
TYPE Mini Review

PUBLISHED 30 November 2023

DOI 10.3389/�wsc.2023.1265423

OPEN ACCESS

EDITED BY

Georg H. Niedrist,

University of Innsbruck, Austria

REVIEWED BY

Francesca Pilotto,

Norwegian Institute for Nature Research

(NINA), Norway

Leandro E. Miranda,

US Geological Survey and Mississippi State

University, United States

*CORRESPONDENCE

James E. Garvey

jgarvey@siu.edu

RECEIVED 22 July 2023

ACCEPTED 23 October 2023

PUBLISHED 30 November 2023

CITATION

Garvey JE and Whiles MR (2023) Incorporating

the riverscape into models of river–floodplain

function. Front. Freshw. Sci. 1:1265423.

doi: 10.3389/�wsc.2023.1265423

COPYRIGHT

© 2023 Garvey and Whiles. This is an

open-access article distributed under the terms

of the Creative Commons Attribution License

(CC BY). The use, distribution or reproduction

in other forums is permitted, provided the

original author(s) and the copyright owner(s)

are credited and that the original publication in

this journal is cited, in accordance with

accepted academic practice. No use,

distribution or reproduction is permitted which

does not comply with these terms.

Incorporating the riverscape into
models of river–floodplain
function

James E. Garvey1* and Matt R. Whiles2

1Center for Fisheries, Aquaculture, and Aquatic Sciences, School of Biological Sciences, Southern Illinois

University, Carbondale, IL, United States, 2Department of Soil and Water Sciences, University of Florida,

Gainesville, FL, United States

Rivers and their flooded alluvial plains integrate physical, biological, and human

processes at the scale of continents. Despite their ecological and economic

values, these complex ecosystems are poorly understood and highly modified

by humans. A primary problem is that most research in fluvial ecosystems has

been conducted in small streams and then scaled up to rivers. Furthermore, the

point where a stream transitions into a river is not well understood. Although

many conceptual models exist, the role that large river–floodplain complexes

play within these frameworks is lacking. These models focus on flooding as a

temporary reset to river ecosystems, but floodplains and rivers may continue to

interact long after floodwaters recede. We revisit the concept of the riverscape,

a unique mosaic of perennially interacting wetland and channel habitats that

have unique ecological properties during both non-flood and flooding periods

relative to the small tributary streams within the riverscape network. This strong

bidirectional interaction within low-lying alluvial plains may define large rivers. To

determine whether a riverscape is indeed a useful unit of study for river ecology,

conservation, and restoration, baseline conditions with measurable, comparable

metrics, such as primary and secondary production need to be established.

Responses of these metrics to multiple stressors and restoration such as levee

setbacks, wetland mitigation, and dam removals will inform both basic models of

riverscape function and future management actions. Because humans currently

a�ect nearly all aspects of the environmental structure and function of riverscapes,

human perceptions of riverscape value and threat need to be considered as a

fundamental component of riverscape ecology.
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Introduction

Despite the proximity of rivers and their associated alluvial plains to just about every
human on Earth, they continue to be one of the world’s least understood coupled ecosystems
(Thorp et al., 2023). This is puzzling given the important roles that complex river landscapes
play for people. Rivers serve urban and agricultural needs, with human water uses including
irrigation, hydropower, andmanufacturing placing severe stress on flows globally (Jägermeyr
et al., 2017). Rivers convey waste away from human settlements, but at the cost of reducing
water quality within rivers and adjacent wetlands. This problem is especially severe given
that up to 80% of global wastewater is untreated, because the infrastructure and energy cost
of water treatment is prohibitive for most countries (Koncagül et al., 2021). The economic
value of rivers and their wetlands is hard to define, with considerable variability in valuations
(Wilson and Carpenter, 1999; De Groot et al., 2012). Fisheries services of the impounded
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Upper Mississippi River alone are estimated at USD$ 1.3 billion
(Schramm, 2017). It is clear that, without access to flowing
surface waters, human welfare will suffer and economic activity
will decline; therefore, maintaining river flow regimes is critical
(Jorda-Capdevila and Rodriguez-Labajos, 2017). That said, rivers
are typically treated with what seems to be malicious intent.
Humans have transformed river landscapes in many ways with
little regard for their impact on river biodiversity and ecosystem
functions and services, including maintaining connectivity to
floodplain ecosystems (Tockner and Stanford, 2002; Morrison
et al., 2023). Across the world, river channels have been isolated by
levees with human development occurring on floodplains, which
typically makes the risks and damage from flooding worse (Knox
et al., 2022). Flooding, which is a natural process contributing
to river ecosystem structure and function (Humphries et al.,
2014), is considered by many humans as a costly, dangerous, and
maligned threat to be controlled and mitigated. Rivers and their
floodplains clearly have a complicated relationship with humanity,
requiring sound science to guide education, capabilities to make
decisions, and the ability to implement policies that positively affect
conservation, management, and restoration, and ultimately human
health, welfare, and economic gain (Bayley, 1995).

Search for a conceptual river model

Relative to small streams, large rivers are not well understood.
The sheer complexity of rivers makes them difficult to define. In
fact, no real consensus exists about what makes up a river relative
to a smaller stream, because no topological system defining stream
or river order is perfect. Although a river may be defined as a
Strahler-type fifth-order or larger stream, the discharge, length,
watershed size, permanence, and many other characteristics of
two streams joining with each other to make a river downstream
vary tremendously. Some rivers may be quite large in base
flow while others convey far less water than a stream in other
watersheds. Although many rivers are naturally permanent, others
have permanent flow created by human damming, wastewater
discharges, or other engineering. Rivers that are intermittent, many
of which still have subsurface flow when their beds are dry, are
important components of regional ecosystems that need perennial
protection and management (Datry et al., 2014; Acuna et al.,
2017; Messager et al., 2021). Over long timescales, dry riverbeds
are actually dynamic, geomorphic, and ecological places even
though they defy the short-term perceptions of humans. Although
floodplains are typically described as being separate from the river
channel, in actuality, floodplains are a natural part of the river
landscape, being connected hydrologically and biologically even
when the river is constrained within its banks or trapped between
levees (Roni et al., 2019).

River science has yet to find a unifying theory that reliably
predicts ecological processes and structure, especially for large
rivers and their floodplains (Palmer and Ruhi, 2019). This is
important not only from a basic science perspective but also
for setting expectations for applied assessments of river health
and restoration projects. Perhaps the closest source of agreement
among river scientists is that streams and rivers are shaped by the
physical and biological characteristics of their watersheds rather

than rivers carving out their own valleys (Hynes, 1975). A river
integrates all the activities occurring in its watershed. Over the past
several decades, freshwater scientists have searched for generalities
about stream and river ecosystem productivity and community
structure. The River Continuum Concept predicted that the
upstream–downstream processes of organic matter production and
transport shape productivity and community structure (Vannote
et al., 1980). This was followed by the flood pulse hypothesis
that considered how spates of lateral connectivity to floodplains
affect river ecosystems (Junk et al., 1989). In rivers that are
separated longitudinally by either natural or human-made barriers,
repeating areas of flow variation both within the channel and
onto floodplains may be key (Ward and Stanford, 1995). River
flow can be considered as waves with different frequencies and
amplitudes that shape river ecosystems (River Wave Concept)
(Humphries et al., 2014). The Stream Biome Concept predicts that
the biogeographical, continental-scale context by which a stream
network is nested influences its ecosystem structure and function
(Dodds et al., 2015). Given the fractal nature of river networks,
repeating units of erosion and deposition that increase in spatial
scale downstream hint that predictable ecological patterns exist
(i.e., the River Ecosystem Synthesis, Thorp et al., 2006). As a
further refinement, the network position hypothesis posits that
ecosystems within-river segments are driven by the patterns of
complexities of the river network in which they are contained
(Brown and Swan, 2010). Thus, the current state of river science
holds that ecological processes in rivers depend to some degree
not only on location along the fluvial network (i.e., the Network
Position Hypothesis; Melles et al., 2012) but also on disequilibrium
dynamics such as the frequency of drying and flooding that
occur along the river channel, its floodplain, and groundwater
sources (Junk et al., 1989; Ward and Stanford, 1995). Rivers
continue to have unique qualities that defy our ability to accurately
and precisely categorize them into patches that can be termed
functional process zones (FPZs) via the river ecosystem synthesis
(Thorp et al., 2006). A primary goal for river science is to identify
and bound the micro- and macro-scale constraints and emergent
properties within FPZs that allow us to understand how rivers work
and can be protected or restored as unique units. River research
must identify the important metrics of these FPZs, which can be
challenging in these large and dynamic ecosystems (Thorp et al.,
2023).

Finding the right scales in time and space by which river
networks can be categorized is important not only for testing
general ecological hypotheses but also for defining units for river
management (e.g., providing a desired function), conservation
(e.g., protecting a function), and restoration (e.g., reviving a
historical function) (Figure 1). Protecting entire river networks
from their headwater streams to their deltas in lakes or oceans is an
ideal goal but realistically impossible given the sheer geographical
extent of many of these ecosystems, often stretching across
continents and certainly conflicting with people. Ecologists have
generally accepted that ecosystems are hierarchical in nature, where
broader factors such as an entire lake ecosystem constrains the
specific communities within it. Each community constrains its
component populations through food web interactions and other
biotic processes. Scaling up in the other direction, characteristics
of the component populations and community “parts” translate
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FIGURE 1

Complex mosaic of a riverscape below the channel’s bankfull stage, where the alluvial plain and river channel continue to interact between flooding

events. Examples of bidirectional interactions: (a) Above dams, the floodplain is perennially inundated by the river channel. (b) Below the dam within

the tailwater, sediment-starved water in the river channel erodes the surrounding floodplain. (c) Backwater lakes within floodplains receive

dispersing/migrating main channel fishes. Plankton from the lake drifts into the main channel. (d) Sedimentary materials collect within inside bends to

build extra-channel areas. (e) Irrigated agricultural areas drained by ditches allow materials, nutrients, and organisms to exchange across the

riverscape. (f) Subsurface flow of water, materials, chemicals, and hyporheic organisms occur between the river and the alluvial plain. (g) Bottomland

forests exchange organisms and the source of perennial organic matter for river. (h) Levees and channel-training structures confine the river and

starve the floodplain of river-derived materials. (i) Secondary/braided channels within the river landscape produce invertebrates and fish that are

consumed by floodplain organisms such as river otters. (j) Minor tributaries convey fish and other organisms between floodplains and the river. (k)

Slough areas adjacent to river channels strand river organisms and contribute to wetland production. (l) Major tributaries contribute nutrients,

organic matter, and sediments that build alluvial plains downstream.

to a categorical set of manageable emergent properties of the
lake ecosystem such as the lake’s ability to store or emit carbon.
However, rivers are different than lakes and other ecosystems
in that classical nested hierarchical relationships do not apply
(Melles et al., 2012). Following the directional network from
upstream to downstream, the downstream river is influenced by
the smaller streams that feed it. However, the river typically does
not constrain its component streams, or its entire watershed for
that matter, meaning that few feedback mechanisms exist to reduce
variability in responses of rivers to upstream effects. As a notable
exception, barriers within rivers such as natural or human-made
dams or pollutants that make the river impassable to organisms
may constrain upstream processes (Turner, 2022). Identifying
predictable, repeatable ecological and management units for rivers
is a difficult challenge. Each river is a unique entity driven by a set
of characteristics ranging from continental/geological scales to the

unique zoogeographic and floral composition of its locale (Frissell
et al., 1986; Dodds et al., 2015).

One issue with all river models searching for constrained,
manageable units or FPZs throughout river networks is a strong
focus on within-river processes, with the alluvial floodplain or
riparian corridor considered as a temporally isolated source of
materials rather than a co-equal component that is shaped by the
river’s behavior both during flooding and also during the remainder
of the year (Tockner et al., 2000). In other words, the floodplain is
considered as an independent, constraining driver of river structure
and function. Perhaps this approach by ecologists is because of
Hynes (1975) idea that the floodplain makes the river, which is true
in a broadly physical sense as factors such as drainage, bedload,
and slope affect the river’s flow and geomorphology. However,
from an ecological perspective, it may be more instructive to
consider a bidirectional interaction. Biological components, scaling
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across the river and its floodplain mosaic from biogeochemistry
to entire organisms, interact in complex ways during dry and
wet periods (Ward and Tockner, 2001). Regardless of whether
one central, all-encompassing hypothesis will ever be arrived at,
understanding how rivers work and setting expectations for their
care is going to require continued collaborative research among
biologists, hydrologists, and geographers that embraces some key
commonalities described in this review and an understanding of the
complex roles of the floodplain, especially when humans are often
in direct competition with the river for this important resource.

A key role of river scientists is to improve our understanding
of the critical connections between rivers and floodplains and
better convey what defines a river. Perhaps a river occurs when a
network of streams combines into a broad, measurable landscape
of flowing surface water and hyporheic wetted conditions that
extends between bluffs (Figure 1). For a river, lateral processes
of its alluvial landscape become significant in driving patterns
of biodiversity and ecosystem production during both dry and
flooding periods. Quantifying an ecological shift from a constrained
stream with its ecosystem driven by upstream flow and temporary
spates of flooding to a river ecosystem that is dominated by its
complex alluvial landscape throughout the year is less the point
than determining opportunities for conservation and management
that bridges river and wetland ecology. This is not a new notion.
Leopold and Marchand (1968) coined the term riverscape as a
contraction of the terms “river” and “landscape” to identify a
river’s uniqueness in an aesthetic sense. This spatially explicit
approach has been adopted by landscape ecologists working in
river restoration (Wiens, 2002) and can be used to quantitatively
consider perennial, bidirectional physical and biological river–
wetland exchanges of surface and subsurface water, microbes,
meiofauna, plankton, labile nutrients, decaying organic matter,
and living macroorganisms such as dispersing insect larvae,
circulating plankton, migrating fish, and flying birds, bats, and
insects. A riverscape is defined henceforth as the complex mosaic
of conditions created by river channels and their floodplains,
with varying upstream influence (Torgersen et al., 2022). Coastal
riverscapes also are influenced by downstream factors such as tidal
intrusion and coastal wetlands. Riverscapes might be unique from
streams in that they have proportionally higher local driving factors
such as connected wetlands, significant groundwater, and high
local autotrophic production driven by their wetlands while being
influenced by intense, temporally variable spates of flooding and,
in the case of rivers, feeding into deltas, estuaries, or embayments,
and saltwater or lakewater inundation. In the Danube River’s
riverscape, Tockner et al. (1999) quantified the exchanges of organic
materials and nutrients between the floodplain and the main
channel, showing gradual changes in connectivity.

Meeting human needs while maintaining the multiple
ecological functions of riverscapes requires sound science to help
guide decision making by policymakers, river engineers, and
natural resource managers. Because riverscapes rarely are confined
within one policy jurisdiction as they cross states and countries
upstream–downstream as well as laterally across floodplains (Tripp
et al., 2019), their global importance needs to be clearly understood.
This will require determining how local and regional processes
and human actions within jurisdictions throughout the riverscape
network contribute to the global commons, with implications not

only for global biodiversity but also for life support for all humans
on Earth. The goal of this review is to provide a non-exhaustive
list of research priorities for riverscapes that may improve our
understanding of basic ecological processes within rivers and also
set expectations for ecological integrity and function by which
human actions can be assessed and mitigated.

A general approach

Whether or not generalities can be applied universally to the
study of riverscapes and their care by humans, the application
of scientific principles that we do understand combined with
brute force empirical approaches and an embrace of human social
sciences are needed to tackle the global freshwater crisis humans are
currently facing (Tickner et al., 2020). One of the most important
goals of scientists should be to identify the key emergent properties
of these complex human–ecological coupled systems as the world’s
climate and human water demands collide in the coming century
(Figure 2). Biodiversity and the ecosystem production on which
it depends are clearly two contenders (Palmer and Ruhi, 2019),
but many other processes such as nutrient abatement, atmospheric
gas exchange, and global hydrological cycling are critical services
that riverscapes provide that are still not well understood. For
example, the nutrient transport of rivers can be quantified in a
simple way and then linked to complex outcomes such as algal
blooms within rivers and in the estuarine and coastal ecosystems
in which they spill.

Because of the complexity of riverscapes, setting reference
baseline conditions is challenging (Figure 2). Without perfect
controls, understanding and classifying rivers requires a set
of clear expectations for sorting through natural and human-
induced effects. Ideally, identifying intact model riverscapes with
sufficient similarities can be used to set expectations (Urbanic
et al., 2021). Historical data from a variety of sources such as
archaeological sites and museum collections can allow scientists
to reconstruct past conditions to some degree (Barak et al., 2016).
Cultural recollections can also be useful (Knopp et al., 2022).
The biological traits of native communities may be used to set
reference expectations for biodiversity (Verberk et al., 2013; Lima
et al., 2017; Alahuhta et al., 2019). Historical geomorphological
changes can provide predictions for future physical changes
(Grabowski et al., 2014). Returning riverscapes to historical
conditions may be particularly challenging or impossible given
the rapid changes occurring in underlying baseline biological and
physical processes (Death et al., 2015). The very basis of energy
for river food webs may be changing. As atmospheric carbon
enrichment of the planet continues to increase, the composition
and quantity of organic matter in rivers is likely going to
change (Kominoski and Rosemond, 2012). This may reduce food

quality for higher trophic levels as the stoichiometric content of
nitrogen and other more limiting nutrients declines relative to

increasing carbon. Given changes in geomorphology, climate, and
even basal resources, the riverscapes of the past may no longer
be attainable.

Riverscape responses to changes in baseline conditions and
human-induced stressors can bemeasured inmany ways. Although
much work has been conducted on estimating primary production
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FIGURE 2

Framework for research in riverscape ecology. (a) The river and its floodplain ecosystems (i.e., riverscape) are driven by long-term (i.e., scale of

centuries and continents) processes that a�ect contemporary ecological responses. (b) The condition and physical behavior of the riverscape (e.g.,

flooding intensity and fish production) influence human perceptions. (c) Human perceptions of the river lead to patterns of use, abuse, and

mitigation. (d) Positive and negative human responses such as dam building and wetland restoration either increase or decrease the e�ects of

multiple stressors, typically at short time scales. (e) Stressors and their alleviation directly feedback to riverscape responses. (f) Responses of the

riverscape to the changing riverscape template and human e�ects contribute to patterns of biosphere transformation, which then (g) feeds back to

the riverscape template. Humans indirectly a�ect rivers through biosphere transformation that further changes the riverscape template. River models

(upper right-hand corner) typically focus on interactions among the riverscape template, the riverscape ecological responses, and its contribution to

the biosphere. Human actions typically focus on perceptions (bottom left-hand corner). Conceptual models of the riverscape function need to be

better linked to human responses and activities (diagonal arrow).

and organic matter processing in riverscapes (Palmer and Ruhi,
2019), secondary production estimates in flowing water and the
floodplain and associated quantitative energy flow webs that can
be constructed with them are some of the most comprehensive
ways to examine ecosystem structure and function (Benke and
Huryn, 2017; Whiles and Patrick, 2022) (Figure 2). While the
number of community secondary production studies in streams
has increased over the last decade, there is still a major gap in
the literature for large riverscapes. Patrick et al. (2019) assembled
a database of 152 community secondary production estimates
for streams and found only four studies of systems that were of
eighth order or higher (∼3% of all studies). This is, of course,
related to the logistical challenges of sampling larger systems across
multiple habitat types (e.g., main channel vs. oxbow). Nonetheless,
creative sampling and analytical approaches may help address
this gap, as was employed in a secondary production and energy
flow study of the Colorado River (Cross et al., 2013). Others,
such as Benke and Wallace (2015) have simply focused on the
most productive habitats in larger systems, such as snags, rather
than trying to examine the whole riverscape. Further studies of
secondary production and energy flow dynamics in riverscapes,
particularly those that examine energetic linkages between the
channel and floodplain, will greatly enhance our understanding

of these complex systems, and thus our ability to manage and
restore them.

A contemporary riverscape is perceived by humans through
the river’s physical and biological services and threats (Flotemersch
and Aho, 2021), which feeds back to human actions that either
lead to improvements or more likely increase damage (Rohde
et al., 2006) (Figure 2). For example, flood events cause humans
to build levees. Levees actually increase flood damage when they
inevitably fail, which prompts pressure to build bigger levees
(Knox et al., 2022). Social research that informs managers about
ways to quantify and evaluate human responses to the costs and
benefits of functioning riverscapes is critical (Jorda-Capdevila and
Rodriguez-Labajos, 2017; Basak et al., 2021). There are many ways
to assign value to riverscapes, with money being one of the primary
endpoints (Balasubramanian, 2019).Much of the biological value of
riverscapes is below the surface and difficult for people to see; rivers
are often inaccessible for recreational or cultural use, and ecosystem
benefits such as nutrient abatement are hard to perceive until the
problem is nearly unfixable. Thus, science must inform the public
about the hidden values of riverscapes to break negative cycles of
use and abuse.

So many human-caused stressors are affecting riverscapes
simultaneously that it is impossible to consider the effect of each in
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isolation (Ormerod et al., 2010; Perujo et al., 2021) (Figure 2). Dams
are one of the largest causes of stress, given their ubiquity (Belletti
et al., 2020). However, a review of global flow regimes revealed that
the effects of dams in large rivers were less influential than expected
(Brown et al., 2023). Invasive species, pollutants, sedimentation,
and many other stressors are involved and interacting, and when
coupled with the changing baselines caused by climate change, the
task of mitigating them is onerous (Ormerod et al., 2010). Using
biological indicators coupled with mechanistic empirical research
will allow investigators to assess contemporary conditions and,
importantly, to assess how riverscapes respond to regulations and
other actions that remove the stressors. For example, quantifying
how indicators respond following a major restoration project such
as dam removal will help scientists understand their utility for long-
term assessments of riverscape condition (Stanley and Doyle, 2003;
Bellmore et al., 2017). Unfortunately, assessments of restorations
are rare (Bellmore et al., 2017), and despite the billions of dollars
spent on restoration projects globally, there is no consensus on
what constitutes successful riverscape restoration (Palmer and
Ruhi, 2019).

Research directions

Effective riverscape research needs to be placed in the broad
context of factors affecting baseline reference conditions while
recognizing complex interactions with humans (Brierley and Fryirs,
2022) and setting realistic expectations for the risks and benefits set
by the geomorphic and biotic template (Brierley and Fryirs, 2022)
(Figure 1). This involves creating and sustaining collaborations
among physical, social, and biological scientists to identify the most
efficacious paths for maintaining riverscape function in the face of
direct anthropogenic factors as well as changing climate (Torgersen
et al., 2022). One particularly good example of this approach is
the management of the Upper Mississippi River (UMR) ecosystem,
where long-term government support for maintaining ecological
integrity is a result of shared stewardship among stakeholders
(Garvey et al., 2010; Sparks, 2010; Bouska et al., 2019). The
Habitat Rehabilitation and Enhancement Project (HREP) in the
UMR is directed by these stakeholders to create large restorations.
One notable HREP example is the Emiquon Reserve Program
in the Illinois UMR where a large floodplain wetland has been
restored for native fishes, vegetation, and waterfowl (Lemke et al.,
2017). Continuous, long-term datasets in the UMR that have
been collected for >3 decades allow scientists to tease apart the
relative impacts of baseline creep vs. human actions such as large
restoration projects like HREP (Lemke et al., 2017) on the river
ecosystem. Similar long-term assessments occur across the world.
That said, river scientists appear to be siloed across continents (Wei
and Wu, 2022), and advances in this area would benefit from more
global collaboration involving sharing experiences and approaches
within unique riverscapes.

Considerable metrics exist for quantifying riverscape condition
and testing hypotheses about structure and function (Table 1).
Scientists working with multiple interacting stressors focus on
developing assessment tools such as biological indices that should
correlate with reference expectations (Statzner and Beche, 2010;
Noges et al., 2016; Wu et al., 2017; Lemm et al., 2019).

Ecosystem expectations and roles of large riverscapes, including
expected patterns of carbon fixation, organic matter processing,
biomass production, metabolism, nutrient transformation, and gas
exchange are still unknown relative to those in lakes, small streams,
and wetlands (Palmer and Ruhi, 2019; Battin et al., 2023;McInerney
et al., 2023). Linking physical processes, organisms, and ecosystem
responses should improve the development of effective indicators
(McInerney et al., 2023) as well as inform researchers about how
riverscapes contribute to global processes such as climate change
and respond to local conditions. Using direct estimates of whole-
ecosystem secondary production as a directly comparable indicator
of riverscape function is another important approach (Cross et al.,
2013). Taking advantage of rare, large-scale flooding events can
provide unique learning opportunities (Phelps et al., 2015; Rantala
et al., 2016). A massive flood in 2011 forced the US government
to inundate a 55,000-ha floodplain of the Mississippi River that
had been disconnected for more than 70 years, showing that this
agriculturally dominated former wetland was still able to mitigate
a nitrogen flux from the river (Rantala et al., 2016). Linking data
from remote sensing with physical characteristics (e.g., soil type,
chlorophyll a) of the riverscape will allow scientists to link patch
dynamics within riverscape networks to processes occurring at
continental and global scales (Piégay et al., 2020).

River policy and management need to avoid treating river
channels and their floodplains as occasionally connected entities
that may require different management and conservation actions.
Many floodplains are isolated from rivers to manage wildlife such
as waterfowl or promote production of crops such as rice. Although
this is among one of many uses of riverscapes, baseline patches
for setting conservation or restoration goals will require facilitating
bidirectional floodplain connectivity within the riverscape (Rood
et al., 2005; Rohde et al., 2006; Roni et al., 2019). When an entire
floodplain cannot be reconnected, setbacks of levees might be an
option. As riverscape restorations occur, it is critical that spatially
explicit assessments are done in ways that inform broader science
rather than focusing on local responses of targeted organisms
(Roni et al., 2019). Understanding mechanisms that foster novel
predictions within the context of the riverscape in its network will
lead to new, testable hypotheses and models. Assessments need to
be well funded, long-term, and appropriately designed rather than
be considered an afterthought.

Conclusions

Nearly a half billion humans on Earth do not have access at
any time to a reliable source of freshwater (Kattel, 2019). Given
seasonal variability in water scarcity, ∼4 billion people suffer
from water scarcity at least during some of the year (Koncagül
et al., 2021). As the human global population climbs, pressure
on surface and groundwater sources associated with riverscapes
will increase substantially. Riverscape science will be required
to provide information for action, with pressure to compromise
between human and ecological needs as cycles of drought and
flooding become more severe across much of the planet (Kattel,
2019). This is not just a problem of thirst in poorer countries.
Increasing flood risks and a lack of water supplies suppress
development and economic activity. As Bayley (1995) noted nearly
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TABLE 1 Potential research directions for riverscape ecology as a function of identifying and setting appropriate baselines, developing guiding conceptual, hierarchical models, finding appropriate spatial scales of

study and conservation, forecasting responses to environmental change, and understanding human responses.

Theory/hypothesis Example Potential testable response (response variable) Spatial scale River sampling
challenge

Baselines River–floodplain generalities Zoogeographic relationships within basins (compare beta diversity from museums to current
surveys)

Multiple Unbiased, consistent
sampling among all life
stages and sizes

Multiple hierarchies Stream biome concept Geographic correlates of river invertebrate assemblages (geographic information systems
analysis at multiple scales)

Subcontinent Sample cost and logistics

Network position hypothesis Correlate upstream processes to river nutrient cycling (compare nitrogen species across streams) Watershed Consistent nutrient
sampling in dendritic
networks

River ecosystem synthesis Predictable repeating areas of river primary and secondary production (arthropod biomass
production)

River basin Identifying appropriate
scales of lateral, vertical,
and horizontal zonation

Landscapes and Riverscapes Watershed vs. Instream Drivers Relative impact of watershed and instream flow on main channel biodiversity (freshwater mussel
diversity)

Watershed/river basin Appropriate schedule of
seasonal sampling

Lateral connectivity Floodplain connectivity and autotrophic inputs to rivers (organic matter exchange) River basin Using stable isotopes and
other ecological markers
to infer connections

Biotic resistance and resilience Intact riverscape resistance to invasive species (invasive algae in disturbed and intact streams) River basin Comparing invasive
effects to reference,
pre-invasion conditions

Climate change Temperature change Increased heterotrophic activity in floodplains and altered gas exchange (diel oxygen curves) Global Integrating
whole-ecosystem fluxes

Altered nutrient cycling Linking soil erosion to changes in stoichiometry (correlate precipitation, discharge, and C:N:P) Watershed Remote sensing and
point sampling of
nutrients through time

Increased precipitation and flow Shifts in lotic communities and rapid evolution (genetic diversity within mussel communities) River basin Identifying trends with
long-term monitoring

Sociological, Economic, and
Cultural Interactions

River–human coupled feedbacks Human perceptions of river quality vs. true integrity (surveys across communities) River basin Social science data
required

Restorations Evaluate response metrics to dam removals over proper timescales (fish community diversity) River basin Before–after statistical
designs at appropriate
time scales

Stressors Identify multivariate effects of environmental pollutants on biotic integrity (intersex in fishes) River basin Sufficient power to
detect interactive and
additive effects
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three decades ago, rather than complaining about the heat as the
house burns, riverscape scientists need to develop a consensus
about research approaches in river–floodplain ecology, network
effectively, and use lessons learned from current restoration
and conservation projects to guide policy and actions at large
spatial scales.
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