us a front-door perspective 
on the challenges of flood management for the 
whole Central Valley, a region that typifies the 
river and flood challenges that confront regions 
around the world. These two very local, very 
novel ecosystems, along with the critical role 
the Bypass plays in the Sacramento Valley 
f lood-management system, have strongly 
shaped our views of floodplain ecology and 
management.

As described in chapters 12 and 13, the Yolo 
Bypass is a central feature in the Sacramento 
Valley flood-management system. Its creation 
was a definitive response to a decades-long 
debate about whether the river could be com-
pletely contained between levees, or if the river 
required periodic access to large portions of its 
historic floodplain. Originally, the Bypass was 
devoted nearly entirely to agriculture, but in 
recent years there has been growing apprecia-
tion for its ability to support other ecosystem 
services, such as wildlife and fish habitat. In 
many ways, the evolution of the Bypass physi-
cally expresses the evolution of thinking about 
managing temperate floodplains and their eco-
systems, starting with attempts to control 
floods with levees, to the decision to establish 
the Bypass, and thus reconnect a large area of 
floodplain, continuing through its transition 
into a feature managed for multiple benefits.

reservoir help to improve downstream fish 
habitat (Moyle et al. 1998).

The creek then flows into what was formerly 
the Putah Creek Sinks (box 15.1), now part of 
the Yolo Bypass (chapter 12). The Bypass itself 

BOX 15.1 • The Putah Creek Sinks

The Yolo Bypass was developed in response to 
repeated major flooding in Sacramento in the 
nineteenth century as well as failure of agricul-
ture in the bypass region due to flooding 
(Chapter 12). Part of the original land of the 
Bypass, near Davis, was called the Putah Creek 
Sinks on old maps because the creek’s flow 
seemed to disappear into a vast morass of 
tules and cattails. In years of flood, however, 
the Sinks became a huge lake, filling with flood 
waters from Putah Creek, other small creeks, 
and the Sacramento River. The campaign to 
“reclaim” this land for farming ended in 1895, 
after the event described below.

On January 5, the raging waters of Putah Creek, 
with virtually no warning, roared through the 
break [in a levee] and poured into the canal on a 
collision course towards . . . [Carey] ranch . . . 
The “ocean of water” that came down from the 
mountains burst through the narrow channel 
and shot forward on to the [ranch] land, explod-
ing over the tops of the levees which then 
“merely served to keep in the water” one of [the 
ranch hands] recalled. “You could not see the 

fences which were at least four feet high.”

vaught (2006, p.173)

The same channelization and downcutting of 
Putah Creek that reduced flooding upstream 
exacerbated the flooding in the Sinks, the low-
ermost part of the creek’s floodplain. These 
alterations kept the water from spreading 
across the rest of the natural floodplain, which 
had been turned into farms. The Sinks were 
not reclaimed as farmland until after Monti-
cello Dam on Putah Creek and other large 
dams on Central Valley rivers eliminated most 
extreme floods by capturing peak flows. The 
land that was the Sinks is now part of the man-
aged floodplain of the Bypass and some of it 
has been converted to wildlife habitat in the 
Yolo Basin Wildlife Area[AQ]

[AQ: Please 

check 

whether “Yolo 

Basin Wildlife 

Area” should 

be “Yolo 

Bypass 

Wildlife 

Area.”].
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backs and breaches, weirs and other control 
structures, and managed releases from reser-
voirs. Because ecosystem benefits derived from 
floodplains tend to be proportional to floodplain 
area, a fundamental management challenge is 
accomplishing these actions at a sufficient geo-
graphic scale to produce results measurable at 
the scales of species’ populations or biological 
communities. Environmental goals alone can 
drive some floodplain restoration projects, such 
as the Cosumnes River Preserve. These projects 
can restore or protect rare resources, provide an 
arena for research, and raise awareness of the 
value of floodplain ecosystems. However, due to 
limited funds and other constraints, such 
projects tend to be relatively small. Large-scale 
restoration, better called reconciliation, will 
most likely be accomplished as part of inte-
grated flood-management projects that incorpo-
rate elements of green infrastructure, including 
using floodplains for storage and conveyance. 
Today, the largest areas of remaining floodplain 
in the lowland Central Valley, the bypasses, 
were created as part of a flood-management sys-
tem. Other than the Cosumnes River Preserve, 
most projects that have removed or set levees 
back have been driven by flood-management 
needs. For example, setback levee projects on 
the Bear and Feather Rivers were initiated as 
flood-risk-reduction projects, with ecosystem 
improvements seen as secondary benefits. The 
levee setback project approved for Hamilton 
City on the Sacramento River, on the other 
hand, integrated flood-risk reduction and flood-
plain ecosystem improvement from its incep-
tion and, in fact, both objectives were necessary 
to secure a project with a positive benefit-cost 
ratio (Golet et al. 2006).

For the objective of increasing benefits 
derived from functional floodplains, the scale 
of restoration possible through a comprehen-
sive flood-management program is typically far 
greater than could be achieved strictly through 
environmental funding alone. However, envi-
ronmental funding can support specific types 
of management or restoration that might not be 
part of green infrastructure projects.

Our own thinking on floodplains and flood-
plain management has certainly been influ-
enced by the evolution of the Bypass, so the rest 
of this chapter is a summary of our ideas on the 
role of green infrastructure and reconciliation 
ecology in floodplain management. We start 
with a brief summary of what we have learned 
about reconciling diverse uses of floodplains in 
California. We then summarize the key takea-
way messages in this book as short maxims to 
guide sustainable f loodplain management 
more broadly. We conclude by reiterating that a 
reconciliation approach, which looks at temper-
ate floodplains as novel ecosystems, holds the 
most promise for floodplain management that 
not only protects people and structures but also 
enhances biodiversity and the delivery of eco-
system services.

Note that although we have relied heavily on 
the Yolo Bypass and the Central Valley to illus-
trate floodplains that produce multiple values, 
we are not suggesting the Valley has solved all 
of its floodplain challenges. Indeed both the 
river-floodplain ecosystems and flood-manage-
ment systems of the Central Valley are under 
stress and agencies are currently trying to both 
increase the environmental benefits derived 
from functioning f loodplains and improve 
management of growing flood risks, through 
integrated planning (see chapter 13).

LESSONS FROM CENTRAL VALLEY 
FLOODPLAINS

Agencies and decision makers are always con-
fronted with a range of options for how to man-
age floodplains. Some options may focus on 
managing flood risk, others on maintaining or 
restoring floodplains ecosystems. The Central 
Valley provides a compelling case that, often, 
these objectives can best be accomplished by 
pursuing integrated strategies that can produce 
multiple benefits.

Consider managers seeking to increase eco-
system benefits from floodplains. Numerous 
options exist to increase connectivity and flow 
variability of floodplains, including levee set-
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greater flexibility for future management deci-
sions; this results in greater flexibility for water 
management in general, not just for flood man-
agement (Opperman 2009[AQ]; Cain 
2015[AQ]). This so-called “option value” is thus 
much higher for green infrastructure solutions 
compared to structural solutions. Flood-man-
agement programs that incorporate hydrologi-
cally connected floodplains will have greater 
resiliency and flexibility for future conditions, 
and lower residual risks of catastrophic flood-
ing (Eisenstein and Mozingo 2013).

A study of potential expansion of the Yolo 
Bypass illustrates how agencies and decision 
makers can compare alternative flood-manage-
ment strategies. Flood-management agencies 
are seeking solutions to lower the risk of failure 
or overtopping for the levees of the Sacramento 
River near Sacramento. Two primary options 
are strengthening and raising the levees or 
increasing the area of the Yolo Bypass. Hydrau-
lic modeling by the Sacramento Area Flood 
Control Agency (SAFCA 2008[AQ]) predicted 
that the potential expansion of the Bypass 
would lower flood stages against levees near 
Sacramento by 1.3 m, significantly lowering 
risk. While raising levees can potentially 
decrease the risk of levee overtopping, this 
approach increases residual risk from cata-
strophic failure. Concern about risks of increas-
ing levee heights is what prompted the Nether-
lands’ “Room for the River” approach (chapter 
11). In addition, levee improvement only pro-
vides flood-stage benefits at the local site and 
potentially contributes to higher flood stages 
elsewhere (Pinter et al. 2006). Conversely, the 
SAFCA study showed that bypass expansion 
would lower flood stages not just in the target 
area, but also up and downstream (Eisenstein 
and Mozingo 2013). Finally, while the levee 
improvement project would potentially have 
negative environmental impacts, bypass expan-
sion would increase the area of hydrologically 
connected floodplain that provides a variety of 
benefits, such as habitat for native fish and 
birds, food-web productivity, and groundwater 
recharge.
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Now consider agencies tasked with increas-
ing safety from flooding. Producing a broader 
range of benefits is at best incidental to their 
primary goal to ensure public safety. But incor-
porating green infrastructure into management 
can potentially reduce flood risk and increase 
system resiliency, while providing a broader 
range of benefits (chapter 10). In the context of 
flood management, a system that supports 
these multiple benefits can potentially catalyze 
additional stakeholder support, avoid stake-
holder or regulatory conflict, and draw on addi-
tional sources of funding. The Hamilton City 
project provides one specific example, in which 
the inclusion of floodplain restoration was key 
for generating support and funding to secure a 
flood-management project.

The potential for green infrastructure 
approaches to reduce risks and increase resil-
iency under future uncertainty can best be 
accounted for using the concept of residual risk 
(the risk that remains unaccounted for after 
project completion). Structural protection, 
such as from levees, usually results in high lev-
els of residual risk because levees are always 
prone to failure at some level of flooding. 
Neighborhoods behind levees in cities like Sac-
ramento may be considered outside of the “reg-
ulatory floodplain” (chapter 1) because they are 
protected from the so-called 100 year flood. But 
many of these areas behind levees are located 
within deep f loodplains (e.g., where f lood 
waters could rise to the level of a two-story 
building). Should those levees fail or be over-
topped by a flood larger than the 100 year flood, 
the flooding can be rapid and catastrophic 
(DWR 2007[AQ]). Raising levee heights or 
expanding the area defended by levees increases 
exposure to this residual risk. Flood manage-
ment that relies on nonstructural measures, 
including providing flood conveyance on flood-
plains, is not vulnerable to the same kind of 
catastrophic failure, thus resulting in lower 
residual risk (Eisenstein and Mozingo 2013). 
Additionally, reliance on structural solutions 
can “lock in” decisions, while incorporating 
hydrologically connected floodplains leaves 
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 6. Floodplains need to be dynamic and 
diverse physically to be diverse biologically 
(chapters 5, 7, and 8).

 7. Let the river do the work for improving 
floodplains for geomorphic diversity 
(chapters 3 and 10).

 8. Seasonal agriculture on floodplains can 
be compatible with flood management 
and biodiversity (chapters 9, 10, and 13).

 9. Flood management is more likely to be 
successful than flood control (chapters 9 
and 10).

 10. A bigger flood is always possible than the 
biggest experienced so far (chapters 1, 2, 
and 10).

 11. Although floods catalyze attention, 
intervals between floods are the best 
times to reassess floodplain-management 
strategies.

 12. Work with, not against, natural processes: 
the best protection against a damaging 
flood is a large, well-managed floodplain 
(all).

 13. Flood management is most effective when 
implemented at the scale of the entire 
river basin or watershed, relying on a 
diverse portfolio of management methods 
(chapter 10).

 14. Flood-risk management that interweaves 
structural with nonstructural approaches 
can keep floods away from people and 
keep people away from floods (chapters 10)

 15. Reconciliation is the approach that best 
incorporates floodplain ecosystems into 
human-dominated landscapes (chapters 1, 
10, and 13).

RECONCILIATION IN FLOODPLAIN 
MANAGEMENT

In a world with growing human populations, 
increased demand on resources, and rapidly 
changing climate, there has never been a greater 
need for floodplain-management strategies that 
reduce negative impacts of flooding on people 

As described in chapter 14, California is 
well positioned to explore reconciliation 
approaches to integrated flood management. Its 
flood season is largely discontinuous with the 
agricultural growing season, and seasonally 
inundated floodplains provide ecosystem serv-
ices that provide considerable benefits to the 
state, such as groundwater recharge and habitat 
for the large annual influx of migratory fish 
and birds that use floodplains. Current flood 
risk is high for important urban areas and pop-
ulation growth will increase the number of peo-
ple and value of real estate at risk. In addition, 
climate change models are showing that much 
of the state is going to be subject to larger and 
earlier floods, interspersed with long droughts. 
Thus, the need for improved, reconciliation-
based approach flood management in Califor-
nia has never been greater.

MAXIMS FOR FLOODPLAIN MANAGERS

Drawing on the rest of the book and the sources 
cited within it, here we offer a set of basic 
guidelines or maxims for managing flood-
plains. Maxims should be able stand on their 
own, without further explanation, but the chap-
ters that support each one are noted:

 1. Most temperate floodplains are novel 
ecosystems (chapters 1, 5, and 8).

 2. Floodplain ecosystems need flooding 
(chapter 5); the most biologically produc-
tive flooding occurs when inundation 
corresponds with increasing temperatures 
and photoperiods (chapter 7).

 3. Improving connectivity is the key to 
improving altered floodplain ecosystems; 
floodplains and rivers function as one, 
integrated ecosystem (chapters 2, 3, and 5).

 4. Just as flood waters change the floodplain, 
the floodplain changes flood waters 
(chapters 2, 3, and 4).

 5. Rivers with more predictable timing of 
flood events will have more species adapted 
for use of floodplains (chapters 5 and 8).
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change is predicted to increase variability and 
extremes in floods, droughts, and other weather 
patterns. While the changes in behaviors and 
policies required to avoid severe impacts from 
climate change are still possible, the future is 
uncertain and some change is already under-
way; the world needs to learn to adapt to the 
consequences, including large increases in 
flood risk, and improve the resiliency of both 
management systems and ecosystems. We 
believe that integrating floodplains as green 
infrastructure into flood management holds 
great promise for this needed process of adapta-
tion, from both economic and ecological per-
spectives. Reconciled floodplains, managed to 
produce a range of benefits, can help society 
reconcile with an uncertain future.

Our time spent on rivers and floodplains 
has certainly shown us that much has changed 
and been lost over time. But we have seen more 
than just glimmers of hope in reconciled flood-
plains that are diverse and productive. We take 
heart from the huge flocks of migratory white 
geese and black ibis that congregate annually 
on California floodplains and from knowing 
that, beneath the flood waters, juvenile salmon 
are swimming, feeding, and growing among 
cottonwoods and rice stalks, before heading out 
to sea. We can envision greatly expanded flood-
plains that are centerpieces of many regions, 
protecting people but also featuring wildlands, 
wildlife, and floodplain-friendly agriculture. 
Connectivity among floodplains, people, and 
wild creatures is within reach, as is a future in 
which people work with natural processes 
rather than continually fighting them.

while enhancing biodiversity, agriculture, and 
floodplain ecosystem services. We have stressed 
in this book that new management approaches 
can produce floodplains that provide habitat  
for some of the world’s most spectacular fish 
and wildlife, while still protecting human  
communities from floods and providing clean 
water and open space for people. We reiterate 
that reconciliation is increasingly needed as an 
approach to floodplain management, because it 
recognizes that people are an integral part of the 
novel ecosystems that temperate floodplains 
support. Reconciliation is not an excuse to cease 
caring about, or managing for, native species or 
historic processes. Instead, it provides a flexible 
and adaptive approach for working within con-
straints and pursuing the possible.

Reconciliation approaches and management 
of novel ecosystems do suggest that we need to 
develop new baselines for floodplain ecosys-
tems. Centuries of alteration, conversion, and 
management of floodplains have resulted in a 
general trend of their simplification (Piepoch et 
al. 2015[AQ]). Historic conditions can inform 
management, but, realistically, if we want to 
reverse this simplification of biotic communities 
and prevent further loss of ecosystem services—
and even restore them—we need baselines that 
are rooted in our understanding of present-day 
floodplain ecosystems (Kopf et al. 2015).

Establishing new, realistic baselines recog-
nizes that we now live in the Anthropocene 
(Steffen et al. 2007) and human activities are 
continuing to rapidly change the global ecosys-
tem, of which floodplain ecosystems are one 
small but important subset. Global climate 
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