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Chapter 1 ®)
Challenges in Riverine Ecosystem s
Management

Jan Sendzimir and Stefan Schmutz

This book is dedicated to those interested in the natural and social sciences and
elements of governance that will support the sustainable management of rivers and
aquatic ecosystems. Since elements of nature and society interact to determine the
integrity and trajectory of these systems, they are referred to hereafter as social-
ecological systems (SESs). This introduction opens the door to these topics in four
steps. It begins by explaining why a book dedicated to river management and science
is needed at this point. In the second part, it outlines the history of some of the major
developments that challenge the integrity of SESs worldwide. In the third part, it
describes several of the principal tools used to study as well as manage SES. Tools to
measure the degree of degradation of an SES include indicators of biological
integrity, ecosystem health, and resilience. Tools to assess and manage the trajectory
of an SES include the DPSIR and adaptive management. The introduction closes by
outlining the structure of the book through the progression of its chapters.

1.1 Justification of Book

Rivers are among the most threatened ecosystems of the world. For more than a
century, river science has evolved to define these threatening trends and the mech-
anisms that cause them. What has emerged, while still incomplete, is a picture of
imposing complexity, especially for managers, policy makers, and any concerned
citizens interested in addressing these threats. This book surveys the frontier of
scientific research and provides examples to guide management toward a sustainable
future of riverine ecosystems. Principal structures and functions of the biogeosphere
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of rivers are explained; key threats are identified, and effective options for restoration
and mitigation are provided.

Rivers increasingly suffer from pollution, water abstraction, river channelization,
and damming. Fundamental knowledge of ecosystem structure and function is
necessary to understand how human activities interfere with natural processes and
what interventions are feasible to rectify this. The specifics of such management
leverage points become clear through elucidation of cause-effect relationships,
especially how socioeconomic drivers create pressures on rivers and how those
pressures alter ecosystem functions and impact fauna and flora.

Modern water legislation strives for sustainable water resource management and
protection of important habitats and species. However, decision-makers would
benefit from more profound understanding of ecosystem degradation processes
and of innovative methodologies and tools for efficient mitigation and restoration.
This becomes especially important for threats where current policies are ineffective,
and both policy and management must support research that identifies solutions. The
book provides best-practice examples of sustainable river management from on-site
studies, European-wide analyses, and case studies from other parts of the world. It
will be of interest to researchers (graduate and post-graduate) in the fields of aquatic
ecology, river system functioning, conservation and restoration, to institutions
involved in water management, and to water-related industries.

The current wealth of textbooks on river ecology extensively describes structures
and functions of riverine ecosystems but gives less attention to river management
(Cushing et al. 1995; Giller and Malmgqvist 1998; Naiman and Bilby 1998; Allan and
Castillo 2007; Dudgeon 2008; Likens 2010). By contrast our book directly targets
riverine ecosystem management by examining the formulation and application of
policy and providing sufficient depth of river ecology to inform competent decision-
making in governance.

1.2 Past and Future Trends

Riverine ecosystems have been systematically modified on increasingly large scales
since the invention of irrigation, perhaps as much as 7000 years ago (Mays 2008).
However, their historic degradation has been accelerated periodically by surges of
economic and/or technological power as empires and technologies erupted and
expanded. The most recent surges were powered by coal (late nineteenth century)
and oil (post WWII). The harnessing of fossil fuels increased our capacity to
mechanically move material by over four orders of magnitude enabling society to
engineer and reshape the contours of rivers and the surrounding landscapes on
unprecedented scales. Fossil energy drove the massive industrialization and global-
ization of Western Society that witnessed an unprecedented acceleration of the
degradation processes in rivers and lakes worldwide since 1950. Riverscapes were
reshaped to accommodate intensive agriculture and industrial uses as well as high-
density habitation. However, industrial technologies also amplified access to energy
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sources other than fossil fuels, especially hydropower. On average, humanity has
constructed one 45 m high dam every day for the past 140 years (Bai et al. 2015).

The pace and scale of dam construction and other forms of river modification are
reflected in the scale of impacts on aquatic flora and fauna. The greatest acceleration
of biodiversity loss due to human activities in human history has occurred since 1970
(Millennium Ecosystem Assessment 2005). The drivers causing loss of biodiversity
and, hence, of ecosystem services are either steady, show no evidence of declining
over time, or are increasing in intensity. By aggregating the trends of some 3000 wild
species, the Living Planet Index has documented a 40% decline in average species
abundance between 1970 and 2000. The more rapid decline (50%) of inland water
species underscores their greater vulnerability, being closer to the workings and
by-products of human enterprise, while both marine and terrestrial species declined
by about 30%. The concomitant loss of biodiversity and ecosystem services has been
driven by both steady and episodic changes to habitat (land use change and
geo-engineering), climate, overexploitation of resources (water, soil, biomass), and
pollution. Geo-engineering of rivers has systematically channelized rivers for trans-
port and to increase drainage during high-water events and separated the channel
from the floodplain to protect water-sensitive row crops and zones for high-density
habitation, commerce, and industry and dammed rivers for hydropower (Zarfl et al.
2014) as well as for water storage as a hedge against drought. Damming rivers
currently stores the equivalent of 15% of global annual river runoff (Likens 2010).
As a result 48% of rivers (expressed as river volume) globally is moderately-to-
severely impacted by either flow regulation, fragmentation, or both. Impacts could
double should all planned dams be constructed by 2030 (Grill et al. 2015).

1.2.1 Future Trends in River Engineering

The threat of climate change challenges society to decrease its reliance on carbon as
an energy base for the economy (IPCC 2014). Most scenarios of paths to a
low-carbon future foresee electricity increasingly replacing fossil fuels in all sectors.
Furthermore, renewable power technologies such as hydropower and offshore wind
will play an increasing role in electricity generation (Riahi et al. 2012). As the
prospect of worldwide carbon pricing becomes realistic, fossil fuels, especially coal,
look increasingly suspect as energy sources, and hydropower becomes increasingly
attractive. This is especially so in areas with expanding economies and extensive
unexploited river reaches, such as China, which currently is building 130 major
dams in its southwest (Lewis 2013) and has constructed more than half the new dams
built since 1950 worldwide (Wang and Chen 2010). This construction boom has
been driven in part by investment policies that have been naively uncritical and
optimistic. Authorizing new dam construction has been facilitated by a history of
underestimating construction costs by development banks (Ansar et al. 2014). These
drivers are projected to increase dam construction globally over the next several
decades (Fig. 1.1)
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Fig. 1.1 Global pace of hydropower dam construction of existing hydropower dams (Lehner et al.
2011) and outlook for hydropower dams which are under construction or planned (Zarfl et al. 2014)
(© Aquatic Sciences—Research Across Boundaries, A global boom in hydropower dam construc-
tion, 77/1, 2014, p. 162, Christiane Zarfl. With permission of Springer)

Surges of economic growth made it relatively easy to justify and ignore the
impacts of riverine degradation. However, replacing lost riverine ecosystem services
with economic and technological services may have seemed feasible when riding the
updraft of a growing economy. But it becomes increasingly difficult in a world of
increasing economic and ecological turbulence. When even the monumental
riverscape engineering of the past century cannot prevent floods and droughts
from disrupting communities and economies, the expenses of losing ecosystem
services and of repairing and fortifying such an engineering system can no longer
be ignored, and the search for alternative management paradigms becomes more
attractive (Sendzimir et al. 2007). Indeed, more recent economic assessment that
accounts more thoroughly with ecological considerations can be used to justify dam
removal (Gowan et al. 2006; Lejon et al. 2009).

The future is never easy to predict, and this challenge is only compounded by the
unprecedented levels of change anticipated over the coming century in nature, e.g.,
climate, and in human society, e.g., economy, demographics, and technology. While
previous generations often migrated away from extreme challenges, that luxury no
longer exists. There is no “away” to migrate to or to dispose pollution in. Novel
levels of uncertainty only raise the challenge of improving the science and technol-
ogy of managing rivers further. And the first step to make room for innovative ideas
is to honestly admit that despite considerable advances, current science is not
sufficient to deal with all of the anticipated uncertainty. This book reviews the
current science useful to river management and then considers on what basis society
can “learn its way into an uncertain future.” It begins with assessing the level of
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riverine degradation and builds on that information to consider ways to mitigate the
damage and restore the function of environmental flows and ecosystem services in
riverine systems.

1.3 Managing River Systems

1.3.1 Assessing Degradation

“You cannot manage what you cannot measure.” (Deming 2000)

For more than half a century, management science has striven to base decisions
primarily on experiment-driven data, not opinion, a trend in business management
greatly influenced by Deming’s philosophy (Hunter 2015). Management based on
conventional, tradition-based intuition or opinion has often been the default option
when measurement proves difficult. Efforts to measure are often stymied by resource
(time, money) limitations and system complexity. However, since 1970 different
“metrics” have been developed to measure ecosystem change as input to policy
decisions about environmental management and restoration.

Biotic Integrity

In 1972 a national mandate to measure the status of aquatic ecosystems in the United
States was provided by the goal of the Clean Water Act: “...restoration and
maintenance of the chemical, physical, and biological integrity of the Nation’s
waters.” For these purposes the term integrity “implies an unimpaired condition or
quality or state of being complete” (Watershed Science Institute 2001). To put this
mandate in practice, Karr (1981) developed an Index of Biotic Integrity (IBI) to
assess the health condition of an aquatic ecosystem by multiple metrics representing
quantifiable attributes of biotic communities. Depending on the types of metrics
used, those indices integrate the concepts of biodiversity, functional traits, invasive
species, fitness, and population dynamics.

The underlying assumption is that the employed metrics react to human pressures
in a predictable way. Individual metrics are compared with reference values that
roughly equal pristine or best available conditions and are then integrated into an
index. The index represents a numeric estimate of how far the current condition
deviates from the expected condition. It is commonly expressed as a verbal scoring
system, e.g., high, good, or bad status, that is easy to understand by decision-makers
and thus has been frequently introduced in legislative acts related to aquatic ecosystem
management, e.g., ecological status assessment of the Water Framework Directive
(WFD) in Europe. A number of different IBIs worldwide follow the same principal of
a multi-metric index but vary according to the context of targeted biotic communities,
the definition of reference conditions, the scoring method, and the used metrics
(examples for fish-based IBIs, see Roset et al. 2007).
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Ecosystem Health

In assessing the status of ecosystems, ecosystem health (EH) is an index that reflects
evidence from more than just the natural sciences. It integrates data and analysis
from the natural, social, and health sciences, often as input for collaborative
decision-making that incorporates human values and perceptions (Mufioz-Erickson
et al. 2007). This expands the scope of assessment from ecosystems out to the wider
context of the surrounding society and its culture and economy. Assessing the health
of social-ecological systems (SESs) demands integrating science inputs and societal
values and thereby unpacking some of causes of the pressures behind the drivers that
impact ecosystems. When the IBI measures how far a system has moved from
“pristine” conditions, the parameters defining those conditions and the change
away from them are assessed using natural science. EH might use the same or
very similar measurements but adds the perceptions and values of people who live
in that social-ecological system and who may be the sources of the drivers of change
as well as the recipients of the impacts of those changes.

In general the health of a social-ecological unit is reflected in how its composi-
tion, organization, and functions remain relatively stable and sustainable over time
(Costanza 1992; Rapport 1998). EH bridges natural, social, and health sciences not
so much to provide the definitive scientific basis for policy nor to offer predictive
descriptions of causation. Rather it offers a theoretical framework with related
monitoring methods (Bertollo 1998) that can be practically applied for case-by-
case assessments in real-world settings (Wilcox 2001).

Both measures (IBI and EH) require a reference condition to measure change
from, whether it is defined by policy, e.g., for the WFD, or by historical research of
pristine conditions, or is complemented by stakeholder opinions (EH). These differ-
ent applications allow us to distinguish between short-term human impacts and long-
term environmental changes. However, if riverine SESs are dynamic, then there may
be no fixed and stable condition to refer to, no undisturbed point of origin. For
example, rivers are physically dynamic. River channels can move laterally, as much
as 750 m per year in the case of the pre-engineered Kosi River, which flows from
Nepal into Bihar, India (Smith 1976). In the face of such dynamism, integrity
measures based solely on a stable reference condition become suspect. This chal-
lenge became apparent as examples of sudden, nonlinear, and sometimes irreversible
change in aquatic ecosystems emerged in the last decades of the twentieth century
(Jackson 1997; Jackson et al. 2001; Scheffer 2004; Scheffer and Van Nes 2007).
After decades of apparently stable, clear water conditions, a single summer storm
could cause a shallow lake to “flip” and become turbid, irreversibly, for years
afterward (Scheffer 2004). To assess how SES responds dynamically to extreme
events, new measures had to be developed to provide a conceptual, and potentially a
quantifiable, basis for research and policy for aquatic ecosystems.

Resilience

How can we assess the response of riverine SES to the impacts of slow processes
(degradation, accumulation of pollutants) as well as extreme events? One measure
developed by engineers to assess the performance of river infrastructure is
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engineering resilience, measured in terms of the time required to return to an optimal
state after an extreme event such as a flood. However, if aquatic systems can exhibit
very different states, to name but two examples, clear or turbid, and remain in either
state for extended periods of time, then perhaps the key question is not “What is the
reference (optimal) condition?” but “What is the potential for the SES to move to an
undesirable condition?” The fact that movement from one stability domain to another
can be surprising (difficult to anticipate), rapid, and very difficult to reverse at best
makes this a critical question for managers. Ecological resilience has been developed
as a concept (Holling 1973) to help explore that potential for SES to remain in a
“stability domain” (state) or move to another one. Where riverine restoration is an
issue, the question can become: “What is the potential for a riverine SES to move
from an undesirable to a desirable stability domain?” The resilience concept relates
that potential to a system’s capacity to absorb disturbance and recover afterward. That
potential to change state rises as those capacities are lost.

Despite several decades of research, it has proven extremely difficult to measure
this potential for movement between stability domains, i.e., regime change. One
measure, referred to as a critical slowing down (CDS), has shown promise to reflect
that an SES is close to a “tipping point,” e.g., a point beyond which the SES moves
inexorably to a new regime or stability domain. This proximity to a tipping point may
be indicated when the system recovers slowly from relatively small perturbations,
e.g., when the water column concentrations of nutrients like phosphorus or nitrogen
are very slow to recover to average values following sudden spikes (Scheffer 2004;
Scheffer and van Nes 2007; Scheffer et al. 2009). Measures like a critical slowing
down (CDS) have been found in enough cases to be interesting but not often enough
to be general, and there is even more so for a number of other indicators (for an
overview, see Dakos et al. 2015). However, even if a more reliable measure could be
found, that might not serve science or management very well. Quinlan et al. (2015)
warn that:

Measuring and monitoring a narrow set of indicators or reducing resilience to a single unit of
measurement may block the deeper understanding of system dynamics needed to apply
resilience thinking and inform management actions.

It is for these reasons that resilience has been applied mostly as a heuristic to help
define and explore issues in ecology and natural resource management (Quinlan et al.
2015). However, resilience has also been used as a concept within planning processes
and adaptive management exercises (Roux and Foxcroft 2011; Namoi CMA 2013).
Resilience can be understood as a system’s capacity to ... retain its basic function
and structure by absorbing the impact of disturbance and/or recovering and rebuilding
post-disturbance” (Namoi CMA 2013). Such a definition is too general to measure
precisely (Cabell and Oelofse 2012). A very wide diversity of variables has been used
not as direct measurements but as indicators of separate factors that individually and
collectively contribute to this capacity in different contexts. Social science applica-
tions have assessed various human capacities to cope or adapt in the face of shock or
stress as indicators of resilience. These capacities have been variously defined in
terms of robustness and vulnerability (Pasteur 2011; Barrett and Constas 2014),
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response to poverty (Mancini et al. 2012), capacity to learn and innovate (Carpenter
et al. 2001), and capacity to organize and develop collaborative networks and
adaptive institutions (Atwell et al. 2010; McKey et al. 2010) (for a comprehensive
summary, see Quinlan et al. 2015).

1.3.2 Integrating Assessment, Policy, and Action

Development of tools to assess the state and trajectory of an aquatic SES has
deepened our appreciation for their complexity and dynamism. This is especially
so from the perspective of managers who must contend with a history of changes that
have proven difficult or impossible to reverse. The practical potential of such tools is
realized when they are applied to develop and guide the implementation of policies
to manage such systems. This book considers several frameworks, such as DPSIR
and adaptive management, which have been developed to integrate such tools both
for research and as part of decision-support processes.

DPSIR

A wealth of cause-effect relations can influence the trajectory of an SES. Clarifying
those relations can make management of an SES more flexible and adaptive. To this
end several major management agencies (OECD 1993; EEA 1995) developed Driver-
Pressure-State-Impact-Response (DPSIR) as a more detailed framework of relation-
ships linking five categories that describe influences and reactions of systems
(Fig. 1.2). DPSIR has been used extensively to analyze ecological and social factors
influencing the resilience of aquatic SES in the face of anthropogenic pressure. For
example, under the aegis of the Water Framework Directive, it has been applied to
improve protection of groundwater, inland surface waters, estuaries, and coastal waters
(Borja et al. 2006). It has also been used to assess the pressure of alien species
(UKTAG 2013) as well as to support the design of an integrated river basin manage-
ment plan by identifying the structure of environmental problems in a river basin

Fig. 1.2 DPSIR framework Drivers
(After EEA 2003) \
‘/ Responses

Pressures

\ Impacts

States \_/
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(Kagalou et al. 2012). Gari et al. (2015) conclude that two factors explain the wide-
spread use of DPSIR, especially in the realm of policy-related science: “. . .it structures
the indicators with reference to the political objectives related to the environmental
problem addressed; and . . . it focuses on supposed causal relationships in a clear way
that appeals to policy actors (Smeets and Weterings 1999).” However, the use of
DPSIR has been complicated by discrepancies in its application, such as the placement
of the same variables in different categories (Gari et al. 2015).

As applied by the EEA (2003), the categories of the DPSIR framework are
described as follows. Driving forces are created by the patterns of production and
consumption that emerge from the intertwined social, demographic, and economic
developments of society. These forces of society’s metabolism drive the pressures that
impact SES, e.g., emissions of chemical, physical, and biological substances and
agents and shifts in land use and land cover. In response to these pressures, the state
of an SES can shift physically (temperature), biologically (fish stocks), and/or chem-
ically (atmospheric CO,, water column nitrogen). Impacts resulting from shifts in
ecosystem state are reflected in diminished functioning of the environment, e.g., lower
human or ecosystem health, resource availability, and/or biodiversity. Any or all such
impacts can precipitate responses to mitigate or adapt, which can emerge at the level of
individuals and groups at different levels of organizations (Gari et al. 2015).

Management decisions to hold steady or change course benefit from precise
measurements, but such choices grow out of many critical decisions that come
beforehand. What should be measured, how, to answer what questions or policy
dictates, and whose perspective should be included in the discussion? These are
among a plethora of decisions that face river managers. With regard to measure-
ments, who decides how to define the space and time dimensions of the reference
condition? What is the baseline in time against which one measures change (degra-
dation or progress) in ecosystem properties? For example, radically different con-
clusions can be drawn from the number of salmon found in 2002 in the Northwestern
US Columbia River basin depending on when one sets the baseline. The baseline’s
date can inspire optimism (200% increase since 1930) or pessimism (90% decline
since 1866) (Olson 2002). To shape sound research as well as policy, management
must account for the false optimism inherent in such a shifting baseline syndrome
(Pauly 1995), which can be reversed if management can integrate ecological resto-
ration within the larger social context, restoring habitat connectivity, local fish
populations, as well as local fisheries (McClenachan et al. 2015).

Constructive and effective engagement with these questions can help build a
comprehensive overview and a flexible approach that managers need to deal with
uncertainty. However, the global decline of river socio-ecosystems reflects a history
of management that did not meet these challenges but defaulted to convention and
tradition based on previous knowledge and historical relationships. Historically, river
management regimes have evolved as complex webs of relationships that reinforce
each other and create a momentum carrying them down a development path. In this
way, a river system advances along a trajectory determined by complex feedbacks of
interacting actors, policies, technologies, and concepts (Sendzimir et al. 2007).
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Sometimes such feedbacks reinforce one another in ways difficult to change.
When such histories of relations eliminate novelty based on new information or
innovation, then management becomes path dependent (David 1988; Arthur 1994;
Page 2006), i.e., locked into previous decisions, and it loses the initiative to adapt to
changes (Barnett et al. 2015). For example, if the history of investment in the science
and technology of dam and dike infrastructure makes it unthinkable to open such
barriers as part of managing for droughts or floods, this constricts the range of
options for research and policy. It is as if the way forward for science or managers
can only proceed along a narrow set of rails. These constraints hamper our attempts
to experiment by moving laterally. This inertia from path dependence can be
especially challenging for managers who seek to experimentally develop policies
to address uncertainty arising from the dynamism of nature and/or society. In
response to such challenges, decades of experimentation have produced a range of
tools to engage these twin challenges and make decision-making and policy formu-
lation more flexible and comprehensive (Gunderson et al. 1995). This book reports
on the opportunities afforded by these new approaches under the general rubric of
adaptive management and governance.

1.3.3 Adaptive Management and Governance

The challenge of understanding and managing complex systems like aquatic eco-
systems is compounded by their dynamism. Initial success at restoring ecosystem
integrity often cannot be sustained (Scheffer 2004). So often have initial policy
successes collapsed and remained so, despite all efforts at restoration, that the
dysfunctional inertia following these surprising reversals has come to be known as
policy resistance (Sterman 2000, 2002). Attempts to control disturbances (flood, fire,
and pests) have often led to larger and more profound disruptions. For example,
policies to constrain flood volumes within channels bounded by dikes have not
stemmed the trend of increasing flood damages (Sendzimir et al. 2007; Gleick 2002;
Pahl-Wostl et al. 2007).

The possibility that path dependence gives rise to policy resistance has provoked a
search for ways to improve how we make science-based decisions, a search that has
driven experimentation to integrate science and policy in one decision-making process.
If ongoing change in ecosystems and society can render any inflexible policy obsolete,
then management must dynamically adapt as a counter to perennial uncertainty. Adap-
tiveness requires the sustained capacity to learn and to flexibly manage. For 40 years a
variety of separate experimental lineages [e.g., policy exercises (Toth 1988a, b), adaptive
management (Gunderson et al. 1995), group model building (Vennix 1995; Senge
1990), soft systems methodology (Checkland 1989)] have worked in parallel to develop
decision-making processes that address the challenge of learning while managing.
Within this book we report on one such process, known as adaptive management
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Fig. 1.3 Adaptive Policy
management: cyclic Formulation
learning—decision process as test of
(After Magnuszewski et al. hypothesis
2005)
Assessment Management

Policy Actions
Implementation

Monitoring and
Evaluation

(AM), which offers a framework to integrate the knowledge, methods, and operations of
the research, policy, and local practice communities. It has been developed over four
decades of experimental applications to understand and manage crises of collapsed
fisheries, agriculture, forestry, and rangeland grazing (Holling 1978; Walters 1986;
Gunderson et al. 1995). In addition to incorporating multiple perspectives, AM increases
adaptive capacity by shifting decision-making processes from linear (crisis—analysis—
policy) to a cyclic process (Fig. 1.3). This process structures learning and iteratively
integrates how we modify assessment and policy formulation, implementation, and
monitoring in order to track and manage change in the world (Magnuszewski et al.
2005).

The search for durable solutions to crises in ecosystems and society has repeatedly
expanded the scope of inquiry outward from science to develop policies based on a
broader base of experience and practice. Initial experiments (Holling 1978) acknowl-
edged government and local practice but focused mostly on bridging disciplines
within science. Subsequent experiments worked to include government (Walters
1986), local practitioners (Light and Blann 2000). However, managing aquatic
ecosystems proceeds over time scales (decades) that far exceed those of individual
projects or individual management campaigns. To make ecosystems sustainable, the
adaptive potential raised by AM must be sustained over periods long enough to
institutionalize adaptive and sustainable practices.

This drive to build long-term ecosystem sustainability proposed adaptive gover-
nance as a framework that would foster AM while addressing social aspects neglected
in initial AM experiments (Gunderson et al. 2016). Specifically, it should create a
workspace where formal and informal institutions can collaborate to understand and
manage complex issues in social-ecological systems (Schultz et al. 2015). Adaptive
governance would be distinguished by its capacity to increase the importance of
learning and to bridge previously separate levels: formal/informal, scales of adminis-
tration (polycentricity), in ways that embrace cross-scale interactions in ecosystems
and society (Chaffin et al. 2014; Chaffin and Gunderson 2015).
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1.4 Structure of the Book

Science can expand knowledge along two fronts defined by depth and breadth of
information. This book sacrifices some depth of detail in order to better describe the
breadth, e.g., the diversity of knowledge from different disciplines and their inter-
connections. This may disappoint specialists, but it best serves managers interested
in practical insights from a wide spectrum of important aspects of riverine ecosystem
management. Overall this book is designed to provide a general understanding of
socio-ecological river systems that is grounded by specific examples from problem-
oriented research. Given how global change may manifest as increasing variability in
natural and/or social systems, governance toward a sustainable future of riverine
ecosystems will greatly depend on integrating knowledge across disciplines.

The book is structured to guide the reader from a broad understanding of the
structure and function of riverine social-ecological systems to an appreciation of
human impacts and, finally, to interventions to manage such evolving systems. This
starts with a basic knowledge of ecosystem structure and function. It then expands to
include the consequences of human impacts as well as interventions to mitigate and
restore these systems and the management tools required to realize them.

The foundations of understanding riverine structure and function are established
in Part I. It introduces key system elements and characteristics of riverine ecosystems
such as hydrology, morphology, connectivity, sediment, floodplain, riverscape, and
water quality. Against this background understanding of riverine ecosystem func-
tioning under natural conditions, the effects of human impacts and biotic responses
are described. River management requires assessing these impacts, which begins
with careful definition of the baseline or reference conditions against which change
is measured. On this basis, one can analyze the dynamics generated by biotic
responses as well as the potential effects of human intervention.

Understanding the history of human impacts and identifying tipping points of
ecosystem degradation are important for setting up management objectives
(Chaps. 15 and 16). The effects of pressures are described in this book in the way
they affect key abiotic system elements and associated biota. Hydromorphological
processes shape river channels, determine flow patterns, and define available habitat
(Chap. 3). Channelization as a result of agriculture, urbanization, and infrastructure
development including hydropower and navigation results in habitat degradation,
disruption of river continuity, floodplain decoupling, river bed incision, and flow
alteration (Chaps. 3-9). River restoration strives for improving in-stream habitat
quality, recoupling floodplains, provision of flood retention areas, reestablishment of
river continuity, and sustainable sediment management. Dams and water abstraction
for irrigation, hydropower production, drinking water, and other purposes reduces
discharge, alters flow regime, disrupts river continuity, and results in habitat loss
(Chaps. 3-9).

Part II focuses on the management of riverine ecosystems and provides insights
into state-of-the-art methodologies of integrated river basin management including
international and EU water legislation (Chaps. 15 and 17), the concept of adaptive
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management (Chap. 16), challenges in managing international rivers (Chap. 18), and
supporting methodologies and concepts such as ecosystem services (Chap. 21) and
ecological monitoring and assessment (Chap. 19). The last Part III provides more
detailed case studies of problem-related research with a focus on large rivers (Danube
River, Chaps. 24 and 25), species conservation (sturgeon, Chap. 26), floodplain
management (Tisa River, Chap. 28), and bioassessment and fisheries in developing
countries (Burkina Faso, Chap. 27).
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Chapter 2 ®)
Historic Milestones of Human River Uses g
and Ecological Impacts

Gertrud Haidvogl

2.1 Introduction

History has been acknowledged for 20 years as an important research element for
river management that has been applied, for example, to define reference conditions
and assess the level of degradation. The evolution of river uses and related ecological
conditions, especially in recent decades, has been utilized to show the impact of
humans on these ecosystems. Integrating a historical perspective into river manage-
ment can, however, go beyond these targets (see, e.g., Haidvogl et al. 2014, 2015;
Higgs et al. 2014). Just as present river management decisions will influence future
conditions, paths trodden by users in the past have a bearing on today’s ecology.
Sound long-term studies of the natural and societal drivers shaping historical river
changes can thus support our understanding of the present situation and identify
trajectories of change. In long-term studies taking into account the dynamics of
natural forces—in particular climate change and subsequent altered hydrologic and
temperature conditions—as well as social dynamics (e.g., decision-making pro-
cesses, main energy sources and technologies, superordinated practices and values)
can reveal distinct overarching patterns of river use and management. This can
contribute to developing future strategies and plans with lower ecological impacts.
This chapter describes major milestones of human river uses and ecological
impacts. With some brief mention of Asian river case studies, it highlights especially
examples, which are representative of industrialized countries of Europe and North
America. In Europe, larger environmental changes of aquatic ecosystems occurred
already in ancient and medieval times. European colonists spread practices and
techniques of river uses to other areas of the industrialized world after they reached
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regions, which have previously only been influenced by indigenous people (e.g.,
Humphries and Winemiller 2009). In the global North, the main milestone of
historical river uses and subsequent ecological impacts was certainly the shift from
agrarian to industrialized societies in the eighteenth and nineteenth centuries.
Accordingly, preindustrial and industrialized rivers exhibit large differences in
their ecological functioning as well as in the intensity of human impacts. Shifting
from the preindustrial to the industrial mode of living resulted from the change of the
prime energy source. While the former depended on wood, the latter requires
exploitation of fossil energy, first coal, and, shortly before and particularly after
World War II, oil (Sieferle 2006). Fossil fuels offered among others new transport
means and possibilities for trading as well as unprecedented options to modify
riverine environments. Fossil fuels enabled the systematic channelization of rivers
and supported their damming or stocking of nonnative species on a global scale.
Industrialization loosened the century-long tight connection of major parts of soci-
eties from their local and regional environmental resources and gave way to new
practices of exploiting riverine ecosystem services.

2.2 Historical River Uses and Resulting Impacts

2.2.1 General Patterns of River Uses

Rivers provide ecosystem services that have attracted humans for millennia (see
Chap. 21). Archaeological and later written evidence provide proof that river uses
and necessary technical infrastructures existed already in ancient times, especially in
arid zones. The Sadd-el-Kafara Dam on the Nile built some 30 km south of Cairo
about 4500 years ago is considered as one of the oldest constructions of its kind
(Hassan 2011). Major rivers such as the Nile, the Euphrates, the Indus, and the
Jangtsekiang enabled cultures to develop and shaped their economy and culture.

In Europe, the Greek and Roman civilizations started influencing rivers, espe-
cially in urban areas to which water was delivered by aqueducts. With the collapse of
the Roman Empire, technologically supported water uses diminished quickly in
areas colonized by Romans. For several hundred years, they were replaced by rather
local and small-scale river uses except for Spain, where the Muslims introduced
water wheels and mills after the seventh century (Downs and Gregory 2004; Hassan
2011).

Outside of Europe, continuing technological progress and practices of river use as
well as possible ecological effects linked to demographic and economic develop-
ment can be deduced from the dams built, e.g., in Japan during the European “Dark
Ages.” The World Commission on Large Dams lists 20 dams higher than 15 m,
which were built between 130 and 1492 CE. Most of these (i.e., 14) existed in Japan,
and one each in India and Afghanistan. In Europe, by the Early to Late Middle Ages
only one dam erected in 130 CE in Spain remained. Larger dam construction started
only during the Late Middle Ages: In the present Czech Republic between the
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thirteenth and fifteenth centuries, three facilities were erected to create fishponds
(ICOLD—International Commission on Large Dams 2016).

In most European countries and in North America, rivers served a large variety of
human uses up until the beginning of the industrial era in the late eighteenth and
nineteenth centuries. In preindustrial times most parts of society depended on local
and regional environmental resources, often brought to them by rivers. This consti-
tuted their strategic importance. Different societal demands on rivers had to be
harmonized to minimize adverse impacts on riverine services. Rivers and brooks
were the main source of kinetic energy. They were the main transport routes, either
for shipping goods or for transporting wood via rafts, sometimes with goods on it. In
the case of very small brooks, wood was driven as loose logs, often during seasonal
flooding. Although drinking water came often from groundwater wells, surface
waters were sources, too. Surface water was a direct resource for many activities.
It was used for cleansing and served many commercial purposes that had an adverse
effect on water quality for drinking and cleaning. In urban areas and settlements, any
local stream received the waste and wastewater from dwellers. It has to be noted,
however, that the latter was rather limited as long as a majority of people depended
on wells and their limited water quantities. Wastewater volumes significantly
increased starting in the late nineteenth and twentieth centuries, as rapidly increasing
urban populations required larger-scale and more sophisticated water management.
As a result, central water pipelines supplying individual buildings and their house-
holds were built. Aquatic biodiversity is an essential component of ecosystem
services, and riverine animals and plants played an important role for local food
provision. Fish were central to the diets of many regions, especially for settlers along
coastal rivers, but also in Christian countries in continental areas. Frogs, mussels,
and even beavers were also used as food and, in the latter case, for fur. Floodplain
forests helped to meet the heavy demands for wood as a basic energy source for
preindustrial societies.

Growing demand from increasing human populations and the expanding econo-
mies of growing settlements and towns intensified all these preindustrial river uses.
At the onset of industrialization around the beginning of the nineteenth century,
human river uses have been maximized as far as possible in large areas of the
Western world. But the exploitation of the various riverine ecosystem services was
still limited to the local and regional scales, and finding compromises to mitigate
adverse effects of one type of use on the other remained a prerequisite.

“Industrialized rivers” differ fundamentally from preindustrial ones. The shift
from wood to fossil fuels enabled river engineers to carry out large-scale systematic
regulation projects for navigation or flood protection especially on dynamic large
rivers. New technologies produced and conducted electricity from hydropower
plants to cities and factories, making electricity production spatially independent
from the place of use. Travel times decreased and trade volumes increased with the
rise of ships and railways driven by fossil fuels (first coal, then petroleum).
Preindustrial patterns of river use and resulting ecological impacts ceased to exist.
No longer did local and regional rivers serve all purposes that depended on water.
For example, drinking and process water could be brought into cities from distant
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Fig. 2.1 The evolution of human pressure on rivers and freshwater systems in the twentieth
century; the examples demonstrate the often exponential increase after World War II. (a) Global
water withdrawals 1900-2000 (estimation for 2000); (b) Number of large dams (higher than 15 m)
1900-2000; (c) Fisheries landings from inland waters 1950-2000; (d) Global inputs of anthropo-
genically fixed nitrogen; adapted from Gleick 1993 (a), ICOLD 2007 (b), Allan et al. 2005 (c),
Vitousek 1994 (d) and Strayer and Dudgeon 2010

rivers and springs, increasing the environmental imprint of urban centers in spatial
terms (see, e.g., Billen et al. 2012). Large quantities of fish could be imported from
the sea to continental consumers in reasonable times, thus eliminating the need to
protect local stocks. Also, food supply based on improving transport started to affect
watersheds on a global scale far away from the places of consumption (Vorosmarty
et al. 2015).

The industrialization of rivers happened gradually and with increasing pace (see
Fig. 2.1). Along with human uses, the resultant ecological impacts increased expo-
nentially, especially after the 1950s. Until the late nineteenth century, often features
from the preceding preindustrial period prevailed. For instance, defying elimination
by fossil fuels, water mills had grown and become more complex so as to drive
sophisticated machinery, to cool water, to improve power generation, to irrigate
agricultural land, and/or to secure water supply (Downs and Gregory 2004). But
generally, in the nineteenth century and thereafter, shifts in technology, cultural
practices, administration, and policy reflected their new roles in river management,
especially in European and North American countries. Management of river risks
entered a new era. Active flood protection based on dikes became more and more
common. It replaced preindustrial strategies of passive flood protection, which
aimed at measures to keep damages to goods and lives as low as possible but not
at preventing flooding at all (see Chap. 28). Technological and administrative
innovations shifted the perspective of the industrial societies toward river ecosys-
tems. The increasing capacity to substitute for river ecosystem services, regardless of
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distance, eliminated the need to harmonize a large variety of different uses
(Jakobsson 2002). This resulted in maximizing one or two river uses, often those
that did not adversely affect each other, e.g., power and transport. Other river uses,
often fish and fisheries, were given up in favor of the preferred river services. After
the 1970s, the negative effects of human impacts on ecological conditions received
more and more attention, and river restoration projects have been started. This went
hand in hand with thorough scientific observations of the links between human river
alterations and biodiversity as well as animal and plant stocks often enabling for the
first time to trace ecological changes based on direct field observations.

The following examples of human river uses and ecological impacts can be taken
as fairly general, especially for the industrialized world, although with few excep-
tions (see Zarfl et al. 2015) no global or even continental overviews on the historical
development of river uses and ecological impacts exist.

2.2.2 Milestones of Dam Building

Dams are one example of the increasing pressure on river services. Mostly, dams
were built to gain hydropower, but they supported also the creation of fishponds or,
in dryer areas, irrigation of agricultural land. The number of weirs increased
throughout the High and Late Middle Ages and thereafter. For instance, in England,
where the oldest comprehensive report exists in the form of the Domesday Book
from 1086, 5642 mill weirs were recorded for this time. For France it is assumed that
in the beginning of the twelfth century 20,000 dams were operated. Two centuries
after, the number had risen to 40,000, and by the end of the fifteenth century (i.e., the
end of the Middle Ages), 70,000 dams had been constructed (Braudel 1986).
Certainly, the increase in numbers followed the expansion of populations, especially
in cities with the increasing wealth of urban dwellers. Bork et al. (1998) added an
environmental argument (so-called Wassermiihlenthese, i.e., “water mill thesis”) to
the rising number of mills. According to their historical and paleographic study of
German landscapes north of the Alps, in the fourteenth century, land-use change,
especially forest clearing for the benefit of arable land, meadows, and pastures,
reduced transpiration and caused rising groundwater levels. This made springs more
abundant and their increasing runoffs were a suitable basis to construct mill weirs.
From the turn of the eighteenth to the nineteenth century, it is estimated that in
Europe the number of weirs amounted to 500,000-600,000 (Braudel 1986). One can
assume, however, that this estimate relates only to larger weirs, while the total
number was much higher. For example, a case study of an Austrian alpine river
catchment (Moll River in Carinthia) showed that in the 25 communities located
along this approx. 80-km-long river and its tributaries, 750 hydropower facilities
existed (Haidvogl and Preis 2003, unpublished dataset).

It is evident that already preindustrial weirs—though small compared to modern
dams—had modified ecological conditions. They acted as sediment traps and altered
channel morphology not least due to their tremendous number. In small,
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anabranching streams in the mid-Atlantic region of North America, no significant
amounts of sediment accumulated before European colonization in the seventeenth
century. After European settlers had built thousands of milldams between the
seventeenth and nineteenth centuries, 1-5 m of slack water sedimentation had
covered the floodplains and the present meandering river channels incised in these
sediments (Walter and Merritts 2008).

The impacts of weirs, especially on fish migration, have been known and
addressed for centuries (see Chaps. 6 and 9). In preindustrial times, when harmo-
nizing various river uses on local scales was a necessity, finding compromise was
key. Although neither historical observations nor fishery records have been kept, this
is evident from water legislation. A Scottish statute of 1214 demanded, for instance,
openings in dams, and all barrier nets had to be lifted on Saturdays to allow salmon
runs (Salmo salar, Hoffmann 1996). A fishing decree from 1545 for the Austrian
Traisen River, a right-hand tributary of the Danube, provides similar protections for
potamodromous fish species (Raab 1978). For tributaries of Alpenrhein (Rhine
upstream of Lake Constance), fish passes were planned already in the sixteenth
century. Along the Ill River, such a technical facility should have re-enabled
migration of lake trout, which was interrupted by a dam to withdraw drinking and
process water for the commune Feldkirch. This dam replaced an older and lower
construction that was destroyed by a flood in 1566. Some decades later, the manorial
lords upstream raised an official complaint because their main fishing target was
missed. A fish bypass was suggested as possible solution but never built due to the
technical problems of such a construction in the schistose rocks (Zosmair 1886). A
fish pass was however realized on the Albula River, a tributary of Hinterrhein in the
Swiss canton Graubiinden, after millers erected a new dam in the 1680s and
interrupted lake trout migration. The passage had a length of 6 m and a width of
1.5 m (Bundi 1988).

In the late nineteenth and especially in the twentieth century, the number of dams
rose exponentially around the globe, first in the North and then in the South (see
Chaps. 1 and 6). They continued to serve century-long functions especially as
hydropower producers and for irrigation. New technologies and machinery built
with ever-cheaper steel and powered by fossil energy helped to create concrete
edifices of 100 m height and more. Together with the necessary means to transform
mechanic energy into electricity and to transmit this electricity over large distances,
large manufacturers and railways and urban administration soon started to benefit.
After World War 1II, electricity use rose, not least with domestic demand for
household appliances. In arid regions, dams and reservoirs secured irrigation of
agricultural land. A summary on dam construction in the twentieth century demon-
strates the increasing pace of large dam building after 1950 (Rosenberg et al. 2000).
By 1900, several hundreds of large dams (i.e., equal or higher than 15 m; Interna-
tional Commission on Large Dams) existed. Up until 1950, the total global number
newly built per decade was less than 1000. During the 1950s, almost 3000 new dam
projects were implemented. In the 1970s, the number peaked at more than new 5400
facilities. In the 1990s, still almost 2000 new constructions occurred globally. In the
2000s and 2010s, the number further decreased, but, e.g., Zarfl et al. (2015) assume
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that in the 2020s thereafter new dam construction will resume (see also Lehner et al.
2011a) (Fig. 2.2).

The ecological effects of modern dams are manifold (see, e.g., Poff and Hart
2002; see Chap. 6). They reduce velocity and often create almost stagnant waters of
varying size; they change water temperature, which influences bioenergetics and
vital rates of organisms. Downstream movement of water and sediment is influenced
and reduced with adverse effect on river and riparian habitats, and biogeochemical
cycles are modified. Dams hamper migration of fish and other aquatic organisms and
exchange of nutrients up- and downstream. Almost half of present larger dams are
used for irrigation (International Commission on Large Dams; http://www.icold-
cigb.org/, Accessed 18 Jul 2016). Water abstraction via dams and reservoirs caused
some of the most striking examples of environmental degradation in the last decades.
For example, after a severe drought in 1946, the former USSR initiated large-scale
dam constructions to redistribute available water resources. The Aral Sea is a
prominent case for environmental degradation as it suffers from reduced water
inflow due to water abstraction in the main tributaries since the 1960s (Micklin
2007).
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2.2.3 River Channelization to Secure Transport
and Land Use

There is no direct link between historical river transport and land use in floodplains.
However, these two human river system uses have to be perceived as connected, as
both required channelization measures. Accordingly, activities evolved centuries
ago to prevent erosion of cultivated land and, in particular, to secure navigation.
Initial measures focused on stabilizing riverbeds and riverbanks, while flood protec-
tion dikes to avoid inundation of settlements became more typical only in and after
the nineteenth century with industrialization and subsequent population growth and
spread of settlements into floodplains.

Transport has been an essential function of rivers for millennia. It characterizes
virtually all rivers that attracted settlement. Just as with hydropower use, its intensity
grew with rising population and trading of agrarian, preindustrial societies. Gener-
ally, river transport was cheaper and, often, even safer than that on roads, though it
was at the same time slower. In addition, navigation, rafting, or log driving was
affected by yearly natural cycles, especially low- and high-flow periods or freezing,
as typical for alpine and continental regions (e.g., Pounds 1979). Hence, it was the
main option for trading bulky goods and, in particular, wood (Pounds 1979; Moser
2008, Sieferle 2008). To support smooth navigation, riverbanks were often fixed and
obstacles such as boulders removed manually from rivers or blasted, for instance, on
the Austrian Danube in the late eighteenth century (Petts et al. 1989; Hohensinner
et al. 2013).

To complement the transport network offered by natural waterways, artificial
canals were introduced. In Europe, the first attempts to construct artificial shipping
canals date back to Roman Times, e.g., in the Netherlands (Corbulo, Drusus canals)
and France (Vella et al. 1999), or to the Early Middle Ages, when Charlemagne
projected the Fossa Carolina in 793 (see, e.g., Brolsma 2011; Leitholdt et al. 2012).
Charlemagne’s plan was far beyond the technologies available at that time, and the
canal remained a 3-km-long fragment. In Asia, the approx. 1770-km-long Beijing—
Hangzhou Grand Canal was built as strategic waterway before the end of the
thirteenth century. It linked five river basins and transferred water from Yangtze to
North China Plain (Gregory 2006). By 1411, the Grand Canal was further developed
and fed, among others, by water of the Lower Yellow River’s main channel, which
was stabilized to provide continuous flow (Overeem et al. 2013). To avoid a
northward breach of the Yellow River and subsequent damage to the canal, a
continuous levee was built on the north bank of the Yellow River and completed
in 1494. On the southward banks, breaches diverted water toward the distributaries
of the Huai River as flood control measures.

In Europe, in the seventeenth century, first projects in the Netherlands or in
France (Canal du Midi) initiated a canal building boom that continued for the next
two centuries (Brolsma 2011). Projects became much more ambitious, e.g., as
proposals for connections between major European rivers such as Danube, Elbe,
or Oder show (see, e.g., Vogemont 1712). Inland canal building continued well into
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the twentieth century. For example, as the connection between the Black and the
North Sea was envisioned by Charlemagne already in the eighth century, the Rhine-
Main-Danube Canal became reality only in the 1990s. It can be assumed that, since
their completion, artificial canals have supported the dispersal of aquatic animals, in
particular fish, to new river systems. The nase (Chondrostoma nasus), for instance,
entered French rivers via shipping canals at the latest in the second half of the
nineteenth century. The expansion of this species is confirmed for the 1860s for the
Rhine and a new canal system in north-eastern France. Its occurrence was soon after
observed in the Seine, then in the Upper Loire and Rhone basins where it arrived
within less than 40 years (Nelva 1997).

In the 1830s, steam-driven railways started to operate, and railway connections
intensified quickly in Europe as well as in North America (see, e.g., Pounds 1979 for
Europe). Navigation was forced to react to the growing competition, usually by
increasing ecological pressures on rivers. Since the first decades of the nineteenth
century, the sophistication of steam technology also powered ships, freeing them
from the need for tow roads and teams on the riverbanks. Compared to the wooden
ships, their requirements for space in the river channel were much stricter, e.g.,
regarding homogenous and larger river cross sections. Steam ships soon increased in
size, boosting the pressure for straightening and channelizing rivers with well-
known ecological consequences (see Chap. 3).

While river channelization for navigation dates back centuries, flood protection is
more typical for industrialized rivers. In the late nineteenth and twentieth century,
previously not intensively used floodplains were newly colonized as urban areas. In
the Middle Ages and Early Modern Period, neither settlements nor agricultural lands
were protected from floods. It was rather common to adapt land use as much as
possible to flooding, e.g., by preferences for elevated terrain and lower water depths
during floods. This has been proven for arable land in the Austrian Danube flood-
plains in the Machland or for settlements in Vienna (see, e.g., Haidvogl 2008;
Haidvogl et al. 2013). Large-scale flood protection measures—often implemented
in conjunction with hydropower dams and waterway improvement for
shipping—resulted in hydraulic disconnection of areas that previously had been
flooded regularly. Cutoff from normal river channel flows as well as, even more
importantly, flood pulses, floodplain waters stagnated and filled with sediments and
organic matter, raising floodplain elevation and finally drying up (see, e.g.,
Hohensinner et al. 2004).

2.2.4 Water Supply from Rivers: Increasing Imprint
on Urban Hinterland

Rivers were essential water resources in particular for various commercial purposes.
In urban areas, they became centers of economy. Washers, tanners, dyers, beer
brewers, or slaughterhouses, for example, used them likewise for cleaning and
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washing. Often this resulted in serious conflicts in water demand between water
polluters and other commercial ventures requiring clean water (see, e.g., Billen et al.
1999). Drinking water was often withdrawn from local groundwater sources,
although surface waters were used as well, as the example of urban centers such as
St. Petersburg shows (Kraikovsky and Lajus 2010). In the nineteenth century,
population growth and urbanization increased the pressure on drinking and process
water supply. As characteristic for the industrial period, the growing metropoles
were driven by the declining quantity and/or quality of water supply to cross the
boundaries of their local and regional river catchments. Via water pipelines, they
tapped sources far away and transferred also their ecological imprint to other more
suitable regions. Prime European examples include Paris (Barles 2012) and Vienna
(Gierlinger et al. 2013). Enlarged water supplies often resulted in an enormous
growth of water use per capita, sometimes continuing until present times. The
Greek capital Athens, for instance, started to search for new water resources outside
of the immediate urban surroundings in the 1830s. Since then, water supply infra-
structures to tap distant sources have been expanded gradually. At present, Athens
controls a significant amount of water reserves of two Greek river basins and no
attempts have been made to decrease per capita demand of urban population
(Stergiouli and Hadjibiros 2012). A similar historical trend can be observed for
Barcelona, with the exception of successful recent efforts to reduce urban water
consumption (Tello and Ostos 2012). In mid-nineteenth century, Boston pipelines
brought water 20 miles from Lake Cochituate after the local wells became so
polluted that they could no longer be used without danger to the lives of urban
dwellers. In the 1860s, the city incorporated several communities to extend and
secure its water resources. Bostonians used in the 1860s 100 gallons per person per
day (approx. 380 L) in contrast to 3-5 gallons (approx. 11-19 L) when water came
from wells (Vorosmarty et al. 2015). New York abstracted water from a tributary of
the Hudson after erecting the New Croton Dam that was the world’s largest masonry
dam at its completion in 1906 (Vordsmarty et al. 2015).

As a general historical tendency, more drinking and process water increased the
volume of wastewater released into rivers. Newly built centralized sewage systems
initiated point-source pollution, built in urban areas since the late nineteenth century,
to fight against hygienic nuisance and infectious diseases, such as cholera.

2.2.5 Pollution of Rivers and Its Legacies

Waste—for long historical periods mostly of organic origin—increased the nutrient
load in aquatic ecosystems. Centuries ago, smaller and mid-sized rivers suffered
certainly more than large ones because of their lower dilution capacity. Medieval
castles and monasteries had often a direct connection between their latrines and local
rivers (Hoffmann 1996). Already in the beginning of the fourteenth century, Paris
effluents had turned the Seine into an infectious and foul canal (Mieck 1981). The
quantities of waste were however considerably smaller before the 1900s. For
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example, human and animal excreta were considered as valuable nutrient resources
since agrarian societies depended solely on natural fertilizers for grain production.
Only in the late nineteenth century did it become a general habit to flush and dispose,
respectively, human and animal excreta. By then, Justus von Liebig’s discoveries of
the role of nutrients for plants, his invention of a phosphorous fertilizer in 1843, as
well as the import of guano and “Chile saltpetre” by steam ship navigation improved
the fertilizer sources for European agriculture. Sewage farms collecting in particular
organic waste from towns had their heyday in the first decades of the twentieth
century. However, the invention of the Haber-Bosch process in 1910 relieved
farmers for the first time in history fully from their dependence on natural fertilizers.
This had far-reaching consequences for rivers. For example, for the Seine, it was
demonstrated that in 1817 when 716,000 dwellers and 16,500 horses lived within the
urban borders the amount of nitrogen released into the Seine was negligible. The
larger part was returned to the agricultural lands that provided the city in turn with
food and feed. A hundred years later, in 1913 when 2,893,000 inhabitants and
55,000 horses lived in Paris, 3100 tons of nitrogen were released annually into the
river via central sewers, which were built in the meantime. Still, however, the larger
proportion of nitrogen was collected for agriculture, mostly in the large sewage
farms along the Seine banks downstream of Paris (i.e., 9100 tons/year; Barles 2007).

On a global scale, Green et al. (2004) compared the change of riverine nitrogen
fluxes of the preindustrial era and nowadays. The largest preindustrial flux was
found for the Amazon exceeding a load of 3.3 million MT N/year at the river mouth.
At present, the largest amounts are closely linked to industrialized areas, e.g.,
continental Europe, North America, as well as Southern and Southeast Asia. As
for nitrogen, eutrophication as a result of excessive phosphorus input became an
increasing problem for rivers in the second half of the twentieth century (see, e.g.,
Liu et al. 2012).

While organic river pollution can produce effects over the short- and midterm,
other types of historical pollution will remain for decades and even centuries. The
current release of toxic and hazardous substance into rivers and their long-term
legacies are widely recognized. For example, chloride pollution in the Rhine is
expected to persist for several centuries, forcing France to face a salinity problem
on its Alsace aquifer (see Vorosmarty et al. 2015). The long-term legacies of
historical events are, however, only slowly getting the scrutiny of river ecologists
and managers (but see, e.g., EEA 2001, 2013).

Pollution with heavy metals from mining and ore processing has been relevant
throughout history. Several studies exist, for instance, for the mining of mercury in
support of large-scale gold and silver exploitation and production since the sixteenth
century in Europe and America. Recently, Torkar and Zwitter (2015) investigated
the long-term effects of the Slovenian mercury mine in Idrija and the resulting
pollution of Idrijca River on fish. Polluted sediments were swept downstream and
finally accumulated in the sediments of the northern part of the Gulf of Trieste
(Gosar 2008; Foucher et al. 2009). According to Nriagu (1994), the annual loss of
mercury in the silver mines of Spanish America averaged 612 tons per year between
1580 and 1900. Total losses of mercury to the environment in the Americas within
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this period amounted to 257,400 tons. Approximately 60—65% was released to the
atmosphere, but large quantities of mercury were deposited on terrestrial and riverine
ecosystems from where they may be reemitted. Concerning most of the mercury now
sequestered in the sediments of aquatic systems—mainly in marine sediments,
Camargo (2002) concluded, however, that the high mercury concentrations currently
reported in the global environment are a consequence of the huge pollution caused
by human activities during the twentieth century.

The long-term legacies of past sediment pollution have been recognized for the
Danube catchment where the risk of accidental release and remobilization of haz-
ardous substances stored in the soils from past industrial activities or waste disposal
was identified. An inventory of accident risk spots was elaborated. By 2009, a total
of approximately 650 such spots were reported in the flood-prone zones of the entire
river basin and 620 were evaluated. Here, a hazardous equivalent of 6.6 million tons
has been identified as a potential danger (ICPDR 2009).

2.2.6 Land-Use Change, Hydrology, and Erosion

Land-use change was an indirect but nevertheless severe human impact to
preindustrial streams. The large-scale medieval shift from forests to arable land in
Europe triggered more rapid surface runoff and erosion, reduced evapotranspiration,
and increased the discharges of rivers. Bork et al. (1998) investigated land-use
change and its environmental effects for Germany north of the Alps based on
palynological and pedological data and demonstrated its strong imprint. Around
650 CE, 93% of the total area was covered by woods (697,500 km? out of a total of
750,00 km?). By 1310, the proportion of woods had diminished to 15% only (i.e.,
112,500 km?) mostly in favor of arable land and grassland. At present, forests cover
about one third, arable land 38%, and grassland about 24%. Other land-use types
were always of minor importance. Assuming that mean annual precipitation was
similar for all periods and amounted to 700 mm per year, total annual surface runoff
more or less doubled from 115 mm in 650 to 245 mm in 1310. At present, total
annual surface runoff is assumed to be around 220 mm. Although Bork et al. (1998)
did not specifically investigate the effects of altered surface runoff on river dis-
charge, they conclude that changed evapotranspiration and interception had an
effect. The Wassermiihlenthese mentioned above clearly points to this link between
surface runoff and springs’ and rivers’ discharges.

Land-use and land-cover change clearly correlated with erosion rates. From the
seventh to the end of the tenth century (max. proportion of arable land 20%), for
instance, in all of Germany north of the Alps, an annual rate of up to about 9 million
tons eroded into river channels. During the first half of the fourteenth century, when
forests covered only 15%, the share of arable land had risen to more than 50% (about
55% in 1313-1318), and extreme precipitation events were frequent, annual erosion
reached 1900 Mio tons between 1313 and 1318. They peaked at 13,000 Mio tons in
1342, when a 1000-year recurrence flood hit large areas of central Europe. In the
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second half of the fourteenth century, erosion rates declined together with less wet
climate and an increasing proportion of forests recolonizing arable land. The latter
was abandoned due to declining human population after the first wave of plague in
1347-1353. Only in the 1780s and in the following decades a new increase to
200 Mio tons per year was noticed—a resurgence due to expansion of arable land
and a new period of intensified and more frequent rainstorms (see Bork et al. 1998;
but also Lang et al. 2000; Dreibrodt et al. 2010; Dotterweich and Dreibrodt 2011;
Brazdil et al. 2005). In total, it is assumed that half of the total erosion that can be
observed in Germany between the seventh and the twentieth century took place from
1310 to 1342 (Lang et al. 2000).

In North America and Australia, European settlers introduced new land-use
practices that increased erosion. However, changes in sedimentation rates and river
morphology date back to native population influences (Overeem et al. 2013). In
New Zealand, increase of sediment loads started in the North Island rivers already
with the Maoris, and similar trends are associated with cultivation practices of the
Native American population. Along the Waipaoa River in New Zealand, sediment
yields increased by 140% after Polynesians had arrived between 1250 and 1300 CE.
They settled mainly along coastal areas and kept erosion and sediment yield increase
comparatively low. This differed from European settlers arriving in the eighteenth
century. Their land-use change affected lower and upper catchments and sediment
yields increased by 660% (Overeem et al. 2013).

A direct link between land-use change, soil erosion rates, and alluvial sediments
is hard to prove. Dating is usually difficult due to the reworking of sediment layers in
rivers (Dotterweich 2008; Dreibrodt et al. 2010). Few case studies have investigated,
however, the link between increased alluvial sedimentation, land-use change, and
extreme precipitation events (Dotterweich 2008; Lang 2003; Lang et al. 2000).
Giosan et al. (2012) demonstrated that long-term land-use change in the Danube
catchment contributed in the Holocene and, in particular, over the last 1000 years to
the evolution of the Danube delta. Human impacts vs. long-term historical climate
and subsequent hydrology changes were examined as possible drivers of increased
sediment storage rates, and Giosan et al. (2012) found that land-use change was the
main factor. Sedimentation rates increased, in particular, after land clearance, affect-
ing also the lower Danube at larger scales during the last two centuries (see also
McCarney-Castle et al. 2012). Maselli and Trincardi (2013) found similar trends
when comparing the Ebro, Rhona, Po, and Danube. They found two main phases of
delta growth. One synchronous increase happened during Roman times under
relatively warm climatic conditions, a second during the Little Ice Age. The latter
shows, however, slight temporal differences since delta growth coincides temporally
mainly for the Ebro, Rhone, and Po (between the sixteenth and twentieth centuries),
whereas in the Danube delta growth was found mostly in the nineteenth century and
thereafter. Alterations of morphological river types and subsequent habitat change
affected riverine fish assemblages as it was shown by Pont et al. (2009) for the
Drome River, a tributary of the French Rhone.
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2.2.7 Fisheries: Intended and Unintended Dispersal
of Nonnative Species

Most human uses and their ecological impacts changed aquatic biota indirectly via
habitat modification. Fishing was one exception as it altered stocks directly. Also,
until the twentieth century, the appearance of nonnative species was caused mainly
by deliberate introductions by fisheries management (however, cf. nonnative fish
distribution as a consequence of artificial shipping canals above). Only during the
twentieth century, the unintended dispersal of nonnative and invasive fish species
and other aquatic animals and plants via transport means increased drastically.

It is evident that fishing put direct stress on the targeted fish populations and
changed species assemblages already centuries ago. A remarkable recorded example
of medieval overexploitation is the Alpine Zellersee in Austria. After the 1360s,
fishermen delivered each year 27,000 whitefish (Coregonus sp.) and 18 lake trout
(Salmo trutta) to the archbishop of Salzburg, taking themselves even more for their
own use. Only some decades later the whitefish population collapsed. Pike (Esox
lucius) was stocked to replace it. When predating pikes had soon diminished trout
stocks, only then did the fishing communities decide to reduce fishing pressure
(Freudlsperger 1936).

Particularly subjected to overexploitation were diadromous fish because of their
predictable spawning runs during which large amounts could be caught. For exam-
ple, archaeological sturgeon remains from the southern Baltics demonstrate a
decrease of average size of specimen and a decline of the percentage in total
consumption from 70% in the seventh, eighth, and ninth centuries to only 10% in
the twelfth and thirteenth centuries CE. Benecke (1986) clearly attributed this
change to overfishing. Weirs built since the High Middle Ages in Europe supported
overexploitation (Hoffmann 1996).

Such evidence for declining fish populations are rare for the medieval and even
for modern periods. Due to lack of written historical sources that enable tracing
depletion of certain fish species and their stocks, it is hardly possible to directly
quantify losses before the twentieth century. Nevertheless, some indications help
explain the preindustrial decline of fish. As mentioned already above, the latter can
be concluded indirectly from fishing laws that were issued in Europe since the
thirteenth century (Hoffmann 1996). The laws aimed first at protecting juveniles
by regulating minimum lengths or weights of individuals, by forbidding harmful
fishing gear, or by defining closed seasons. In contrast, habitat protection is rather a
practice of the nineteenth century and afterward.

While overexploitation of fish in the medieval and early modern period took place
especially in European countries, North America and Australia followed this pattern
after the colonization of European settlers. Travelers’ accounts describe the wealth of
freshwater fish, e.g., in the Ohio River which was said to have been inhabited by
enormous numbers of pike, walleye, catfish, buffalo fish, suckers, drum, and stur-
geon as well as small fish such as sand darters, chub, riffle darters, and minnows
(Trautman 1981 cited from Humphries and Winemiller 2009). Massive exploitation
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with a variety of fishing nets, dams to support fishing, as well as milldams hampering
fish migration soon raised concern of overexploitation. As in Europe, also in North
America fishing regulations followed. The number of fishing days per week was
reduced, fishing gear regulated, and closed seasons defined, for example, in
Massachusetts in 1710, in Connecticut in 1715, or in Rhode Island in 1735
(Humphries and Winemiller 2009). Sturgeon fishes (Acipenser oxyrinchus,
A. brevirostris), salmon, or shad (Clupea sapidissima) were among the fish stocks
which have been overfished so heavily that fishing them in the seventeenth and
eighteenth centuries was stopped several times after few years of fishing because
stocks were too low (Lichter et al. 2006). In North America, the settlers also
established a lively beaver trading industry. Hunting beavers began in the early
seventeenth century. Between 1630 and 1640, 80,000 individuals were caught
annually. By 1900, this species was more or less extinct in North America (Naiman
et al. 1988; cited from Humphries and Winemiller 2009). In the late nineteenth and
twentieth century, river channelization, flood protection dikes, hydropower dams,
and pollution added to the adverse effects of fish overexploitation in most of Western
rivers. It is assumed that in Europe 13 fish species have gone extinct since 1700
(Kottelat and Freyhof 2007). A large number of fish species is threatened, especially
less tolerant species requiring specific habitats.

Purposeful and unintended species introduction contributed to large-scale
changes in fish assemblages. Fish pond networks and fish breeding programs were
established to ensure a sufficient and steady supply of a resource that is naturally
only seasonally available. Historical records confirm this started in Western Europe
in the eleventh century and spread eastward in the twelfth and thirteenth centuries
(Hoffmann 1996). Originally, different kinds of cyprinids were raised in the ponds
because they could tolerate consistently warm temperatures. Soon, carp (Cyprinus
carpio), a fish species native to the middle and lower Danube watershed, became the
main species as they tolerate longer land transport, have a high fecundity, and grow
relatively fast. The earliest traces mark the spread of carps to the upper Danube, the
Elbe, or the Rhine in the eleventh and twelfth centuries and to the Maas, Seine, or
upper Rhone in the late twelfth and thirteenth centuries. The dispersal into central
Bohemia, Southern Poland, the Loire, and southern England happened in the Late
Middle Ages. From ponds, carp reached natural waters and had colonized suitable
habitats in most of Central, Western, and Northern Europe by 1600 (Hoffmann
1996).

It can be assumed that with the transfer of carp also other species were
unintentionally spread and colonized new river systems. Evidence suggests that
Bitterling (Rhodeus amarus) was introduced to many rivers of Central and Western
Europe in a first wave already in the High and Late Middle Ages (1150-1560)
together with carp (Damme et al. 2007). It is not possible to trace the origin of tench
(Tinca tinca) in sixteenth century Spain where it occurred together with carp
(Clavero and Villero 2014).

In contrast to many other domesticated animal and plant species, which were
transferred purposefully between the continents after the discovery of the Americas,
the so-called Columbian Exchange hardly affected riverine environments in the
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Early Modern Period, i.e., the sixteenth and seventeenth century (Crosby 1972). A
few—though delayed—exceptions are ornamental fish or species that were intro-
duced to help fighting mosquitos. The goldfish (Carassius auratus) was brought to
Portugal in 1611. In England and France, it was imported in eighteenth century
(Copp et al. 2005). The mosquitofish (Gambusia holbrooki) was introduced in
Europe in the 1920s (Vidal et al. 2010).

Introduction of nonnative fish species and the large-scale spread of invasive fish
are clearly attributed to industrialized rivers. With railways, fresh fish could be
imported in unprecedented quantities to continental areas. In Vienna, for example,
the import of fish from the North Sea started in 1899 when a German steam fish
trading company opened its first stand on the Viennese fish market. Only due to these
imports the yearly amounts sold on the market could increase from 600 to 2250 tons
between 1880 and 1914, securing fish as nutrition for the heavily growing popula-
tion (Jungwirth et al. 2014). Concurrently, local fish stocks in the Danube exhibited a
clear downward trend as they started to be seriously affected by systematic chan-
nelization measures for navigation and partly for flood protection.

Although fisheries can be seen as victims of the industrialization of rivers,
fishermen eagerly adapted new technologies, thereby contributing seriously on
their own to the change of riverine fish assemblages. They began artificial fish
breeding and stocking and often the efforts of European fishermen targeted North
American fish species since they were considered faster growing and sometimes also
better adapted to channelized habitats. Intentional fish translocations happened on a
continental as well as an intercontinental scale. In Europe, for instance, catfish
(Silurus glanis) or pike-perch (Sander lucioperca) were introduced in Western
Rivers in the nineteenth century (see, e.g., Copp et al. 2005). Modern steam ships
enabled relatively easy exchange between the continents, first and foremost between
Europe and North America. Rainbow trout (Oncorhynchus mykiss)—native to North
American and North Asian streams of the Pacific—was one of the main species. In
the USA, its artificial breeding for stocking of native and nonnative environments
started in the 1870s (Halverson 2010). Import to Europe followed soon after in the
1880s. Brook trout (Salvelinus fontinalis), brown bullhead (Ameiurus nebulosus),
pumpkinseed (Lepomis gibbosus), or smallmouth bass (Micropterus dolomieu) were
other target species. Some of the nonnative species introduced in Europe established
self-sustaining populations, e.g., rainbow trout or brook trout (Copp et al. 2005).

2.3 Conclusions

The historical evolution of river uses and resulting ecological impacts exhibit clear
temporal patterns. It is evident that human alterations have been numerous for
millennia. Preindustrial effects were mostly local and regional, and human practices,
such as passive flood protection, were designed to adapt to, not control, the dynamics
of rivers. This relates, for instance, to ancient Egypt and likewise to European
preindustrial practices of flood protection that depended on measures to mitigate
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flood damages (see Chap. 28). In intensely populated regions, such adaptive prac-
tices at local scales could aggregate up to larger-scale effects. Characteristic for
preindustrial rivers is that local aquatic environmental resources were essential for
societies. Since substitution by trade was not yet possible, harmonizing a variety of
uses was indispensable. This helped keep ecological impacts at low levels.
Preindustrial societies, nevertheless, initiated long-term changes of river ecosystems
that might influence them even in the present era. Land-use change and erosion as
well as weirs as sediment traps are prime cases. Although reliable and detailed
records are scarce, it seems that subsequent examples include stocking of nonnative
fish species and unintended expansion of fish and other species, for instance, via
shipping canals built in and after the seventeenth century contributed to early
modifications of aquatic biota and biotic communities. One should note that, in
contrast to (well-studied) marine systems (see, e. g., Jackson et al. 2001), in rivers
overexploitation, primarily of aquatic animals, was soon followed by effects of other
human uses on habitat conditions.

Industrialization had large-scale effects on river uses and their impacts on mor-
phology, hydrology, and aquatic biota. The use of fossil energy enabled intensifica-
tion of uses with unprecedented ecological consequences. Well into the twentieth
century, deteriorating water quality and hydromorphological degradation were per-
ceived as a necessary evil to foster economic development. Riverine impairment
peaked in response to a combination of intensifying factors: increasing resource
exploitation and use, a rising density of machinery in industry and private house-
holds, intensified agriculture driven by an ever-increasing number of machines, as
well as fertilizers and pesticides.

As aresponse in the late 1980s and 1990s, river restoration projects were planned
and implemented. Especially in densely populated areas and centers of economic
production, rivers and their biotic communities often have been degraded so dras-
tically that restoration toward a natural status appears impossible within any fore-
seeable political time frame (see, e.g., Hughes et al. 2005; Dufour and Piégay 2009).
In addition, some external factors, namely, climate and thus hydrology and temper-
ature, changed naturally as well as due to human impacts for more than a century.
This further prevents restoration of presumed pristine conditions. While this might
confine the role of history in defining reference conditions, historical investigation of
rivers can nevertheless add valuable insights into their trajectories and help
explaining the origins of present conditions.
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River Morphology, Channelization, e
and Habitat Restoration
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3.1 River Channels as One Piece in the Puzzle

Authorities and planners involved in river restoration projects often tend to focus on
the hydromorphological state of a short river reach or certain aquatic habitats where
the pending deficits are most evident. Nevertheless, for long-term and sustainable
restoration, one should also consider flood dynamics and other interlinked processes
at larger spatiotemporal scales, ideally at the catchment scale. Moreover, restoring
river morphology also calls for the consideration of the dynamic processes of the
whole fluvial system, including the adjacent floodplains, with its diverse interactions
between the physical environment (morphology, flow, sediment, etc.) and the
riverine coenoses (compare EU Water Framework Directive 2000).

Various concepts in river morphology and ecology address fluvial systems as
hierarchical arrangements that integrate typical geomorphic and ecological features
over a range of spatial scales. Such well-established schemes are, e.g., the Hierarchical
Framework of Stream Habitats (Frissell et al. 1986), the Hydrosystem Approach (Petts
and Amoros 1996), the Hierarchical Patch Dynamics Model (Wu and Loucks 1995),
the River-Scaling Concept (Habersack 2000), or the Riverine Ecosystem Synthesis
(Thorp et al. 2006). They have in common that riverine structures at the local scale are
viewed as habitats nested in larger systems at reach scale or catchment scale.
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According to the River Styles Framework, introduced by Brierley et al. (2002), an
organism existing in a local habitat is exposed to controls and biophysical fluxes
associated with larger spatial entities. These entities exist as a nested hierarchy that
builds up from ‘“hydraulic units” as the smallest up to larger “geomorphic units”,
“river reaches” and “landscape units” and, finally, up to the catchment and ecoregion
as the largest spatial scales. These fluvial features can be seen as physical templates
that provide the setting in which ecological processes operate and shape riverine
COenoses.

Focusing on the ecological functions and the associated biocoenoses of these
different spatial entities, aquatic ecologists generally apply the terms micro-, meso-,
or macrohabitats. Confusingly, to date, no consistent definition exists that includes
both the geomorphological and the ecological perspectives. A microhabitat, roughly
corresponding to “hydraulic units,” refers to a particular site used by an individual
for specific behaviors (e.g., spawning). It can be described by a combination of
distinct hydraulic and physical factors such as flow velocity, depth, substrate type,
and vegetation cover. Depending on the species (fish, invertebrates, macrophytes,
algae, etc.) and the life stage, microhabitats may range from near zero to a few
meters. Mesohabitats, typically encountered at the scale of “hydraulic” and “geo-
morphic units,” denote discrete patches of a river channel defined by similar physical
characteristics. Such habitats include shallow riffles, deep pools, runs showing high
flow velocities, or sediment bars. Depending on the river type, mesohabitats com-
monly extend over a few square meters but may also cover some hundreds of square
meters. While microhabitats refer to sites of individual organisms, mesohabitats can
be seen as the area, where aquatic communities and/or specific life stages with similar
habitat requirements live (spawning sites, juveniles, adults, etc.). Macrohabitats,
spatially best associated with “geomorphic units” or river reaches, typically comprise
several mesohabitats shaped by the particular hydromorphological conditions of the
respective river reach, branch, or water body (e.g., lotic main channel of an
anabranched river, lentic one-side connected backwater, stagnant dead arm). Accord-
ingly, longitudinal continuity and lateral hydrological connectivity and, thus, the
distribution and migration possibilities of aquatic organisms are key features for
defining macrohabitats.

The different fluvial features—or habitats from the ecological point of
view—including those in the adjacent floodplains, undergo permanent hydro-
morphological and ecological changes owing to influences and fluxes, such as
flow and sediments, from the reach or catchment scale. Such adaptive processes of
riverine features at a certain spatial scale are also pertinent to specific time scales.
The evolution of a new river terrace, for example, usually encompasses longer time
spans than the formation of a gravel bar. In many cases, the consequences of physical
modifications on the fluvial system are not immediately apparent. Rather, they
depend on system-inherent thresholds of response and manifold legacy effects.

Understanding the complex spatiotemporal nature of river landscapes is an
essential prerequisite for sustainable and integrative river restoration. However,
under daily pressure to balance short-term demands with scarce financial means,
the consideration of such complex process-response systems is a challenging task for
planners and authorities as well (see Chaps. 15 and 16).
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3.2 River Types: Complex Diversity or Confusing Variety?

River systems in the industrialized world today have largely lost their original
characteristics. Primarily evident is the disappearance of channel patterns of
preindustrial rivers. Such patterns range from deeply incised bedrock channels
(gorges) in the headwaters to alluvial anastomosing rivers in the lowlands close to
the estuary. Over decades, a confusing number of river classification schemes have
been developed to address the various river types from scientific, administrative, or
restoration perspectives. In addition, even the terms used to describe specific river
types are not applied in a consistent manner in scientific literature. For example, the
terms “braiding”, “anabranching” or ‘“anastomosing” are sometimes used in a
broader sense to describe rivers that show bifurcations in general and in a closer
sense in order to explicitly address certain channel styles (Kondolf et al. 2003; Eaton
et al. 2010).

Generally, the various classification systems can be distinguished between form-
based and process-based schemes. In the first case, rivers are categorized by means
of several channel characteristics, such as sinuosity, number of braids, typical forms
of cross sections, width-depth ratios, type of substrate, channel slope, etc. (e.g.,
classification according to Rosgen 1994, 1996). Such descriptive schemes can be
used to characterize a channel system in detail; however, it does not provide much
information about the underlying fluvial processes, neglects the history of the
landscape system, and is of limited value in predicting future channel changes.
Accordingly, from the perspective of river management, so-called process-based
classification schemes are more useful. They offer a useful framework for assessing
potential channel dynamics based on how current forms are shaped by controlling
geomorphic processes (e.g., Schumm et al. 1984; Church 1992; Simon et al. 2007).
Here, quantitative empirical models provide the best foundation to analyze river
forms and to assess the adequacy of management strategies. Based on the early work
of Leopold and Wolman (1957), meanwhile, numerous classification systems have
emerged that extended our understanding about the relationship between fluvial
forms and geomorphic processes. Most schemes are based on critical thresholds
with respect to discharge and channel slope (i.e., stream power), sediment volume,
and median grain size (see Chap. 8). Other schemes also include bank resistance, the
influence of riparian vegetation, and more complex control factors (e.g., Osterkamp
1978; Ferguson 1987; Van den Berg 1995; Yalin and da Silva 2001). The classifi-
cation of rivers as straight, meandering, and braided originally introduced by
Leopold and Wolman (1957) has therefore been substantially expanded.

Today, we understand the complex morphological diversity of rivers as a contin-
uum of fluvial patterns that evolved as a consequence of the given boundary
conditions, such as upstream catchment size and its vegetation cover, lateral valley
confinement, valley slope, flow regime and sediment type, and transport of material.
Channel geometry, patterns, and dimensions reflect the ongoing adjustment to
fluctuating flow and sediment yields (bedload/suspended load) and, consequently,
the balance of erosional and depositional processes. Here, the concept of stream
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Fig. 3.1 Channel controlling factors and channel characteristics along a schematic river course
(source: © 2013 by Kirstie A. Fryirs and Gary J. Brierley; reproduced with the permission of John
Wiley & Sons)

power, the product of discharge and channel slope, provides a useful tool to describe
the capacity of a river to mobilize and transport material. Comparing stream power
and sediment load combined with sediment size helps to identify potential channel
adjustments (compare Lane 1954; see Chap. 8).

In an ideal world, the hereinafter described typical sequence of channel patterns
(river types) would be identified along a river’s course from up- to downstream
depending on the abovementioned channel controls (compare Figs. 3.1 and 3.2). In
reality, depending on the individual geomorphological setting, rivers may also
develop channel forms in mountainous regions that typically would be expected
along their lower courses.

In alpine or mountainous headwaters, bedrock-confined rivers that have to follow
a narrow and steep valley floor are typical. Stepped-bed profiles with cascades and
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Fig. 3.2 Basic geomorphological features of an idealized river corridor and surface water bodies
showing different intensities of hydrological connectivity: Eu eupotamal/eurhithral (main channel
and lotic side arms), Para parapotamal/pararhithral (abandoned braids), Plesio plesiopotamal/
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lakes”—abandoned meander bends remote from the main channel), L lateral or riparian lake, BA
bar, IS vegetated island (Based on Amoros et al. 1987; modified according to Ward et al. 2000)
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pools in combination with coarse sediment load up to the size of boulders are
characteristic elements of such rivers. Denudation processes, gully erosion, and
channel incisions prevail, and, accordingly, the steep headwaters can be referred to
as the sediment supply zones of river systems. In broader valleys, braided rivers
carrying coarse gravel may stretch over the whole valley floor. Flashy flow regimes
combined with an excess of bedload provide the pulsing power and material to build
such river types. Bar-braided rivers almost devoid of vegetated islands indicate a
predominance of turnover processes. In island-braided rivers, fluvial dynamics
enable at least the evolution of small, vegetated islands on temporally stable gravel
bars. As the valley widens and the valley sides do not yet confine the whole river
section, small floodplain pockets begin to form. Because discharge increases pro-
gressively with catchment area, total stream power typically peaks along a river
course in that section downstream of the headwaters where sufficient flow acts on
sufficiently steep slopes (Brierley and Fryirs 2005). Here, the upstream zone,
characterized by prevailing sediment supply, commonly passes into the sediment
transfer zone, where erosional and depositional processes are approximately bal-
anced. If the transport capacity of the river is sufficient or in case of reduced bedload
input, e.g., due to a low relief landscape that is tectonically stable, less braided or
even sinuous channels may evolve that oscillate between both sides of the valley.
Today, such channel patterns are widespread in alpine valleys. However, in most
cases, they are products of channelization programs in the nineteenth or early
twentieth century.

Further downstream, where the valley bottom significantly widens or the river
course enters spacious alluvial plains, we usually find fluvial forms that probably refer
to the most common river type worldwide. These show an extraordinary morpholog-
ical diversity: anabranching rivers (Huang and Nanson 2007). They range from
dynamic high- and medium-energy rivers to low-energy systems dominated by
accumulation processes. Such river types can be considered as transition forms
between braiding and meandering rivers, because they feature characteristics of
both. Wandering gravel-bed rivers, as the high-energy variant of anabranching rivers,
are mostly located along the sediment transfer zone and may constitute the beginning
of the sediment accumulation zone, where the coarse bedload is deposited (Desloges
and Church 1987). They usually exhibit a complex channel network with one or two
dominant bar-braided or island-braided arms. Individual branches are separated by
larger vegetated islands that may show the same terrain elevation as the adjacent
floodplain and, thus, divide the flow up to the bankfull stage. Individual channels
show independent patterns and may meander, braid, or remain relatively straight
(Nanson and Knighton 1996). Wandering gravel-bed rivers are characterized by
intensive lateral and vertical turnover processes, driven by a highly variable flow
regime and high loads of coarse bed material. Large woody debris or ice jams that
block flow and back water up in individual river arms contribute to the fluvial
dynamics. Extreme flows can ram accumulations of such materials through river
arms and channels, shaping them as they tear off vegetation and substrate. Channel
avulsions, the rapid formation of new river arms by incisions in the floodplain terrain,
intersecting larger islands, or reclaiming abandoned arms are typical geomorphic
processes.
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In downstream sections located already in the sediment accumulation zone,
anabranching rivers with mixed loads or sand beds emerge. The substrate of the
riverbed and, accordingly, channel patterns are closely interlinked with the geolog-
ical configuration of the respective reach and the sediment load of large tributaries,
especially where they meet, e.g., confluences. Deposition of suspended material
starts as channel flow slows with decreasing slope and material accumulated in the
current hits critical thresholds. This favors the formation of cohesive riverbanks,
which facilitates the development of typical meandering rivers. Such systems show a
higher bank resistance, and channels primarily migrate laterally or shift downstream.
To distinguish between mildly (sinuous) and sharply curving (meandering) rivers,
many authors apply a sinuosity index of more than 1.3 or 1.5 (Schumm 1977;
Thorne 1997). The sinuosity index indicates the ratio (quotient) between the length
of a river course and that of the valley axis or, sometimes instead of the latter, the
linear distance between the upper end and lower end. Once the meander bends
become too tortuous and shift close to each other, they are cut off, and a new
straighter channel emerges, while the former meander loop remains as a an
“oxbow lake” (compare ‘“Palacopotamon” in Fig. 3.2). Meandering rivers still
feature flow velocities, i.e., shear stress, that accommodate the formation of distinct
river arms and lateral channel adjustments to instream aggradations. The lower the
channel slope, the more instream accretion will occur, and the capability of a river to
adapt to these deposition processes will be reduced. Under such conditions, a
specific low-energy variant of anabranching channel patterns, so-called anastomos-
ing rivers, with very low gradients and stream power associated with stable cohesive
banks, will emerge (Knighton and Nanson 1993). Their individual channels are often
sinuous and exhibit almost no lateral migration. However, anastomosing channels
have insufficient energy relative to bank strength to allow adjustments to instream
deposition of mostly suspended material; hence avulsion is more likely to occur.
Flooding overtops riverbanks and builds floodplains by vertical accretion of cohe-
sive fine-grained material. The deposits are typically rich in organic material
(Nanson and Knighton 1996). Though anastomosing rivers are typical features of
the sediment accumulation zone close to the estuary, they can also emerge further
upstream in river sections that are wider and unconfined as a consequence of tectonic
depressions where the channel gradient and stream power are significantly reduced
(compare Fig. 3.2 at the upper margin).

River deltas or estuaries feature environments very different from the rest of the
river system. Transport capacity finally is disrupted, and sediment deposition gen-
erally constitutes the principal formative process. Delta areas are transition zones
between riverine and maritime environments. They reflect structuring influences
from both the ocean, such as waves, tides, and saltwater influx, and the river, such as
discharge of freshwater and fluvial sediments. Because sea level provides the
ultimate base level of the whole fluvial system, the channel gradient of the upstream
river section—and over the long term that of the entire channel network—is directly
tied to the elevation of the sea.

The described general framework of morphological river types would be only
encountered along an ideal longitudinal profile that shows a concave shape with a
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steep upper section close to the source and a progressively decreasing gradient
toward the delta. In reality, however, landscapes are heterogeneous mixes, and the
evolution of distinct channel patterns along a river’s course depends on the regional
and local geological basement, tectonic processes, climate conditions, and vegeta-
tion cover. In addition, confluences of large tributaries may alter the flow and
sediment regime and, accordingly, channel patterns of the main stem. That’s why
one can encounter typical meandering river sections or even anastomosing reaches
upstream of gorges or braided sections. In order to identify the causes for the
confusing variety of river types, principles of hydraulic geometry have been used
to derive empirical relationships between channel width, depth, slope, sediment size,
flow velocity, and external controls such as catchment size and flow (Leopold and
Maddock 1953). Generally, rivers on steeper slopes or systems that transport large
volumes of coarse bedload with braided channels tend to develop wider and
shallower channels than comparable meandering or straight river reaches (Parker
1979). Similarly, rivers with a flashier discharge regime and relatively high peak
flows tend to develop wider channels (Brierley and Fryirs 2005). Recent approaches
for river classification strive for a basin-wide analysis that also integrates land cover
and human modifications. The usage of a hierarchical framework that nests succes-
sive scales of physical and biological conditions allows a more holistic understand-
ing of fluvial processes in the whole basin (Buffington and Montgomery 2013).

3.3 A Shifting Balance of Form and Motion

The biodiversity of riverine ecosystems is closely related to habitat composition and
habitat development, which are primarily controlled by natural fluvial disturbances
(Ward 1998; Tockner et al. 2006). Along the river continuum, patterns of fluvial
processes are closely related to the respective morphological river type and may
gradually or abruptly change. Bar-braided or island-braided river reaches are subject
to permanent turnover processes driven by their flashy regime and abundant sediment
influx. Rapid lateral channel adjustments, a tendency toward vertical aggradation,
and noncohesive riverbanks that can be easily reworked facilitate the permanent
adaptations of existing channels and formation of new braids. Anabranching rivers,
i.e., wandering gravel-bed rivers, are also characterized by intensive lateral and
vertical turnover processes that boost the formation of new bars and vegetated islands.
In contrast to typical braiding rivers, associated floodplains and larger islands feature
significant vertical accretions with coarser material at the base and sand or suspended
material in the upper soil layer. In such river sections, channel avulsions are typical
phenomena (compare Sect. 3.2). The further downstream a river’s course one goes,
the more the aggradation processes predominate. Meandering and anastomosing
channels in lowlands are subject to instream deposition of sediments that often occurs
at point bars and to vertical accretion of suspended load in the floodplain. Both river
types have in common a fine-grained, cohesive bank material which limits the
potential for the balance of flow/deposition to reshape channel. In contrast, sand
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channels with insufficient cohesive sediment to form resistant banks are particularly
sensitive to flow variability and may easily be reshaped by altered flow conditions or
sediment supply (Osterkamp and Hedman 1982).

At the first glance, one may conclude that different forms of channel behavior are
bound to certain river types. Instead, morphological river types, i.e., channel pat-
terns, are always products of prevalent fluvial dynamics that also depend on regional
differences in climate, lithology, terrain relief, and land cover. In this context,
vegetation significantly affects fluvial dynamics and, accordingly, channel patterns
in several ways. On the catchment or sectional scale, type and areal extents of the
vegetation cover influence the flow regime and local erosion and denudation (areal
degradation) processes that, in turn, directly affect sediment availability in the basin
(e.g., Allan 2004; Bloschl et al. 2007). On the local scale, riparian vegetation
enhances bank resistance and counteracts bank erosion and channel migration but
may also boost fluvial dynamics in form of large woody debris (e.g., Gurnell et al.
1995; Corenblit et al. 2007). In the latter case, extreme flows that dislodge vegeta-
tion, creates debris masses that can increase the erosive force of a high water event.

Natural river systems never remain in a morphologically static state. Rather they
undergo permanent adjustments to internal changes of the system, e.g., when one
channel changes in response to alterations in a confluent channel, and to external
shifts, such as modified sediment supply or land cover change in the basin. From a
temporal perspective, river adjustments reflect cumulative responses to recent events
and deferred responses to previous events (Brierley and Fryirs 2005). Thereby,
natural channel adjustments are superimposed by human-caused disturbances that
additionally boost or curb fluvial dynamics. The geometry of a river channel reflects
the balance or unbalance, respectively, of erosional and depositional processes that
configure the riverbed and the banks. Generally, rivers seem to “strive” for a state of
dynamic equilibrium (“regime status”) between the imposed external controls such
as valley slope, discharge, and sediment load on the one side and channel responses
to those controls, including width, depth, velocity, reach slope, and sediment size, on
the other side (Allan and Castillo 2007). While valley slope—from the human
perspective—generally remains the same, the flow regime and, in particular, sedi-
ment supply are more sensitive and respond to natural or human influences over
shorter time frames. This relationship between external controls and channel adjust-
ments is described by “Lane’s Law” stating that stream power approximately relates
to sediment load (Lane 1954, 1955):

Qs X Dsp ~ Qw X S

Qs = sediment discharge, D5y = median grain size, Qw = water discharge,
S = channel slope; Fig. 3.3.

Stream power, the product of discharge and channel slope, describes the capacity
of a river reach to mobilize and transport material. When stream power, i.e.,
discharge, decreases due to flow regulation or water withdrawal, some of the
delivered material can’t be transported further downstream, and aggradation pro-
cesses will transform the channel. The same channel adjustments will occur during
unchanged flows, when the sediment supply increases or the material becomes
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coarser. On the contrary, dams that retain large shares of bedload generally lead to
significantly reduced sediment volumes and smaller sediment sizes in downstream
river stretches (see Chap. 6). Lane’s Law illustrates that, in this case, stream power is
too high for the available sediment load and the river will start to compensate its
deficit by eroding the riverbed. Channel degradation downstream of the dam is the
consequence. The modification of the channel will last as long as a new balance is
not attained and, finally, a new type of channel pattern will emerge. For example, as
a consequence of bedload reduction, formerly braiding river reaches may transform
to sinuous single-channel rivers (Marti and Bezzola 2004).

Lane’s Law and other studies in fluvial morphology assume a kind of equilibrium
between external controls and channel geometry or habitat composition (e.g.,
Mackin 1948; Glova and Duncan 1985; Arscott et al. 2002). Because natural rivers
are never totally static, such an equilibrium would be best referred to as a “state of
dynamic equilibrium” in which one fluvial process, e.g., erosion, is compensated by
a counteracting evolution (in this case aggradation). If fluvial systems did not remain
in a kind of equilibrium, they would gradually—or even rapidly if system-inherent
thresholds are exceeded—transform to a new morphological state (river type).
However, some authors argue that fluvial systems are rarely in dynamic equilibrium,
because rivers have to respond to a complex disturbance regime of periodic,
episodic, and stochastic events that superimpose themselves on each other. Accord-
ingly, rivers operate in a state of perpetual nonlinear adjustment, rather than oscil-
lating around an equilibrium state (Thorne 1997; Brierley and Fryirs 2005). That
way, many rivers show a tendency to develop a recognizable average behavior
(Knighton 1998).

Changes in the geomorphological configuration of a river reach can significantly
affect its capacity to support the ecological functions and habitat availability of a fluvial
system. Likewise, riverine ecosystems, in particular, depend on disturbances that
regenerate single parts of the system on a regular basis. Assuming unchanged climate
conditions, riverine habitats and their associated biocoenoses undergo ecological suc-
cessions toward a certain terminal stage that—without further disturbances—would
persist (Bravard et al. 1986; Amoros and Roux 1988). Under human undisturbed
conditions, periodic and/or stochastic disturbances counteract the general trajectory
toward matured terrestrial habitats, rejuvenating the various riverine habitats (Ward
1998; Ward and Tockner 2001). Over the long term, such processes promote morpho-
logically and ecologically differentiated habitat patches, fundamentally determining the
competitive interactions at species and community level (Huston 1979, 1994; Hughes
1997). Though an individual habitat may vanish due to disturbances, over lengthier
periods and larger areas, in such a “shifting habitat mosaic,” the proportions of the
differently developed habitat patches are supposed to remain relatively constant as long
as the controlling factors do not significantly change (Stanford et al. 2005). Given the
hierarchical nature of fluvial systems (compare Sect. 3.1), the “hierarchical patch
dynamics” concept emphasizes that higher levels of system organization impose
structural and functional constraints on lower levels and its potential ecological pro-
cesses (Wu and Loucks 1995).

From the landscape perspective of a biocoenosis, e.g., a spatially heterogeneous
environment with patches differing in resource quality and quantity, persistence, and
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connectivity provides the opportunity for a greater biodiversity than under more uniform
and stable conditions (Allan and Castillo 2007). Likewise, riverine species have to adapt
to the habitats that shift in space and time and, thus, to the underlying disturbance
regime. Because individual species show varying habitat preferences and migration
capabilities, they respond to landscape heterogeneity and changes in the habitat mosaic
in different ways (Wiens 2002). For example, fish diversity generally peaks in intensely
connected habitats, while amphibian diversity is higher in habitats with low connectivity
(Tockner et al. 1998). This example shows that a high frequency of disturbance does not
necessarily result in a higher riverine biodiversity. Once the disturbance regime signif-
icantly exceeds the resilience capacity of riverine species, biodiversity will diminish.
According to the “intermediate disturbance hypothesis,” a moderate level of disturbance
potentially may increase diversity enabling the coexistence of species with divergent
recruitments (Connell 1978; Ward and Stanford 1983; Fox 2013). In this context,
several studies indicate that island-braided and, in particular, anabranched reaches
generally show higher diversities than bar-braided, meandering, or anastomosing river
sections (e.g., Stanford et al. 1996; Gurnell and Petts 2002).

3.4 Channelized Rivers

One can already say that the mighty .. . stream can never be regulated so as the proud human
spirit would like to (Wiletal 1897).

Other than remote human impacts, such as land cover changes or mining in the
catchment, river channelization measures comprehensively alter the fluvial morphol-
ogy of a river reach in the most direct form. Dependent on the objectives of a river
training program, various types of hydraulic measures are applied, each associated
with specific forms of human interference in the physical configuration and ecological
functions of fluvial systems. Construction of dams that present a severe local inter-
vention with remote up- and downstream impacts on fluvial systems is often—but not
necessarily—accompanied by channelization measures of longer river reaches (see
Chap. 6).

River channelization in general pursues two major aims—the improvement of
navigability and flood control. Besides that, river straightening was also seen as a
means to increase flow speed and to discharge pollutants. In Europe and North
America, owing to the advent of steam navigation in the nineteenth century, several
river engineering programs aimed at the improvement of the shipping conditions of
medium and large rivers (Sedell and Froggatt 1984; Gore and Petts 1989; Alexander
et al. 2012; for human impacts on fluvial systems in earlier periods see Chap. 2).
Because load drafts of new steam vessels constantly increased, the water depth along
navigable waterways had to be adapted simultaneously. In many rivers, deepening of
the channel was achieved by a significant constriction of channel width that in most
cases was accompanied by a straightening of the whole river section. This was
specifically a major concern in braided or anabranching river sections, where flow was
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divided into several branches (Wex 1873, 1879). Because they were generally deeper,
navigability in sinuous or meandering, single-channel rivers in lowlands was generally
easier. However, such systems often had insufficient flood conveyance capacity
(N.N. 1853; De Marchis and Napoli 2008). If flood control is the major concern,
channelization primarily strives for straightening and/or widening (resectioning) a
river reach in order to amplify the conveyance capacity of the channel and to reduce
shear stress (Brookes 1988).

Independent from its main purpose, channelization fundamentally modified
channel patterns and fluvial dynamics, e.g., when a meandering or braided river
section was transformed into a straight, uniform channel. In alluvial reaches, besides
the main river arm, the whole riparian ecosystem is affected by channelization’s
hydraulic measures. Former lotic side arms were cut off and transformed to one-side
connected backwaters or were totally separated from the main channel. Accordingly,
braided and, in particular, anabranching rivers are subject to the most severe
impairments with respect to the channel patterns (Gurnell et al. 2009; Tockner
et al. 2010). Specifically, in alluvial reaches, river channelization programs were
also designed to prevent lateral erosion of floodplain terrain and to gain new arable
land. In order to boost terrestrialization processes in cutoff river arms and in
low-lying areas of the floodplain, embankments and closure dams were often
designed to function as sediment traps and to facilitate deposition of material even
during smaller floods. Applying this technique enabled the reclamation of large areas
of new land within a few years to decades (Hohensinner et al. 2011). Because
navigability was still constricted during periods of reduced discharge, later in
many large rivers, additional groynes and training walls for low flow situations
were installed. In the twentieth century, channelization measures were often coupled
with the construction of reservoirs and hydropower plants, which guaranteed suffi-
cient channel depths for larger vessels. Though flood protection levees are generally
not constructed for purposes of river training, they also severely affect fluvial
systems in various respects. Levees that are directly located along riverbanks are
often accompanied by massive embankments to prevent undercut erosion. In con-
trast to flood protection levees in the hinterland, such dykes both morphologically
and hydrologically constrain river dynamics.

The history of river channelization highlights that most hydraulic measures were
designed to fulfill multiple purposes at once in order to facilitate several forms of
human uses in fluvial systems (Winiwarter et al. 2012). It also shows that single
hydraulic constructions, e.g., a closure dam to cut off a side arm, may impair a fluvial
system in multiple ways. Some river engineering measures that are commonly
applied—at least at first glance—only affect the channel itself. Transversal protec-
tion structures that are installed perpendicular to the water course, such as ground
sills on the channel bottom or higher check dams, are generally applied for stabiliz-
ing the riverbed and preventing further channel incision. Both types reduce stream
power and, consequently, sediment transport capacity in the upstream river reach.
Energy dissipation, the conversion of the kinetic energy of flowing waters into other,
less hazardous, forms, such as thermal or acoustical energy, is primarily limited to
sites just below the transversal hydraulic structures. On the other hand, dredging
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measures aim for lowering the river bottom and are usually conducted to keep
waterways navigable or to increase flood conveyance capacity. Though these mea-
sures are performed directly in river channels, they potentially also affect larger parts
of riparian systems. Water level changes evoked by the transversal structures may
significantly influence the groundwater table or surface water bodies in the adjacent
floodplain.

During the past two centuries, river regulation measures caused dramatic “regime
shifts” for most European braiding, multi-channel, and transitional rivers (Petts 1989;
Tockner et al. 2010). In the Alps, channel patterns commonly shifted from formerly
braiding to a single-channel river type. As a consequence, the total length of braiding
reaches decreased in France and Austria by 70% and 95%, respectively (Muhar et al.
1998; Habersack and Piégay 2008). River engineering measures not only modify the
physical configuration of the channelized river section itself; they indirectly also
affect the subsequent up- and downstream reaches. Even if only one of the flow-
dependent variables (slope, depth, width, and roughness) is affected by the measures,
feedback effects will promote adjustments toward a new morphological state
(Brookes 1988). In case of channel narrowing, often applied for the purpose of land
reclamation, flow velocity and sediment transport capacity increase, eventually
causing bed erosion. Nevertheless, the main cause for amplified bed degradation is
channel straightening. Particularly in sinuous or meandering rivers, where the new
cutoff is much shorter and steeper, stream power significantly increases, and the
riverbed may incise by several meters within a year or several years (Knighton 1998;
Kesel 2003). Starting from the upper end of a straightened river section, retrograde
erosion that progressively encroaches upstream is a typical response process that may
affect large parts of a whole river system (Simon 1989). The mobilized material is
transported downstream as far as stream power allows, meaning that large volumes
will be deposited just downstream of the straightened section. Here, the opposite
adjustment process can be observed: aggradation reduces channel slope, channel
width may substantially increase, and new channel patterns may emerge (Brookes
1987; Gregory 2006). Well-documented examples from the Danube River and its
tributaries in the nineteenth century show that river straightening programs in alpine
tributaries led to marked aggradations and bed modifications in the Danube River,
even 150 km downstream of the “improved” section (Schmautz et al. 2000). Once an
alluvial Danube section was straightened, downstream aggradation and bed transfor-
mation causing severe obstacles for navigation forced the regulation authorities to
advance channelization continually downstream until the next gorge section of the
Danube was reached (Hohensinner 2008; Hohensinner et al. 2014). However, new
problems arose in the alluvial reaches downstream of the gorge, and, finally, they
were forced to channelize the whole Austrian Danube section (Schmautz et al. 2002).

Today, distinct channel incisions induced by river “training” (channel engineer-
ing) in combination with reduced sediment supply from upstream river sections
present a major concern in the industrialized world ( Gore and Petts 1989; Stanford
et al. 1996). Typical consequences for the biota are the reduction of original instream
habitat complexity and habitat availability in increasingly uniform riverbeds (e.g.,
Toth 1996; Lau et al. 2006). Accordingly, pronounced differences in species
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composition and abundance can be found compared to more natural sites. Since
straightened and constrained river channels generally show higher flow velocities,
aquatic communities have to adapt to the altered hydraulic conditions. Fish species and
benthic invertebrates preferring moderate or lower flow velocities are largely replaced
by rheophilic communities (Jurajda 1995; Jansen et al. 2000). These modifications are
referred to as the ‘“rhithralization effect”, the shift of a riverine coenoses toward
upstream communities (Jungwirth et al. 2000). Higher flow velocities generally result
in greater grain sizes of the substrate. Another typical response is riverbed armoring,
where the top layer of the bed substrate shows coarser sediment fractions than in the
underlying layer. In river sections with negligible bedload transport, such truncated
bed dynamics may lead to the clogging of the pore volume of the substrate (“hyporheic
interstitial”) with silt. Such “colmations” of the riverbed severely impair the exchange
processes between the river and the aquifer (Boulton 2007; see Chap. 8).

Apart from the main channel, in alluvial reaches, channelization also affects the
hydromorphological configuration and ecological functions of the whole riparian
system. Direct forms of impairment include the hydrological separation of the water
bodies in the floodplain from the main stem and the promotion of terrestrialization.
As already mentioned, the “improvement” of wetlands for better human usage is also
an important goal of channelization leading to a drastic reduction of aquatic and
semiaquatic habitats. Besides, significantly lowered water levels in the river com-
prehensively lower downward percolation (infiltration) rates and thereby decrease
aquifer recharge in the floodplain. This lowers the resilience of riverine communities
to drought. Cutoff side arms and lowered groundwater tables significantly reduce
lateral hydrological connectivity, i.e., the various surface and subsurface exchange
processes, such as sediments, nutrients, water temperature, or organisms, between
the river and the diverse floodplain biotopes (Amoros et al. 1987; Amoros and
Bornette 2002).

Accordingly, the stimulating effects of the “flow pulse” at discharges below
bankfull and the “flood pulse” at higher stages that in undisturbed condition boost
primary production even in remote floodplain areas as a fundamental basis for
riverine biodiversity decrease (Junk et al. 1989; Puckridge et al. 1998; Tockner
et al. 2000). Moreover, reduced lateral connectivity is reflected by the truncation of
the network of potential migration pathways for aquatic organisms. Rheophilic fish
species with a preference for lentic conditions in connected backwaters during
certain periods in the adult stage, in particular, depend on such lateral migratory
pathways between lotic and lentic habitats (e.g., for reproduction, as feeding
grounds, or winter refuge; Schiemer and Waidbacher 1992).

Ongoing vertical accretion of sediments during floods further heightens the eleva-
tion of the floodplain terrain. As a consequence, besides a lateral decoupling of the
floodplain habitats from the river, increasingly a vertical decoupling between the river
level (water/groundwater table) and the floodplain terrain is a typical phenomenon
(Amoros and Bornette 2002). Historical analyses from Austrian Danube floodplains
show that the average depth down to the groundwater table below the terrain surface
increased by 63-88% at mean flow situations since the early nineteenth century
(Hohensinner et al. 2008). Vertical decoupling of fluvial systems considerably mod-
ifies site conditions for riparian vegetation, which is one major cause for the extensive
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decline of early successional stages and softwood assemblages in the industrialized
world (Egger et al. 2007; Mosner 2012; Reif et al. 2013). Today softwood commu-
nities are severely endangered and are specifically protected by the EU Flora-Fauna-
Habitat Directive.

The brief discussion of potential consequences of channelization shows that
channel adjustment to local or sectional hydraulic constructions most likely affects
much longer river sections or may even concern the whole river system. Accord-
ingly, in applying such measures, a much larger spatial and temporal scale has to be
considered. However, this also applies in the case of ecologically oriented restora-
tion programs.

Given the diverse forms of hydraulic measures and the general lack of basic data,
it is difficult to provide scientifically rigorous information about the worldwide or
continental impacts on fluvial systems due to channelization. According to a rough
estimate, worldwide, approximately 500,000 km of waterways have been altered for
navigation (Tockner and Stanford 2002). Even more speculative are estimates about
riverine wetlands that are affected by channelization, because the consequences of
local channelization measures and those of wetland reclamation or remote impacts,
such as altered flow regime and sediment supply due to the construction of dams or
land cover changes in the basin, are superimposed upon each other (see Chap. 15).

3.5 Assessing the Hydromorphological State of Rivers

In several European countries, long traditions exist for assessing the morphological
conditions of rivers to provide an overall survey of habitat quality. Formerly, such
assessments were particularly related to hydraulic engineering activities and river
inventories (e.g., Werth 1987; Raven et al. 1997). These studies focused primarily on
morphological conditions of rivers and streams, while at the same time, key elements
of the physical environment of fluvial systems, like flow and sediment regime, were
not or scarcely addressed. In general, hydromorphological assessment is based on
the assumption of a strong relationship between the physical environment and aquatic
organisms/biocoenoses of riverine ecosystems (Karr 1981; Muhar and Jungwirth
1998). Thus, those hydromorphological attributes are investigated, mapped, and
evaluated, which determine the habitat functions of running waters. The methods of
such assessments are diverse, depending on the main aims and objectives, ranging
from large-scale surveys at the basin scale to local-scale habitat assessment (see
Table 3.1).

Since the EU WFD requires the assessment of hydromorphological quality as
an essential part in supporting the ecological status of rivers, numerous methods
have been revised and further developed (Boon et al. 2010; Belletti et al. 2014;
Poppe et al. 2016). Most of them follow the scheme of the WFD by addressing
“hydromorphological quality elements” (EU 2000): (1) hydrological regime (e.g.,
quantity and dynamics of water flow and connection to groundwater bodies),
(2) morphological conditions (e.g., river depth and width variation, structure, and
substrate of the river and the riparian zone), and (3) river continuity (regarding
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Table 3.1 General aims of hydromorphological assessments

Tasks of large-scale surveys at the basin-wide scale

* Overview of the physical status quo of river systems (e.g., according to the EU WFD), overall
identification and documentation of habitat improvement/degradation

* Quantification (intensity of impacts, e.g., river engineering measures, artificial barriers, degree
of natural highly impacted river stretches, etc.)

* Basis data for supra-regional planning (e.g., establishment of a large-scale river conservation/
restorationnetwork)

* Tool for strategic decisions in early stages of project development
Tasks of local-scale habitat assessment

* Detailed habitat investigation in context with biological studies (auto-/synecological studies)

« Identification and assessment of altered habitat conditions due to anthropogenic impacts and
the effects on biota

* Monitoring and evaluation of river restoration

migrating species as well as sediment regime). They mainly focus on (field) inves-
tigations, frequently supplemented by analyses of remote sensing data (e.g.,
orthophotos) at reach scale, describing channel characteristics and mesohabitat
conditions. Depending on the specific method, respectively, on national guidelines
of the EU member states, they follow a predefined scheme to define investigation
units; e.g., in Austria, the hydromorphological status assessment is always related to
a 500 m river stretch at all rivers with a catchment area of more than 10 km?
(BMLFUW 2015). The currently applied assessment methods are basically compli-
ant with the EU CEN standards on hydromorphological assessment comprising also
a largely comparable set of assessment categories and parameters (see Table 3.2;
CEN 2004; Boon et al. 2010).

Such surveys provide a wealth of useful information, but, with some excep-
tions, they tend to focus on forms rather than processes, typically evaluating
hydromorphological degradation on how the characteristics of a river reach differ
from “reference” conditions, based on “pristine” sites located elsewhere or how
the reach looked at some time during the past. Recently developed studies aimed
to go beyond this scheme, to enhance the survey methods to better integrate
physical processes as driving forces for the occurrence and reshaping of river
channels and instream habitats.

Summarizing, hydromorphological assessment is a key foundation for river basin
management and should build on the growing understanding of geomorphological
processes (Montgomery and Buffington 1998; Kondolf et al. 2003; Brierley and
Fryirs 2005) and integrate biological knowledge with regard to habitat requirements
of aquatic species at different spatial scales. In particular, the following issues are
crucial:

e To choose methods, harmonized with the specific aims, objectives, and thus
spatial scale.
* To identify adequate assessment attributes and evaluation algorithms.
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Table 3.2 Assessment categories, features, and attributes comprising a standard hydromorphological
assessment according to EN 14614 (From Boon et al. 2010)

Assessment
categories

Generic features

Examples of attributes assessed

Channel

Channel geometry

Planform

Braiding, sinuosity

Modification to natural planform

Longitudinal section

Gradient, long-section profiles

Cross section

Variations in cross section shown
by depth, width, bank profiles, etc.

Substrates

Artificial

Concrete, bed-fixing

Natural substrate types

Embedded (boulders, bedrock, etc.)

Large (boulders and cobbles)

Coarse (pebble and gravel)

Fine (sand)

Cohesive (silt and clay)

Organic (peat, etc.)

Management/catchment impacts

Degree of siltation, compaction

Channel vegetation
and organic debris

Structural form of macrophytes

Emergent, free-floating, broad-
leaved submerged, bryophytes,
macro-algae

Leafy and woody debris

Type and size of feature/material

Weed cutting

Erosion/deposition Features in channel and at base of | Point bars, side bars, mid-channel

character bank bars and islands (vegetated or bare)
Stable or eroding cliffs, slumped or
terraced banks

Flow Flow patterns Free-flow, rippled, smooth

Effect of artificial structures
(groynes, deflectors)

Flow features

Pools, riffles, glides, runs

Discharge regime

Off-takes, augmentation points,
water transfers, releases from
hydropower dams

Longitudinal conti-
nuity as affected by
artificial structures

Artificial barriers affecting
continuity of flow, sediment
transport, and migration for biota

Weirs, dams, sluices across beds,
culverts

Riverbanks/riparian zone

Bank structure and
modifications

Bank materials

Gravel, sand, clay, artificial

Types of revetment/bank
protection

Sheet piling, stone walls, gabions,
rip-rap

Vegetation type/
structure on banks
and adjacent land

Structure of vegetation

Vegetation types, stratification,
continuity

Vegetation management

Bank mowing, tree felling

Types of land use, extent, and
types of development

Agriculture, urban development

(continued)
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Table 3.2 (continued)

Assessment
categories Generic features Examples of attributes assessed
Floodplain
Adjacent land use Types of land use, extent, and Floodplain forest, agriculture,
and associated types of development urban development
features Types of open water/wetland Ancient fluvial/floodplain features
features (cutoff meanders, remnant
channels, bog)
Artificial water features (irrigation
channels, fish ponds, gravel pits)
Degree of
(a) lateral connec- | Degree of constraint to potential Embankments and levees
tivity of river mobility of river channel and (integrated with banks or set back
and floodplain | water flow across floodplain from river), flood walls, and other
(b) lateral Continuity of floodplain constraining features
movement of Any major artificial structures
river channel partitioning the floodplain

¢ To enhance the methodological approach by comprehensively including the
adjacent floodplains/wetlands in assessing the physical environment of river
landscapes.

* Far more consideration has to be given to physical processes to better understand
the current conditions and the causes of alterations (human uses, restoration
measures, etc.) and responding effects (Belletti et al. 2014).

3.6 Conclusion

Addressing the hydromorphological state of riverine ecosystems with profound
understanding requires consideration of larger spatial scales. Channel geometry
and fluvial dynamics are not solely determined by local geomorphological frame-
work conditions. Rather they are the product of influxes from the upstream catch-
ment. Over the long term, both sediment transport and discharge, on the one side,
and the local/sectional setting (e.g., geology, topography), on the other side, lead to
the formation of certain channel patterns. However, the typical sequence of mor-
phological river types along a river’s course from constrained upstream gorges over
braided, anabranched, and meandering rivers to, finally, anastomosing lowland
rivers can be rarely found in nature. Tectonic barriers or depressions and large
tributaries may interrupt that typical sequence and foster channel patterns that
would normally not be expected at a respective site. Changes in upstream sediment
delivery and altered discharge regimes trigger local channel adjustments. Even
downstream hydromorphological changes may affect channel geometry in upstream
sections due to retrograde soil erosion.
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Accordingly, channelization measures do not only affect the physical configura-
tion and dynamic fluvial processes at a respective river reach. Rather they influence
much longer river sections or even the whole river system, including the tributaries.
Human interventions into riverine environments always call for consideration of
unintended side effects and potential long-term legacies that may cause new prob-
lems at upstream or downstream sections. What seems to be clear for river channel-
ization does also apply to restoration measures. Locally implemented river
restoration projects may also influence the up- and downstream fluvial processes
and, thus, the habitat availability and the ecological state of longer river sections.
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Chapter 4 )
River Hydrology, Flow Alteration, s
and Environmental Flow

Bernhard Zeiringer, Carina Seliger, Franz Greimel, and Stefan Schmutz

“The water runs the river.” This chapter focuses on the river flow as the fundamental
process determining the size, shape, structure, and dynamics of riverine ecosystems.
We briefly introduce hydrological regimes as key characteristics of river flow.
Hydrological regimes are then linked to habitats and biotic communities. The effects
of flow regulation as a result of human activities such as water abstraction (irrigation
and hydropower), river channelization, land use, and climate change are demon-
strated. Finally, methods to assess the environmental flow, the flow that is needed to
maintain the ecological integrity, are described, and examples of successful flow
restoration presented.

4.1 The Water Cycle and Hydrological Regimes

In temperate zones water received via precipitation is either stored in ice and snow
during winter or infiltrates into the groundwater and is released into rivers during
summer. Water cycles through stages of evaporation, water storage in the atmo-
sphere, precipitation, (sub)surface runoff, and storage in the ocean. The water cycle
and climatic conditions form the boundary conditions for the hydrological regimes
that define distinct seasonal and daily flow patterns. High altitude rivers receive
water mainly from glacial melt during summer with distinct diurnal melting peaks
following air temperature warm-up (glacial regime) (Fig. 4.1). At lower elevations
snow melting in spring causes seasonal peaks (nival regime), while periods of high
flow and floods due to rainfall can occur at any time of the year (pluvial regime).
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Fig. 4.1 Simple hydrological regimes (glacial, River Otztaler Ache; nival, River Mur; pluvial,
River Stiefing; and tropical, River Niger). The monthly discharge coefficient (c,,) is defined by the
ratio of the average monthly discharge and the mean discharge (hydrograph data over several years)

Tropical rivers are characterized by distinct flow cycles related to dry and wet
seasons. The tropical regime is similar to the pluvial regime, e.g., drought in the
dry season and abundant rainfall in the wet season. Depending on the local condi-
tions and position within the catchment, observed flow may represent a mixture of
hydrological regimes. Flow regimes are very important to understand the key
functions and processes of riverine ecosystems.

Catchments are hydrological units defined as the area collecting the water within
a given drainage divide or watershed (a drainage divide is the line that separates
neighboring drainage basins). All the catchments for all the tributaries of a river are
lumped together to form a river basin (e.g., Danube River Basin). The so-called
water balance of a given catchment or basin is calculated from water gains (precip-
itation) and losses (evapotranspiration and runoff) including storage phases (soil
water, groundwater, ice, snow). The observed discharge (m3 /s) at distinct locations
within the catchment is determined based on meteorological and biogeophysical
factors (see Table 4.1).

The river flow determines the dynamics of the four-dimensional river system
(Ward 1989). Sediment and nutrient transport is closely linked to the longitudinal
dimension of flow. Floodplain dynamics depend on the lateral hydrological connec-
tivity and flood pulses (Junk et al. 1989). River groundwater interaction represents
the vertical dimension of flow dynamics and determines groundwater recharge and
groundwater contribution to river flow. The longitudinal, lateral, and vertical flow
pattern varies over time representing the fourth dimension of the four-dimensional
river system.
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Table 4.1 Meteorological and biogeophysical factors determining river flow

Meteorological factors Biogeophysical factors

— Type of precipitation (rainfall, snow) — Drainage area

— Rainfall amount, intensity, duration, and | — Elevation

distribution over the drainage basin — Topography, terrain slope

— Precipitation that occurred earlier and — Basin shape and drainage network patterns
resulting soil moisture — Soil type, land use, and vegetation

— Meteorological conditions that affect — Ponds, lakes, reservoirs, sinks, etc. in the basin,
evapotranspiration and infiltration which prevent or delay downstream runoff

4.2 Flow Determines Habitats and Biotic Communities

River flow determines processes that shape and organize the physical habitat and
associated biotic communities. Flow variability is a fundamental feature of river
systems and their ecological functioning (Poff et al. 1997). The natural flow of a
river varies on time scales of hours, days, seasons, years, and longer. Many years of
observation from a streamflow gauge are generally needed to describe the charac-
teristic pattern of a river’s flow quantity, timing, and variability (Poff et al. 1997).
River flow regimes show regional patterns that are determined largely by river size
and by geographic variation in climate, geology, topography, and vegetative cover.

The widely accepted natural flow paradigm (sensu Poff et al. 1997), where the
flow regime of a river, comprising the five key components of variability, i.e.,
magnitude, frequency, duration, timing, and rate of change, is recognized as central
to sustaining biodiversity and ecosystem integrity (Poff and Ward 1989; Karr 1991;
Richter et al. 1997; Rapport et al. 1998; Rosenberg et al. 2000). These components
can be used to characterize the entire range of flows and specific hydrologic
phenomena, such as floods or low flows, which are critical to the integrity of river
ecosystems.

The natural flow regime organizes and defines river ecosystems. In rivers, the
physical structure of the environment and, thus, of the habitat is defined largely by
physical processes, especially the movement of water and sediment within the
channel and between the channel and floodplain. The physical habitat of a river
includes sediment size and heterogeneity, channel and floodplain morphology, and
other geomorphic features. These features form as the available sediment, woody
debris, and other transportable materials are moved and deposited by flow. Thus,
habitat conditions associated with channels and floodplains vary among rivers in
accordance with both flow characteristics and the type and the availability of
transportable materials. Within a river, different habitat features are created and
maintained by a wide range of flows (Poff et al. 1997).

Generally, the shaping of hydro-morphological channel and floodplain features
(e.g., river bars and riffle-pool sequences) happens continuously. But the dominant,
shaping processes occur in episodes of bank-full discharges (see Chap. 3). It is
important that these flows are able to move bed or bank sediment and occur frequently
enough to continually modify the river channel (Wolman and Miller 1960).
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The diversity of instream and floodplain habitat types has stimulated the evolu-
tion of species that use the habitat mosaic created by hydrologic variability. For
many riverine species, completion of the life cycle requires an array of different
habitat types, whose availability over time is regulated by the flow regime
(Greenberg et al. 1996).

Aquatic organisms have evolved life history strategies primarily in direct response
to natural flow regimes (Bunn and Arthington 2002). The physical, chemical, and
biological characteristics of rivers are primarily affected by flow variation as a “master
variable.” Changes in discharge are a form of disturbance, but a moderate level of
hydrological variability enhances biological diversity (sensu Connell 1978; Ward and
Stanford 1983; Bunn and Arthington 2002). River biota have evolved adaptive
mechanisms to cope with habitat changes that result from natural flow variation, and
indeed many species rely on regular or seasonal changes in river flows to complete
their life cycles (Poff et al. 1997). For detailed discussions of the ecological effects
(and knock-on social and economic implications) of hydrological alterations on
riverine ecosystems, with impacts ranging from genetic isolation through habitat
fragmentation to declines in biodiversity, floodplain fisheries, and ecosystem services,
see Ward (1982), Petts (1984), Lillehammer and Saltveit (1984), Armitage (1995),
Cushman (1985), Craig and Kemper (1987), Gore and Petts (1989), Calow and Petts
(1992), Boon et al. (1992, 2000), Richter et al. (1998), Postel (1998), Snaddon et al.
(1999), Pringle (2000), World Commission on Dams (2000), Bergkamp et al. (2000),
and Bunn and Arthington (2002).

Bunn and Arthington (2002) propose that the relationship between biodiversity
and the physical nature of the aquatic habitat is likely to be driven primarily by large
events that influence channel form and shape (principle 1) (Fig. 4.2). However,
droughts and low-flow events are also likely to play a role by limiting overall habitat
availability. Native biota have evolved in response to the overall flow regime. Many
features of the flow regime influence life history patterns, especially the seasonality
and predictability of the overall pattern, but also the timing of particular flow events
(principle 2). Some flow events trigger longitudinal dispersal of migratory aquatic
organisms, and other large events allow access to otherwise disconnected floodplain
habitats (principle 3). Catchment land-use change and associated water resource
development inevitably lead to changes in one or more aspects of the flow regime
resulting in declines in aquatic biodiversity via these mechanisms. Invasions by
introduced or exotic species are more likely to succeed at the expense of native biota
if the former are adapted to the modified flow regime (principle 4).

4.3 Flow Regulation

The global increase in water demand has resulted in a conflict between using rivers
as water and energy sources and the need to conserve rivers as intact ecosystems
(Dynesius and Nilsson 1994; Abramovitz 1995; Postel 1995; McCully 1996; World
Commission on Dams (2000). This ongoing conflict has stimulated a growing field
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Fig. 4.2 The natural flow regime of a river influences aquatic biodiversity via several interrelated
mechanisms that operate over different spatial and temporal scales. The relationship between
biodiversity and the physical nature of the aquatic habitat is likely to be driven primarily by large
events that influence channel form and shape (principle 1). However, droughts and low-flow events
are also likely to play a role by limiting overall habitat availability. Many features of the flow regime
influence life history patterns, especially the seasonality and predictability of the overall pattern, but
also the timing of particular flow events (principle 2). Some flow events trigger longitudinal
dispersal of migratory aquatic organisms, and other large events allow access to otherwise discon-
nected floodplain habitats (principle 3). The native biota have evolved in response to the overall
flow regime. Catchment land-use change and associated water resource development inevitably
lead to changes in one or more aspects of the flow regime resulting in declines in aquatic
biodiversity via these mechanisms. Invasions by introduced or exotic species are more likely to
succeed at the expense of native biota if the former are adapted to the modified flow regime
(principle 4) (Bunn and Arthington 2002) (© Environmental management, Basic principles and
ecological consequences of altered flow regimes for aquatic biodiversity, 30, 2002, p. 493, Bunn
SE, Arthington AH. With permission of Springer.)

of research dedicated to assessing the requirements of rivers for their own water, to
enable satisfactory tradeoffs in water allocation among all users of the resource and
the resource base itself (the river) (Tharme 2003).

More than half of the world’s accessible surface water is already appropriated by
humans, and this is projected to increase to 70% by 2025 (Postel 1998). Water
resource developments such as impoundments, diversion weirs, interbasin water
transfers, run-of-river abstraction, and exploitation of aquifers, for the primary uses
of irrigated agriculture, hydropower generation, industry, and domestic supply, are
responsible for unprecedented impacts to riverine ecosystems, most of which result
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from alterations to the natural hydrological regime (Rosenberg et al. 2000). Almost
all large river basins are already impacted by large dams (Nilsson et al. 2005).

About 60% of the world’s rivers are estimated to be fragmented by hydrologic
alteration, with 46% of the 106 primary watersheds modified by the presence of at least
one large dam (Revenga et al. 1998, 2000). Dynesius and Nilsson (1994) calculated that
77% of the total discharge of the 139 largest river systems in North America, Europe,
and the republics of the former Soviet Union is strongly or moderately affected by flow-
related fragmentation of river channels. Moreover, they observed that large areas in this
northern third of the world entirely lack unregulated large rivers. EU member countries
regulate the flow of around 65% of the rivers in their territories, while in Asia, just under
50% of all rivers that are regulated have more than one dam (World Commission on
Dams 2000). Flow regulation through impoundment represents the most prevalent
form of hydrological alteration with over 45,000 large dams in over 140 countries
(World Commission on Dams 2000); a further 800,000 small dams are estimated to
exist worldwide (McCully 1996). The top five dam-building countries (China, United
States, India, Japan, Spain) account for close to 80% of all large dams worldwide, with
China alone possessing nearly half the world total (World Commission on Dams 2000,
cited in Tharme 2003). Dam development is expected to continue, with more than 3700
large hydropower dams alone currently planned or under construction worldwide (Zarfl
etal. 2014).

4.4 Human Alteration of Flow Regimes

Human alteration of flow regime changes the established pattern of natural hydro-
logic variation and habitat dynamics. Modification of natural hydrologic processes
disrupts the dynamic balance between the movement of water and the movement of
sediment that exists in free-flowing rivers (Dunne and Leopold 1978).

Typical sources of alteration of flow regimes are (after Poff et al. 1997):

e Dam

¢ Water diversion

* Urbanization, sealing, drainage
¢ Levees and channelization

* Groundwater pumping

Dams, which are the most obvious direct modifiers of river flow, capture both low
and high flows for flood control, electrical power generation (Fig. 4.3), irrigation and
municipal water needs, maintenance of recreational reservoir levels, and navigation.
Dams capture sediments moving down a river, with many severe downstream conse-
quences (e.g., erosion of fine sediment in the downstream section). The coarsening of
the streambed can, in turn, reduce habitat availability for aquatic species living in or
using interstitial spaces (Chien 1985). Beside flow regulation as a consequence of dam
construction, rivers get fragmented and loose its natural connectivity (see Chap. 6).

Dams also lead to reduction of the magnitude and frequency of high flows,
leading to deposition of fines and sealing in gravel and channel stabilization and
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Fig. 4.3 Scheme of a diversion power plant and residual flow stretch (hydropower plant
Hohenstein at the River Krems, Austria). Main river (blue solid line), small tributaries (blue dashed
line), residual flow stretch (red solid line), and diversion channel (black dashed line)

narrowing. Sealing and land drainage increase the magnitude and frequency of high
flows, leading to bank and riverbed erosion and floodplain disconnection. Further-
more, reduced infiltration into soil reduces base flows. Levees and channelization
reduce overbank flows, leading to floodplain deposition and channel restriction,
causing downcutting and restraining channel migration and formation of secondary
channels. Groundwater pumping lowers water table levels and further reduces plant
growth. The loss of vegetation leads to streambank stability erosion and channel
downcutting.

4.5 Ecological Responses to Altered Flow Regime

In a comprehensive review, Poff and Zimmerman (2010) reported that almost all
published research found negative ecological changes in response to a variety of
flow alteration (Table 4.2). Only in few instances did values for ecological response
metrics increase, indicating shifts in ecological organization, such as increase in
non-native species or non-woody plant cover on dewatered floodplains. This also
confirms earlier summaries of ecological response to flow regime alterations (Poff
et al. 1997; Bunn and Arthington 2002; Lloyd et al. 2003).
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Table 4.2 Alterations in flow components and common ecological response (modified after Poff
et al. 1997; Poff and Zimmerman 2010)

Flow component

Alteration

Ecological response

Magnitude

Flow stabilization
(loss of extreme high
and/or low flows)

(a

=

Reduced diversity

Loss of sensitive species

Altered assemblages and dominant taxa
Reduced abundance

Increase in non-natives

(r) | Seedling desiccation

Ineffective seed dispersal
Terrestrialization of flora

Lower species richness

Encroachment of vegetation into channels
Increased riparian cover

Altered assemblages

Greater magnitude of
extreme high and/or
low flows

(a) | Life cycle disruption

Reduced species richness

Altered assemblages and relative abundance of
taxa

Loss of sensitive species

Frequency

Decreased frequency
of peak flows

(a) | Aseasonal reproduction

Reduced reproduction

Decreased abundance or extirpation of native
fishes

Decreased richness of endemic and sensitive
species

Reduced habitat for young fishes

(r) | Shift in community composition
Reductions in species richness
Increase in wood production

Duration

Decreased duration of
floodplain inundation

(a) | Decreased abundance of young fish
Change in juvenile fish assemblage
Loss of floodplain specialists in mollusk
assemblage

(r) | Reduced growth rate or mortality

Altered assemblages

Terrestrialization or desertification of species
composition

Reduced area of riparian plant or forest cover

Prolonged low flows

(a) | Concentration of organisms
Downstream loss of floating eggs

(r) | Reduction or elimination of plant cover
Diminished plant species diversity
Desertification of species composition

Prolonged inundation

(a) | Loss of riffle habitat

(r) | Change in vegetation functional type
Tree mortality

(continued)
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Table 4.2 (continued)

Flow component | Alteration Ecological response
Timing Shifts in seasonality of | (a) | Disruption of spawning cues
peak flows Decreased reproduction and recruitment
Change in assemblage structure
Increased (a) | Change in diversity and assemblages structure
predictability Disruption of spawning cues

Decreased reproduction and recruitment

Loss of seasonal flow | (a) | Disruption of migration cues
peaks Loss of accessibility to wetlands and backwaters
Modification of food web structure

(r) | Reduced riparian plant recruitment

Invasion of exotic riparian plant species
Reduced plant growth and increased mortality
Reduction in species richness and plant cover
Rate of change | Rapid changes in river | (a) | Drift (washout) and stranding

stage

Accelerated flood (r) | Failure of seedling establishment
recession

Taxonomic identity of organisms: aquatic (a) and riparian (r)

Taxonomic groups, e.g., fish, macroinvertebrates, and riparian vegetation, show
biota-specific responses (abundance, diversity, and demographic parameters) to flow
alteration depending on the flow components affected (magnitude, frequency, dura-
tion, timing, rate of change). Most of the studies on ecological changes report
responses to altered flow magnitude associated with flow stabilization due to water
abstraction or water withdrawals for irrigation. For the most part instream taxa react
negatively to alteration of flow magnitude. Alterations in flow frequency, referring
mainly to decreases in frequency of floods, resulted in negative ecological responses
by macroinvertebrates and fish. Riparian communities usually decline in response to
flow frequency alteration; but also some increases are indicated (e.g., wood produc-
tion). Alterations in flow duration, mostly in the form of changes in the duration of
floodplain inundation, are primarily associated with decreases in both instream and
riparian communities. Similarly, changes in the timing of flows due to loss of
seasonal flow peaks reduce both aquatic and riparian communities (Poff et al.
1997; Poff and Zimmerman 2010). The rate of change is an important component
of the natural flow regime, commonly altered by hydropeaking, which causes
detrimental effects on instream and riparian communities (see Chap. 5).

Fish respond negatively to changes in flow magnitude, whether the flows increase
or decrease. Fish metrics decrease sharply in response to reduced flows (see Figs. 4.4,
4.5 and 4.6). Diversity shows a clear decline, especially where changes in flow
magnitudes exceed 50%. Therefore, fish are sensitive indicators of flow alteration.
Compared to this, macroinvertebrates or riparian species are not such reliable indi-
cators, since they do not consistently respond to changes in flow magnitude. Riparian
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richness) with respect to percent alteration of flow magnitude. Percent change for both fishes and
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(Poft and Zimmerman 2010) (source: Poff and Zimmerman (2010). Ecological responses to altered
flow regimes: a literature review to inform the science and management of environmental flows.
Freshwater Biology, 55(1), 194-205, reproduced with permission of John Wiley & Sons, Ltd.,
© 2009 Blackwell Publishing Ltd, Freshwater Biology, 55, 194-205)

14
12 (a) (b)
10
= 8
°
4 Adults missing
2
0 [=3=l=l=l=lelele]lelelelele]lelelel=lel=l=l=]l==] [=l=l=lolelelelelelele]l=le]l=le]lelelel=lele]l=l=]=]
VMV VeI OO MO T = Twn VVVrrrr—vr IO OMT T Tuw
VVVVVVVVVVVVVVVVVVVVY VVVVVVVVVVVVVVVVVVVVY

Fish Length [mm)]

Fig. 4.5 Length distribution of brown trout at River Unrechttraisen (a) full water section and (b)
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Fig. 4.6 Biomass of brown trout in River Ybbs in full flow section (reference) and residual flow
sections, ordered along the river course (adapted from Zeiringer et al. 2010)
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Fig. 4.7 Encroachment of vegetation into river channel, example residual flow stretch River
Golsen
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Fig. 4.8 Hydrological effects of water abstraction, (a) natural hydrograph, and (b) reduced and
moderated flow in the residual flow section at the HPP Reichenau/River Schwarza (adapted from
Zeiringer 2008a)

responses can be associated with decreases in flood peaks, leading to reduction or
elimination of overbank flooding (Poff and Zimmerman 2010) (Fig. 4.7).

Aquatic and riparian species respond to multiple hydrologic drivers, and overlap in
their occurrence and impacts often confounds analysis (Poff and Zimmerman 2010).
Changes in magnitude of high flows are often accompanied by changes in frequency,
and either or both of these may influence biological response (Fig. 4.8). Additionally,
other environmental characteristics, like water temperature (Fig. 4.9) or sediment
regime (Fig. 4.10), may affect biota independently or in association with flow
alteration.
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Fig. 4.9 Change of water quality due to water abstraction (a) water temperature increase River Mur
during summer (adapted from Zeiringer et al. 2008) and (b) algae bloom River Lassing

Fig. 4.10 Morphological effects of water abstraction, e.g., reduction of flow velocity and shear
stress, change of flow and substrate patterns, silting up of interstitial (clogging), reduced water
depth, and reduced wetted width (a) River Aschbach and (b) and (c) River Mur

Poff and Zimmerman (2010) mentioned that there are no studies reported that
focus primarily on ecosystem functional responses (e.g., riparian production, nutri-
ent retention), even though many ecological processes are clearly flow dependent
(Hart and Finelli 1999; Doyle et al. 2005, cited in Poff and Zimmerman 2010). They
emphasized that this absence points to an obvious research gap in the environmental
flows research.

4.6 Environmental Flow

Environmental flow (EF) is the quantity or volume of water required over time to
maintain river health in a particular state, where the state has to be predetermined or
agreed upon based on a trade-off with other considerations (Acreman and Dunbar 2004).
Such quanta are captured by a variety of terms, including the environmental flow
(regime), instream flow, environmental allocation, or ecological flow requirement, to
distinguish these from compensation flows (Gustard et al. 1987, cited in Acreman and
Dunbar 2004). The latter have been set for other purposes, such as downstream human



4 River Hydrology, Flow Alteration, and Environmental Flow 79

uses (e.g., irrigation, hydropower), pollutant dilution, or navigation. The first approaches
to quantifying EFs only focused on minimum flow, based on the idea that all river health
problems are associated with low flows.

Although there is no generally agreed definition or term (IWMI 2005), it is widely
accepted (e.g., Poff et al. 1997; Karr 1991; Bunn and Arthington 2002; Postel and
Richter 2003; Annear et al. 2004) that not only the quantity of discharge is decisive
but that also the timing and discharge dynamics are key factors for sustaining and
conserving native species diversity and ecological integrity of rivers.

4.6.1 The Concept and Definitions of Environmental Flow

The concept of EF historically was developed as a response to the degradation of
aquatic ecosystems caused by overuse of water. In this context EF may be defined as
the amount of water that is left in an aquatic ecosystem, or released into it, for the
specific purpose of managing the condition of that ecosystem (Arthington et al.
2006; Brown and King 2003). Despite the fact that the concept of EF has existed for
over 40 years (including other terminology, such as instream flows), there is still no
unified definition for it (Moore 2004). This lack of uniform agreement for a
definition of EF can be illustrated by looking at a sample of the ways in which it
has been defined in the literature by researchers and organizations involved in
assessing and implementing the concept all around the world over the last decades.
In these definitions of environmental flows, there are always two key aspects of the
concept included: the flow regime that should be considered and the level of
conservation for the ecosystem that is intended.
Selected definitions of EF:

* Arthington and Pusey (2003) define the objective of environmental flows as
maintaining or partially restoring important characteristics of the natural flow
regime (i.e., the quantity, frequency, timing, and duration of flow events, rates of
change, and predictability/variability) required to maintain or restore the biophys-
ical components and ecological processes of instream and groundwater systems,
floodplains, and downstream receiving waters.

* Brown and King (2003) state that environmental flows is a comprehensive term
that encompasses all components of the river, is dynamic over time, takes
cognizance of the need for natural flow variability, and addresses social and
economic issues as well as biophysical ones.

* Dyson et al. (2003) in the [UCN guide on environmental flows define the concept
as the water regime provided within a river, wetland, or coastal zone to maintain
ecosystems and their benefits where there are competing water uses and where
flows are regulated.

¢ Tharme (2003) defines an environmental flow assessment (EFA) as an assessment
of how much of the original flow regime of a river should continue to flow down
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it and onto its floodplains in order to maintain specified, valued features of the
ecosystem.

* Gupta (2008) defines EFs as discharges of a particular magnitude, frequency, and
timing, which are necessary to ensure that a river system remains environmen-
tally, economically, and socially healthy.

* Environmental flows can be described as “the quality, quantity, and timing of
water flows required to maintain the components, functions, processes, and
resilience of aquatic ecosystems which provide goods and services to people”
(Hirji and Davis 2009).

EF is a management concept, and thus it should vary in response to actions or
processes that are used and understood by management. Generally, certain human
activities create a water demand that requires the development of infrastructure
(diversion weirs, dams, etc.). The presence and operation of this infrastructure
produces modifications of the natural flow regimes that affects the biophysical
conditions of ecosystems. Environmental flows can help to restrict water use, to
define the maximum limits of hydrological alteration to maintain a certain biological
condition and may appear as a basic tool for the recovery of certain species affected
by the modification of aquatic habitats (Navarro and Schmidt 2012). A combination
of Arthington and Pusey and Tharme definitions (2003) might consider the most
basic and relevant aspects of the concept of environmental flows: environmental
flow is the proportion of original flow maintaining or restoring biophysical compo-
nents, ecological processes, and services of instream and groundwater systems,
floodplains, and downstream receiving waters.

4.6.2 Assessing and Implementing Environmental Flows

In many countries a variety of approaches for assessing EF were developed with
varying complexity, e.g., look-up tables (preliminary assessment level), desktop
analyses and functional analyses (intermediate assessment level), and finally hydrau-
lic habitat modeling (comprehensive assessment level), which we describe in more
detail below (see also Table 4.3). Some address just parts or the river system, while
others are more holistic (Tharme 2003; Acreman and Dunbar 2004). Currently, there
exist at least 200 environmental flow methods classifiable in four major categories
according to focus, complexity, and cost and time effectiveness: (1) hydrological
methods, (2) hydraulic rating, (3) habitat simulation models, and (4) holistic meth-
odologies (Dyson et al. 2003; Tharme 2003; Arthington et al. 2004; Richter et al.
2006; King et al. 2008).

Hydrological Analyses (also called desktop analyses) are mostly based on simple
minimum flow thresholds derived from hydrographs (e.g., mean annual flows,
monthly flows, high/low flows, and Q95%) (Barker and Kirmond 1998). For
example, the Tennant or Montana method (Tennant 1976) defines EF values as
percentage of the average daily discharge or mean annual flow (MQ) with 10% MQ
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considered as minimum flow and 60—00% MQ considered the flow range necessary
to provide optimal habitat conditions. More complex hydrological indices are the
indicators of hydrologic alteration (IHA) (Richter et al. 1996), the range of variabil-
ity approach (RVA) (Richter et al. 1997), and the indicators of hydrologic alteration
in rivers (IAHRIS) (Martinez and Fernandez 2010). RVA, for example, uses
32 hydrological parameters (their range and variation) as indicators of hydrological
alteration (IHA; Richter et al. 1996) to characterize ecologically relevant attributes of
the local flow regime and to translate them into defined flow-based management
targets. The method suggests a natural flow paradigm including the full range of
natural intra- and interannual variation of hydrological regimes and associated
characteristics of timing, duration, frequency, and rate of change as critical factors
to sustain the integrity of the riverine ecosystem (Richter et al. 1997). Hydrological
methods rely primarily on historical hydrological data, requiring flow measurements
over long time periods. Although hydrological data collection is resource demand-
ing, the application of such methods itself is time- and cost-effective and simple.
Although such methods consider flow dynamics, they only indirectly address
requirements of aquatic biota. Therefore, they are not considered appropriate as
stand-alone methods, but often are used as initial desktop analyses to assist more
complex environmental flow methodologies (Theodoropoulos and Skoulikidis
2014). In fact, these methods lack ecological relevance and sensitivity to individual
rivers and are considered as inadequate to provide the data needed to sustain
ecological integrity.

Hydraulic Rating methods use simple hydraulic variables and propose EF through
the quantifiable relationship between water discharge and instream habitats (Trihey
and Stalnaker 1985). Hydraulic rating methods try to incorporate channel-discharge
relationships. The generic wetted perimeter method (Reiser et al. 1989, cited in
Tharme 2003) is the most applied hydraulic rating approach worldwide. River
integrity is directly related to the quantity of wetted perimeter. The modeled rela-
tionship between wetted perimeter and discharge is used to determine minimum or
preservation flows. The flow events method (FEM; Stewardson and Gippel 2003)
evaluates the frequency of hydraulically relevant flow indices (selected by experts)
under alternate flow regimes (Acreman and Dunbar 2004). It consists of five steps:
After preparing a list of ecological factors affected by flow variation, different flow
events and their distribution in time are analyzed. Then hydraulic parameters (e.g.,
wetted perimeter) at these different flow events are modeled. A comparison and
evaluation of different flow management scenarios with regard to ecological conse-
quences leads to the specification of certain flow rules (Stewardson and Gippel
2003). However, these methods have been currently replaced by more sophisticated
hydraulic/habitat simulation methods (described below).

Habitat Simulation methods combine flows with habitat availability for selected
indicator species and life stages. Waters (1976) invented the concept of weighted
usable area (WUA), which was used by the US Fish and Wildlife Service to develop
the computer model PHABSIM (Physical Habitat Simulation model, Bovee 1982).
Available habitat is weighted by its suitability for certain species under different flow
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scenarios (Acreman and Dunbar 2004). PHABSIM is embedded into the Instream
Flow Incremental Methodology (IFIM; Bovee and Milhous 1978; Reiser et al. 1989)
providing a tool for calculating suitable EF. Physical habitat (flow velocity, water
depth, substrate) is monitored in the field and/or modeled using mainly 1-D or 2-D
hydraulic models or habitat modeling software, such as TELEMAC (Galland 1991),
PHABSIM (USGS 2001), CASiMiR (Schneider et al. 2010), and RIVER 2D
(Steffler and Blackburn 2002). Habitat preferences for target organisms are retrieved
from field observations or literature, and habitat availability is then calculated
through the modeling software for different discharges (for more details, see
Chap. 7).

Holistic Methodologies require multidisciplinary input and expertise (Tharme 1996,
2000; King et al. 2008; Arthington 1998), address flow requirements of multiple
ecosystem components (fish, benthic fauna, macrophytes, riparian vegetation) at
various spatial temporal scales, and target a flow regime going beyond simple
minimum flow definitions. Examples are the building block methodology (BBM)
(Tharme and King 1998; King et al. 2008), the downstream response to imposed flow
transformations (DRIFT) (King and Brown 2006), and the ecological limits of
hydrologic alteration (ELOHA) (Poff et al. 2010). Field data on a monthly basis are
required to construct a flow regime from scratch (bottom-up approaches, BBM, and
ELOHA). In contrast, top-down approaches (e.g., DRIFT) are generally scenario
based, defining environmental flows as acceptable degrees of divergence from the
natural/reference flow regime, being less susceptible to any omission of critical flow
characteristics or processes than their bottom-up counterparts (Bunn 1998). More
detailed, the building block methodology states that aquatic organisms rely on basic
elements (i.e., building blocks) of the flow regime (e.g., low flows, medium flows,
and floods). In this method EF is assessed by an expert-based combination of building
blocks. The expert panel assessment method (Swales and Harris 1995), the scientific
panel approach (Thoms et al. 1996), or the benchmarking methodology (Brizga et al.
2002) tries to evaluate how much a flow regime can be altered before the integrity of
the aquatic ecosystem is altered or seriously affected. Also ELOHA is based on the
premise that increasing degrees of flow alteration enforce increasing ecological
change. The evaluation of the relationship relies on the testing of plausible hypoth-
eses stated by experts. Ecological response variables are most suitable if they react to
flow alterations, allow validation using monitoring data, and are esteemed by society
(e.g., for fishery) (Poff et al. 2010).

Several modified approaches have also been proposed and implemented, e.g.,
trying to shift the assessment scale from the micro- to meso-habitat (e.g., Parasiewicz
2007), but their general concept is based on one of the four principles mentioned
above. Although progress in environmental flow methodologies is fast and becoming
very sophisticated, there still remains a critical need for greater understanding of flow-
ecological response relationships and enhanced modeling capacity to support river
flow management and ecosystem conservation (Arthington et al. 2010).

While (1) current EF determinations are often prescriptive and not negotiable
(i.e., consequences of noncompliance are not discussed) and (2) socioeconomic
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impacts are not adequately considered (cost-benefit of water resource develop-
ments), the DRIFT method (King et al. 2003) tries to incorporate all aspects of the
river ecosystem as well as socioeconomic aspects on the basis of scenario assess-
ments. It consists of four modules:

e The biophysical module evaluates changes of the ecosystem (e.g., hydrology,
hydraulics, geomorphology, water quality, riparian vegetation, aquatic plants,
organisms, etc.) in response to altered flow.

* The socioeconomic module covers all relevant river resources.

¢ The scenario-building module optimizes flow.

¢ The economic module considers compensation costs of each scenario.

DRIFT is usually used to build scenarios, but can also be used to set flows for
achieving specific objective (e.g., optimizing ecological condition through combi-
nations of dam releases; different timings, magnitudes, and durations; Acreman and
Dunbar 2004).

Although many different methodologies exist, it is still a challenge to translate the
knowledge of hydrologic-ecological principles into specific management rules (Poff
et al. 2003). The selection of the appropriate methodology depends on matching the
available resources (e.g., time, money, and data) to the question of concern. Envi-
ronmental flow assessments should be incorporated into the planning phase of any
proposed use of river resources that changes flows, especially hydropower plants.
Finally, it has to be kept in mind that each EF assessment, whether calculated by a
simple rule of thumb or by a holistic method, has to be evaluated with regard to its
biological relevance and effectiveness for the specific river to be assessed. Therefore,
the selected EF has to be monitored and, if necessary, adapted accordingly.

Recently, environmental flow assessments have been shifted toward more holistic
approaches (Arthington and Pusey 2003; Tharme 2003; King et al. 2008), demand-
ing assessment of the requirements of all ecosystem components through judgment
from multidisciplinary teams of scientific experts. Furthermore, at the same time
habitat modeling techniques have significantly advanced, offering a greater basis to
incorporate data-driven approaches, in the holistic perspective. As a result, habitat
modeling applications can now be used to assess the flow requirements of various
ecosystem components. This concept is also adopted and incorporated in a three-
level (preliminary/intermediate/comprehensive) approach proposed in the EFs
Guidance Document of the European Commission (2015), highlighting the need
for data-driven holistic environmental flow assessments and using habitat modeling
for optimum visualization of the information to stakeholders and water managers
(see Table 4.3).

Even though there is no simple choice for which method is the most suitable to
assess environmental flow, Acreman and Dunbar (2004) suggest that the main
driving force for choice of method is the type of issue to be addressed (i.e., scoping,
basin planning, impact assessment, and river restoration). Scoping includes large-
scale assessment and national auditing, where the focus encompasses many river
basins. Therefore, a rapid method, such as a look-up table, would be most relevant.
Basin planning involves the assessment of EFs throughout an entire river basin. Such
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assessment can be started using look-up tables, but increasing the level of detail
assessed requires following up with a desktop approach. Environmental flow assess-
ment often involves impact assessment and mitigation of flow modifications (e.g.,
dams, abstractions). Where the impact is spread over several sites within a river
basin, it may be useful to make initial assessments of the impact around the basin
using a desktop method before more specific functional analysis or hydraulic habitat
modeling is undertaken as part of a holistic approach (Acreman and Dunbar 2004).
The holistic approaches allow assessment of the benefits of any restoration activities
(e.g., reduced abstractions, release from reservoirs, structural measures, and mor-
phological river restoration). Some pros and cons useful in selecting different
approaches are summarized in Table 4.3.

4.7 Conclusions

Nowadays, hydrological processes forming riverine ecosystems are well understood,
and the importance of flow for maintaining the ecological integrity is well perceived.
Human uses have altered the hydrological regime of running waters and degraded
riverine ecosystems. A number of environmental flow assessment methods have
been developed ranging from simple hydrological methods over habitat flow models
to more comprehensive methodologies including socioeconomic aspects. While
much effort has been dedicated to the development of those methods, the biological
effectiveness of environmental flow regulations has been evaluated only in few
cases. Further research is necessary to better understand the response of biota and
riverine ecosystems to flow restoration by holistic assessments including interactions
with river morphology, sediment transport, groundwater, and floodplain dynamics.
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Hydropeaking Impacts and Mitigation s
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Stefan Auer, Bernhard Zeiringer, and Christoph Hauer

5.1 Introduction

Flow is a major driver of processes shaping physical habitat in streams and a major
determinant of biotic composition. Flow fluctuations play an important role in the
survival and reproductive potential of aquatic organisms as they have evolved life
history strategies primarily in direct response to natural flow regimes (Poff et al.
1997; Bunn and Arthington 2002). However, although the organisms are generally
adapted to natural dynamics in discharge, naturally caused flow fluctuations may
entail negative consequences (e.g., stranding, drift, low productivity), especially if
the intensity is exceptionally high or the event timing is unusual (Unfer et al. 2011;
Nagrodski et al. 2012). Aside from natural dynamics in discharge, artificial flow
fluctuations with harmful impacts on aquatic ecology can be induced by human
activities. Hydropeaking—the discontinuous release of turbined water due to peaks
of energy demand—causes artificial flow fluctuations downstream of reservoirs.

F. Greimel (P<) - L. Schiilting - W. Graf - S. Auer - B. Zeiringer

Institute of Hydrobiology and Aquatic Ecosystem Management, University of Natural
Resources and Life Sciences, Vienna, Austria

e-mail: franz.greimel @boku.ac.at; lisa.schuelting@boku.ac.at; wolfram.graf@boku.ac.at;
stefan.auer@boku.ac.at; bernhard.zeiringer@boku.ac.at

E. Bondar-Kunze
Institute of Hydrobiology and Aquatic Ecosystem Management, University of Natural
Resources and Life Sciences, Vienna, Austria

WasserCluster Lunz Biological Station GmbH, Lunz am See, Austria
e-mail: elisabeth.bondar@boku.ac.at

C. Hauer

Christian Doppler Laboratory for Sediment Research and Management, Institute of Water
Management, Hydrology and Hydraulic Engineering, University of Natural Resources and Life
Sciences, Vienna, Austria

e-mail: christoph.hauer@boku.ac.at

© The Author(s) 2018 91
S. Schmutz, J. Sendzimir (eds.), Riverine Ecosystem Management, Aquatic Ecology
Series 8, https://doi.org/10.1007/978-3-319-73250-3_5


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-73250-3_5&domain=pdf
mailto:franz.greimel@boku.ac.at
mailto:lisa.schuelting@boku.ac.at
mailto:wolfram.graf@boku.ac.at
mailto:stefan.auer@boku.ac.at
mailto:bernhard.zeiringer@boku.ac.at
mailto:elisabeth.bondar@boku.ac.at
mailto:christoph.hauer@boku.ac.at

92 F. Greimel et al.

Mountain reservoir

Y,

River reach
with
Residual Flow

Hydropeaked river
reach

Fig. 5.1 Systematic sketch—high-head storage power plant and discontinuous release of turbined
water due to peaks of energy demand (hydropeaking) [background image: Google Inc.—Google
Earth 2015 (7.1.5.1557)]

High-head storage power plants usually induce flow fluctuations with very high
frequencies and intensities compared to other sources of artificial flow fluctuations
(Fig. 5.1). However, run-of-the-river power plants and other human activities may
also create artificial hydrographs due to turbine regulation, gate manipulations, and
pumping stations.

Hydropeaking frequently occurs in river systems with high river slopes (e.g.,
alpine regions). Here, storage hydropower plants use the potential energy in water
stored at higher elevations for electricity production on demand, which produces
significant alterations of the flow regime downstream (e.g., decreased low flow,
hydropeaking). As an example, according to the National Water Management Plan
for Austria, more than 800 km of river reaches (Fig. 5.2) are likely to be affected by
hydropeaking in Austria. Almost all of these reaches are located in the grayling and
trout region within the Alpine ecoregion of western Austria (BMLFUW 2010; Illies
1978). Sometimes more than five hydropeaking events (peaks) per day are recorded,
but situations in different river systems are highly variable. In addition to
hydropeaking, a major part of Austrian hydrographs is affected by so-called
hydrofibrillation. The latter show similar frequencies, but much lower intensities
than hydropeaking, and are mainly caused by run-off-the-river power plants. Unaf-
fected sub-daily flow regimes can be found primarily on small rivers with a catch-
ment area less than 100 km? (Greimel et al. 2015).
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Fig. 5.2 Regulated and unregulated sub-daily flow regimes of Austrian rivers [for method, see
Greimel et al. 2015; black triangles, hydropeaking (n = 71); gray triangles, hydrofibrillation
(n = 250); circles, unaffected (n = 221); black lines, hydropeaked river reaches according to the
National Water Management Plan (data source BMLFUW 2010)]

Sub-daily flow dynamics have to be considered for the integration of scientific
knowledge in policy as well as for mitigation measure design to achieve the aims of
the European Water Framework Directive. Conceptual models to predict ecological
effects of altered sub-daily flow regimes are needed. Detailed ecological knowledge
and a quantitative framework incorporating mathematical representations of field
and laboratory results on flow, temperature, habitat structure, organism life stages,
and population dynamics form the basis to develop these conceptual models (Young
et al. 2011).

5.2 Detection and Characterization of Flow Fluctuation
Intensity and Frequency

Hydrographs can be used to characterize the hydrological context in rivers. Greimel
et al. (2015) developed a method to detect and characterize sub-daily flow fluctua-
tions: flow fluctuations are separated into increase (IC) and decrease (DC) events,
which is necessary from an ecological point of view since biota reacts in different
ways (e.g., drifting and stranding) to increase and decrease events. To analyze in
detail fluctuation conditions for both event types, an event-based algorithm for
automated analysis of time series was developed. The algorithm calculates flow
(Q) differences of consecutive time steps (ts) of the discrete hydrograph curves
(Qts1, Qts2,..., Qtsn) and discriminates between time steps with increasing (IC:
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Fig. 5.3 Events definition and relevant values to calculate intensity parameters illustrated at
increase event 2 (IC evt. 2): 1 ts 2 900 s or 15 min; time step event beginning (ts,), time step
event ending (ts.), maximum event flow (Q.x), minimum event flow (Q,,;,), flow of a specific time
step (Qn), flow of subsequent time step (Qy, + 1) (modified from Greimel et al. 2015)

Table 5.1 Event-based intensity parameters: definitions and units (modified from Greimel et al.
2015)

Nr Parameter Acronym Definition Unit
1 Maximum flow fluctuation rate | MAFR Max(abs((Qun + 1) — (Qun))) | m*/s?
2 Mean flow fluctuation rate MEFR Amplitude/duration m?/s?
3 Amplitude AMP Qumax — Qmin m’/s
4 Flow ratio FR Qmax/Qmin

5 Duration DUR tse — tsp S

ts, time step event beginning, ts, time step event ending, Q,,,,, maximum event flow, Q,,;, minimum
event flow, Q,,, flow of a specific time step, Q,,, . ; flow of subsequent time step, max maximum,
abs absolute, s second (1 ts 2 900 s or 15 min)

Qtsl < Qts2) and decreasing flow (DC: Qtsl > Qts2). Continuous time steps with
equal trends are defined as a single fluctuation event (Fig. 5.3).

For each event a set of parameters related to fluctuation intensity (Table 5.1) is
calculated by the algorithm: the highest flow change within a time step represents
parameter (1)—maximum flow fluctuation rate (MAFR). Parameter (2)—mean flow
fluctuation rate (MEFR) is calculated by the event amplitude divided by the number
of time steps. Parameter (3)—the amplitude (AMP) of an event is defined as the
difference between the flow maximum (Q.) and the flow minimum (Qpy;n).
Parameter (4)-flow ratio (FR) is defined as (Quax)/(Qmin).- The duration (DUR) of
an event (5) is simply the number of continuous time steps with equal flow trend. In
addition, timing and daylight condition are determined for every single event.

This method to detect and characterize flow fluctuations using hydrograph curves
offers a wide range of applications: intensity, timing, and frequency of flow fluctu-
ations can be detected automatically and in a standardized way. As a consequence
the hydrological situation at specific river sections can be compared to each other,
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and hydrographs can be allocated automatically to different sub-daily flow regimes
(see Fig. 5.2). In particular, the contrast between unaffected and artificially affected
situations is significant from an ecological point of view. Furthermore, a power
plant-specific, longitudinal assessment of hydropeaking intensity and frequency
based on multiple hydrograph curves is enabled (see Sect. 5.4).

Summing up, detailed hydrological information forms the basis for scientific
analyses since a number of ecologically relevant parameters (see Sect. 5.3) related
to unsteady flow hydraulics are determined by flow changes. For example, ramping
rates (changes in water surface elevation/discharge per standardized time period,
e.g., cm/min) are important for determining the risk of stranding of aquatic organ-
isms in terms of dewatering caused by shutdown of the turbine. Flow velocities for
both base and peak flow are important indicators, which determine one of the main
physical criteria for habitat suitability of target species at different life stages (e.g.,
juvenile fish in low velocity habitat along the banks). Similar to flow velocity, the
bottom shear stress has to be studied as an indicator for possible sediment dynamics
in hydropeaked rivers. In addition to analysis of base and peak flow, bottom shear
stress during mean or even extraordinary flooding is a critical determinant of self-
forming morphological and sedimentological dynamics. Studies on sediment trans-
port in hydropeaked rivers are required especially for the design of morphological
mitigation measures. Here, the sediment regime has not only to be investigated on
the reach scale but also at the catchment scale. Furthermore, water temperature
fluctuations induced by hydropeaking may be related to cold (summer) or warm
(winter) water release from hydropower plants in addition to power plant-related
discharge fluctuation. Finally, frequency, periodicity, and timing of hydropeaking
constitute essential aspects in the ecological assessment of potential hydropeaking
impacts. Ecological effects in reference to several parameters and organisms are
discussed in detail below.

5.3 Hydropeaking Impacts on Aquatic Biota

Flow fluctuations induced by hydropeaking operation can have tremendous short-
and long-term effects on riverine organisms. Due to increasing hydraulic forces,
organisms may get abraded from underlying substrate and drift downstream or must
invest significant amounts of energy to avoid downstream displacement during a
hydropeaking event. Unintentional drift downstream results in relocation to a pos-
sibly less suitable habitat, as well as in physiological, mechanical, or predatory
stress. A lateral habitat shift of vagile organisms may help them remain in habitats
with suitable hydraulic conditions, but this tactic is linked to a risk of stranding
during water level declines. Furthermore, high mechanical stress through increased
sediment mobilization and sediment transport can harm organisms or may lead to a
decreased primary production (Hall et al. 2015). Besides reducing biomass and
abundance, artificial sub-daily flow and water temperature fluctuations may also
have negative effects on growth, survival rates, reproduction, and biotic integrity
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(Finch et al. 2015; Puffer et al. 2015; Schmutz et al. 2015; Céréghino et al. 2002;
Graf et al. 2013; Kennedy et al. 2014; Lauters et al. 1996; Parasiewicz et al. 1998).
Furthermore frequent exposure of aerial zones (dewatering) may have negative
consequences for the local stream food web (Blinn et al. 1995; Graf et al. 2013;
Flodmark et al. 2004). In the following, we discuss the impacts of different
hydropeaking-related variables (see Sect. 5.2) on stream biota in detail.

5.3.1 Flow Velocity, Shear Stress, and Sediment Transport

Changes in flow velocity produce higher shear stress, entailing gravel bed movement
and, thus, increased fine sediment transport. This may have severe effects on the
whole community structure in rivers affected by hydropeaking.

For instance, benthic algae are highly impacted by flow velocities above
10-15 cm/s, because taxonomic composition and nutrient cycling may change
(Biggs et al. 1998; Hondzo and Wang 2002). Bondar-Kunze et al. (2016) found in
an experimental study that, in an oligotrophic stream ecosystem, daily hydropeaking
significantly retarded the development of periphyton biomass with no interference in
the relative abundance of the three main algal groups (diatoms, chlorophyta,
cyanobacteria) or the photosynthetic activity. The lower biomass could be related
to cell abrasion due to a fivefold increase in flow velocity compared to base flow
conditions (Biggs and Thomsen 1995). It is also very likely that in the hydropeaking
treatment, the colonization with high resistance-to-disturbance taxa such as slow-
growing diatoms or low-profile species (short-statured species) took place (Passy
and Larson 2011; Smolar-Zvanut and Klemen&i¢ 2013), whereas in the unaffected
treatment the typical succession from smaller, low-profile diatoms to larger long-
stalked and large-rosette diatoms could occur (Hoagland et al. 1982). But higher
trophic levels are also impacted by a pulsed increase of flow velocity due to
hydropeaking events.

Hydropeaking-impacted stretches frequently show a reduced macroinvertebrate
biomass and a change of community structure and species traits (Céréghino and
Lavandier 1998; Graf et al. 2013). Different taxa can withstand different flow
velocity thresholds and time spans of being exposed to increased discharge
(Oldmeadow et al. 2010; Statzner and Holm 1982; Waringer 1989). Exceeding
these taxa-specific thresholds leads to the detachment of the organisms and increased
drift. Whether taxa are affected by hydropeaking depends on species traits like
morphological and behavioral adaptations (presence of claws/hooks, ability to
quickly crawl into the sediments), whereas interstitial taxa are rarely found drifting.
Additionally, different life stages show different sensitivities, since juvenile larvae
show the strongest tendencies to drift following suddenly increased flow (Fjellheim
1980; Waringer 1989; Limnex 2004).

Similarly, fish larvae and juveniles are particularly affected by hydropeaking due
to their preference for shallow habitats with low flow velocities, i.e., habitats that are
heavily influenced by hydropeaking. In contrast to adults, the reduced swimming
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performance of young fish (Heggenes and Traaen 1988) puts them at risk to get
drifted downstream. This may entail several consequences. As for other organism
groups, the risk to drift following hydropeaking is taxa-specific: postemergence
brown trout (Salmo trutta) prefer substrate-linked habitats, making them more
resistant to drift caused by hydropeaking compared to larval grayling (Thymallus
thymallus), which start to swim relatively soon within the water column (Auer et al.
2014). Experiments conducted by Schmutz et al. (2013) found a positive relationship
between maximum peak flows and drift rates of juvenile graylings. Interestingly, a
survey by Thompson et al. (2011) showed that repeated peak events may increase
the chances of successful adaptive responses to hydropeaking. Auer et al. (2014)
found a decrease of hydropeaking-induced drift during repeated peak events for
juvenile graylings.

Reaching certain thresholds of critical flow can additionally induce bed move-
ment and thus suppress periphyton as well as macroinvertebrate biomass through
increased drift (Townsend et al. 1997; Biggs and Close 1989; Graf et al. 2013).
Further, temporary increases of suspended solid concentration in the water column
during peaks followed by fine sediment accumulations between peaks may be
another factor depressing periphyton growth. Yamada and Nakamura (2002)
observed an inverse correlation between suspended solid concentration and benthic
chlorophyll-a concentrations in autumn and winter, which they related to shading
effects. However, the amount of the fine sediment load is also an important factor.
For example, small deposits of fine sediment on coarse substrata increase habitat
heterogeneity, augmenting taxa more tolerant to the movement of fine particles.
However, fine particles can crush and bury cells of benthic algae and cyanobacteria
(Burkholder 1996) and, hence, potentially also increase taxon richness and evenness
via reduced competition with taxa that are strong competitors on a stable substratum
(Wagenhoff et al. 2013). During phases of substrate stability (between two
hydropeaking events), the importance of invertebrate grazers and, thus, biotic
control on periphyton recovery increases (Biggs and Close 1989). Besides periph-
yton and macroinvertebrates, high shear stress and gravel bed movement can also
affect fish communities, e.g., larval brown trout are highly vulnerable due to the
preferences for substrate-linked habitats.

5.3.2 Ramping Rate

The ramping rate describes the rapidity of the water level increases or decreases
during a peak event, and there is strong evidence that the ramping rate is significantly
linked to stream organism responses (Schmutz et al. 2015; Smokorowski 2010).

In contrast to gradual flow increases, fast up-ramping may greatly reduce the time
available for seeking shelter, thereby strongly increasing drift rates of aquatic
organisms, such as macroinvertebrates (Imbert and Perry 2000). In line with these
considerations, further studies (Marty et al. 2009; Smokorowski 2010; Tuor et al.
2014) indicate that unlimited ramping over the long-term can reduce the densities
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that are sustainable for benthic organisms and therefore affect the food web structure.
In these studies, the trophic structure was reduced by one trophic level between
macroinvertebrates and fish. Fish had to compensate this lack by increased feeding
on baseline taxa. Additionally, there is experimental evidence that drift rates of more
vagile organisms, e.g., juvenile graylings, remained unchanged during flow fluctu-
ations with varying up-ramping rates (Schmutz et al. 2013), showing that the effect
of reducing up-ramping rates as a mitigating measure most likely is species and life
stage specific. At least for juvenile grayling, the risk for drift is higher during
nighttime in summer, but could decrease when up-ramping rates were reduced
from 3.0 to 0.5 cm/min (Auer et al. 2017).

For fish, the abruptness of the flow decrease (down-ramping rate) seems to be of
higher importance than the increase. A fast water level decrease may lead to
increased stranding risk for organisms because they may not be able to perform a
lateral shift fast enough with a rapidly sinking water level. Several studies observed a
positive relationship between stranding and down-ramping rate (Bauersfeld 1978;
Hunter 1992; Bradford et al. 1995). For brown trout Halleraker et al. (2003) found a
significantly decreased stranding rate, when down-ramping rate was reduced from
60 to 10 cm/h. Recent experiments at the HyTEC facility support a significant
relationship between stranding risk and down-ramping rate, depending on species
and live stage. For example, stranding of larval graylings during diurnal single-peak
experiments vanished at a down-ramping rate of 0.2 cm/min compared to 50%
stranding at 2.9 cm/min. A similar relation was identified for larval brown trout,
although stranding risk vanished only below 0.1 cm/min. Juvenile grayling could
avoid stranding during a down-ramping rate of 3.0 cm/min, and juvenile brown
trout, despite their vulnerability as larvae, actually could adapt to a rate of 6.4 cm/
min (Auer et al. 2014, 2017). However, there is also evidence that seasonal and daily
variation play an important role in terms of stranding risk (see Sect. 5.3.3).

5.3.3 Frequency, Periodicity, and Timing of Hydropeaking

The frequency, periodicity, and timing of hydropeaking events may be crucial
parameters for defining mitigation measures for hydropower stations.

Even when single-peak events result in low drift or stranding risk for young fish,
cumulative effects due to recurring hydropeaking can have significant impacts on
fish populations (Bauersfeld 1978). By contrast, experiments conducted by Friedl
and Naesby (2014) showed a kind of temporal adaptation behavior for young
graylings. Facing three peak events within 24 h over a period of 21 days, stranding
was only detectable during first 9 days. If flow conditions prior to a peak event are
stable for more than 24 h, this adaptation seems to vanish. Hunter (1992) reports
increased stranding risk of young fish when long stable flow occurred prior to a
down-ramping event. However, there is a lack of detailed research and empirical
evidence regarding these phenomena.
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Additionally, the timing of a peak event is a critical parameter, since the activity
of aquatic organisms changes throughout the day. Several studies showed that drift
of macroinvertebrates increases during the night when they are more active feeding,
i.e., there is a negative correlation between light intensity and the feeding activity of
the animals due to predatory pressure during day (Allan 1987; Elliott 1967, 2005;
Poff et al. 1991; Schiilting et al. 2016). Experiments on larval and juvenile grayling
and juvenile brown trout during summer as well as on larval brown trout during
winter showed increased stranding during nocturnal experiments (Auer et al. 2014).
Other experiments with juvenile graylings showed that three consecutive peak
events during daytime could lower stranding rates during subsequent nocturnal
peak events. Furthermore, Berland et al. (2004) observed higher stranding of
Atlantic salmon parr, and Bradford (1997) found higher side-channel trapping,
both during night and summer conditions. During winter conditions other studies
showed increased stranding risk for some salmonid species during the daytime
(Bradford et al. 1995; Saltveit et al. 2001; Halleraker et al. 2003). Summarizing,
behavior seems to be influenced by the photophase as well by seasonally related
factors such as water temperature.

5.3.4 Channel Morphology

Hydropeaking effects on aquatic biota also depend on the interaction between
hydrology and river morphology. Physical habitat diversity is important to ensure
a sufficient availability of different habitats for different life stages of aquatic
organisms. Morphological alteration by channelization and bank fixation are com-
mon pressures in alpine rivers (Comiti 2012; Muhar et al. 2000) and particularly
impact river biota (Arscott et al. 2005; Kennedy and Turner 2011). Hydropeaking
reinforces this effect and contributes, e.g., to a selection of specifically rheobiont
macroinvertebrate taxa (Bretschko and Moog 1990; Cushman 1985; Graf et al.
2013), while limnophilic taxa tend to decrease.

Besides macroinvertebrates early stages of many rheophilic fish species also
prefer lateral habitats with reduced flow velocities (Moore and Gregory 1988) due
to lower swimming capacity. If discharge increases during a hydropeaking event, a
lateral habitat shift of the organisms is needed, either to avoid higher energy
demands for maintaining their position or from getting displaced downstream. On
the other hand, temporarily wetted habitats can represent deadly traps as
macroinvertebrates, and fishes frequently colonize these refugia during up-ramping
phases and subsequently undergo stranding effects during down-ramping periods.
Side channels, potholes, or low gradient bars have a greater stranding potential than
homogenous channels with steep banks (Hunter 1992). Side channels may trap fish
during the down-ramping phase (Bradford 1997), and potholes and low gradient bars
also may lead to increased stranding during dewatering (Bauersfeld 1978; Bell et al.
2008; Auer et al. 2017), although they provide better habitats for young fish than
channelized rivers (Schmutz et al. 2015). Vanzo et al. (2015) pointed out that
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heterogeneous river morphology can reduce some negative effects of hydropeaking,
but can also cause higher stranding risk due to increased dewatered area following
down-ramping. Permanently linked gravel bank structures like bays created by
groins can provide temporal habitats that act as refugia during peak phases with
lowered flow velocity (Schmutz et al. 2013).

5.3.5 Water Temperature

Surface water temperature in reservoirs is more subject to seasonal variation than the
more constant and cold water temperature found in deeper areas. Hypolimnic water
release for energy production leads to a decrease in water temperature during peak
events in summertime and an increase during wintertime (Ward and Stanford 1979;
Maiolini et al. 2007; Zolezzi et al. 2011). Water temperature changes during a
hydropeaking event are referred to as thermopeaking. A thermal wave usually occurs
shortly after an increase of discharge (Toffolon et al. 2010) and may act as an
additional stressor on river biota (Bruno et al. 2013).

This additional thermal stressor can have severe impacts on the periphyton
biomass development and community composition. In an experimental study by
Kasper (2016), cold thermopeaking led to a decrease in chlorophyll-a (surrogate
parameter for biomass) and diatoms remained the dominant species, whereas in the
control treatment (no hydro- and thermopeaking), a chlorophyte and diatom com-
munity developed. The reason for these patterns can be explained due to higher shear
stress, which mitigates the development of high quantities of filamentous green
algae, and also to a decrease in temperatures during hydropeaking, which increased
the development of diatoms. Therefore thermopeaking affects the quantity and
quality of periphyton, which also might affect higher trophic levels (e.g.,
macroinvertebrates).

Céréghino and Lavandier (1998) found that frequent thermal modifications to
stream water can lead to changes in macroinvertebrate growth, flight, and emergence
patterns. Following hydropeaking, Carolli et al. (2012) and Bruno et al. (2013)
observed in experiments increased macroinvertebrate drift associated with warm
and cold thermopeaking. By contrast, results of an experimental study by Schiilting
et al. (2016) suggest that hydropeaking and cold thermopeaking together have an
antagonistic effect on drift for aquatic macroinvertebrates. The findings suggest that
macroinvertebrate responses to cold thermopeaking are taxa-specific, but in general
lead to reduced drift for most taxa. The underlying mechanisms are still unclear.

Hydropeaking-related effects on fish also depend on water temperature. In gen-
eral on a seasonal level, lower water temperature during winter lowers activity of
Atlantic salmon and brown trout (Saltveit et al. 2001; Halleraker et al. 2003).
However, temperatures below 4.5 °C results in a substrate-seeking behavior during
daytime, leading to lower stranding during night (Saltveit et al. 2001). On a sub-daily
level, thermopeaking as a sudden change in water temperature may also affect fish
response. As activity and metabolism are affected by water temperature, fish that



5 Hydropeaking Impacts and Mitigation 101

face a decrease of water temperature during a flow fluctuation may respond with
higher drift and stranding rates. Bradford (1997) could show an increase in stranding
for juvenile Chinook salmon (Oncorhynchus tshawytscha) when water was 6 °C
compared to 12 °C. Preliminary experiments with grayling showed increased drift
and stranding during flow fluctuation with decreasing water temperatures (Kaiser
2016).

5.4 Research Application and Hydropeaking Mitigation

5.4.1 Potential Hydropeaking Mitigation Measures

In principle, hydropeaking is a hydrological impact. However, the ecological effects
of hydropeaking are linked to the morphological quality of rivers (Hauer et al. 2014;
Schmutz et al. 2015), and thus superimposed impacts on the aquatic biota are
possible due to river regulation and disturbed sediment regime. Consequently,
hydropeaking mitigation measures can be classified into two groups, direct and
indirect measures (see Fig. 5.4): direct measures may reduce the hydrological impact
from operational measures that modify the power plant operation mode, which
produce current costs in terms of an economical loss of profit. The second possibility
for a direct reduction of the hydrological impact is to build retention basins that take
up the peaks and release the water more smoothly afterward. A further alternative is
to divert the water into a side channel or tunnel to be used for a newly built
hydropower station downstream where a larger water body (large river, reservoir,

Hydropeaking mitigation measures
reducing the hydrological impact caused by hydropeaking
Direct measures l [ Indirect measures
Power plant Constructional Creation of refugial Habitat improvement
operational measures habitats
measures
a) Increasing the a) Retention basins to a) Channel widening a) Channel
minimal base flow — Increase the minimal b) Reconnection of restructuration
b) Reduction of the flow base flow tributaries b) Increase of the
fluctuation rates - Reduce the flow c) Construction of side permanent wetted
c) Reduction of the flow fluctuation rates channel with stable surface
fluctuation amplitudes - Reduce the flow flow
d) Reduction of the flow fluctuation amplitudes
fluctuation frequency b) Hydropeaking-
(a, b, ¢, d - temporary drainage via side
limited or anytime) channels
¢) Hydropeaking
diversion to new
hydropower plants
d) Side channels with
more stable flow

Fig. 5.4 Overview of potential hydropeaking mitigation measures
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sea) can better cope with the peaks. These constructional measures primarily entail
construction costs and almost no current costs. This also applies to indirect mitiga-
tion measures, which reduce the ecological impacts of hydropeaking via adapting the
river morphology: the channel width can be enhanced, which leads to decreased
water level changes at the widened river section. Tributaries can be reconnected, or
side channels with stable flow can be constructed to create refugial habitats. Habitat
improvement in general can lead to reduced hydropeaking impacts (Schmutz et al.
2015). Both direct and indirect mitigation measures have the potential to reduce the
hydropeaking impact for specific aquatic organism. However, the most substantial
improvement can be achieved by taking into account a coordinated river-specific
combination of the different mitigation measures (integrative hydropeaking mitiga-
tion). Furthermore, the required site-specific design of mitigation has to consider the
sediment regime and disturbances of the sediment dynamics in the river stretches
impacted due to hydropeaking (Hauer et al. 2014). Identified measures and combi-
nations can be compared with their respective costs to select most effective
measures.

The ecological and socioeconomic complexity of hydropeaking mitigation war-
rants a case-specific quantitative evaluation of measures. A conceptual framework
for hydropeaking mitigation is needed that can be transferred to multiple mitigation
projects. Bruder et al. (2016) developed such a framework based on current scientific
knowledge and on ongoing hydropeaking mitigation projects in Switzerland. The
proposed Swiss framework refers to ecological, hydrological, and morphological
indicators as well as to aspects of sediment transport. However, detailed knowledge
of efficient approaches to mitigate ecological hydropeaking impacts is still rare
despite increased interest in research and management in recent decades (Tonolla
et al. 2017).

5.4.2 Integrative Hydropeaking Mitigation and Example
of Application

In accordance with the abovementioned Swiss framework for hydropeaking mitiga-
tion, the concept of integrative hydropeaking management has been developed in
Austria. Integrative hydropeaking mitigation requires the consideration of (a) the
vulnerability of aquatic organisms; (b) the frequency, intensity, and timing of
artificial flow fluctuations and resulting water level changes; (c) the availability
and quality of habitats; and (d) the spatial variability of hydrological and morpho-
logical impacts (Hauer et al. 2014) (Fig. 5.5).

In general, hydropeaking intensity and ecological impacts diminish downstream.
At the scale of a river reach, flow fluctuation rates, in particular, are highly variable
due to retention effects and morphological variability (Hauer et al. 2013). A method
that allows for the detection of flow fluctuations (Greimel et al. 2015) and the
longitudinal development (including retention effects) is described in Greimel



5 Hydropeaking Impacts and Mitigation 103

flow fluctuations resulting water level

¥ 1]
N 4 Frequency and . |\ \]‘ [ 'h
ﬁ\/ﬂ’l 'J_“"m"}h timing of artificial Intensity of ¥ V ‘hwu

changes

T Q| o

Mitigation measures

SN

Vulnerability General
of organism habitat
(threshold values) availability

Fig. 5.5 Integrative hydropeaking management: linking abiotic and biotic factors to define and
monitor mitigation measures

et al. (2017). Based on data from multiple hydrographs, this method enables the
assessment of hydropeaking intensities and frequencies along an affected river reach.
This method links flow rate changes to water level changes and, subsequently, to
thresholds for harmful impacts (e.g., for ramping rates—see Fig. 5.5) for different
species and life stages.

The following example of a hypothetical power plant (Fig. 5.6) should exemplify
the application of longitudinal hydropeaking assessment as the basis for integrative
hydropeaking mitigation. One way of evaluating different mitigation scenarios is the
longitudinal development of maximum flow fluctuation rates of flow decrease
events, which are critical for stranding. This approach to assessing the intensity of
longitudinal hydropeaking aims to compare the stranding risk for juvenile and larval
fish at the actual state (“maximum-intensity scenario”) with the risks inherent in
mitigation scenarios (reduced scenarios 1 and 2) (Fig. 5.6). Flow fluctuations are
tracked downstream of the power plant outlet by analyzing turbine flow data and
downstream hydrographs. First, inter-hydrograph models describe the intensity
changes between neighboring hydrographs. Then these results are combined in an
overall longitudinal assessment schema (Fig. 5.6). The “maximum-intensity sce-
nario” envisions down-ramping the turbine discharge at the rate of 25 m>/s per
15 min (upper dotted line—left axis). This results in water level changes of
ca. 2.7 cm/min directly downstream of the turbine (upper continuous line—right
axis). During such flow decrease events, retention effects cause a decrease in the
event intensity of ca. 10 m*/s per 15 min or 0.9 cm/min at the downstream end of the
investigated river reach. Assuming that high stranding risk is designated for flow
fluctuation rates over 0.4 cm/min, then under the maximum-intensity scenario, fish
stranding appears likely over the entire river reach. The “Reduced scenario 1” limits
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Fig. 5.6 Example of longitudinal assessment of hydropeaking intensity (MAFR-DC: max. Flow
fluctuation rate of decrease events; continuous lines refer to the left axis; dotted lines refer to the
right axis; the blue box refers to assumed stranding risk of juvenile and larval fish) using multiple
hydrographs (marked by crosses) for a hypothetical power plant and evaluation of mitigation
scenarios

hydropeaking intensity (e.g., the down-ramping rate) to a maximum turbine flow
decrease of 6 m*/s per 15 min or 0.65 cm/min. The maximum turbine flow restriction
in “Reduced scenario 2 equals 2 m*/s per 15 min or 0.2 cm/min directly below the
power plant. If “Reduced scenario 17 is implemented, it is likely that the stranding
risk for juveniles (threshold, 0.4 cm/min) is minimized further than 3 km down-
stream of the turbines. “Reduced scenario 2 would lead to a minimized stranding
risk also for larvae (threshold, 0.1 cm/min) further than 5 km downstream of the
turbine.

Besides the maximum flow fluctuation rate of decrease events, the exemplified
approach can be applied to flow increase events as well as to other hydrological
parameters. That allows a comprehensive description of the hydrological situation
downstream of a specific power plant. If the specific timing, intensity, and frequency
of artificial flow fluctuations at any point along an affected river reach are known due
to these power plant-specific assessments, then potential ecological effects can be
evaluated by contrasting the hydrological situation to the vulnerability of aquatic
organism and life stages. As a consequence, multiple hydrological mitigation sce-
narios can be defined by referring to different organism groups and corresponding
threshold values. However, it has to be noted that several hydrological mitigation
scenarios should be interpreted in the face of the current habitat suitability in the
affected river stretch in order to prevent ineffective mitigation scenarios due to low
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habitat availability. In these cases additional morphological measures may be
required. In the last step the hydrological mitigation scenarios could be evaluated,
both ecologically and economically, if specific costs are linked to the hydrological
mitigation scenarios and/or types of mitigation measures, e.g., retention basins and
changing of the power plant operation mode.

5.4.3 Summary and Outlook

Current scientific knowledge allows to develop fundamental conceptual models in
order to describe ecological effects of hydropeaking and to predict potential effects
of mitigation scenarios. For this purpose, hydrological, morphological, sedimento-
logical, hydraulic, and ecological aspects have to be linked.

As hydropeaking intensity, frequency, and timing are attenuated or changed
along a river course downstream of power stations, it is important to develop case-
specific assessment schemas (longitudinal hydropeaking assessment). This approach
enables (a) to monitor both hydropeaked and unaffected sub-daily flow regimes,
(b) to transfer laboratory results (e.g., from stranding experiments), and (c) to model
mitigation scenarios. However, in addition to hydrological aspects, sedimentological
(sediment transport) and morphological (habitat suitability) issues also have to be
considered to describe potential hydropeaking impacts on aquatic organism.

Ecological knowledge has been established to a varying extent for fish,
macroinvertebrates, and periphyton. In general, hydropeaking reduces the quality
and availability of suitable habitats, which leads to reduced reproduction, survival,
and biodiversity. The repeated artificial flow fluctuations and the corresponding
variation of related parameters (e.g., flow velocity, water depths, shear stress,
water temperature) require a lateral habitat shift of vagile aquatic organism that
prompts increased rates of drifting (up-ramping) or stranding (down-ramping).
Ecological responses to hydropeaking are species and life stage specific and may
affect the entire food web. Additionally, daylight conditions, water temperature,
habitat quality, and other seasonal aspects may interact with hydropeaking effects.
Some threshold values to draw the line between harmful and harmless peaking have
been established, which is an important step to predicting ecological effects and
thereby defining mitigation measures. Furthermore, it is evident that more “natural”
river morphology can decrease hydropeaking impacts.

In the absence of implemented and validated mitigation measures, current con-
ceptual models should be considered as relatively rudimentary. Existing mitigation
concepts should be enhanced and broadly implemented to support the collection of
detailed observations and monitoring data. Additionally, further research is neces-
sary to fill knowledge gaps concerning poorly understood hydropeaking effects,
such as stranding of invertebrates, substrate clogging, cyprinid species, benthic
algae, microorganisms, and riparian vegetation.
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