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Foreword

In order to study fish, you have to become a fish.
Jacques-Yves Cousteau (1910-1997)

There has been a rapid increase in knowledge and means of protecting migrating
fish near and immediately in front of hydraulic engineering structures including the
establishment of safe migration pathways. These developments have occurred
through innovative scientific research undertaken both in hydro-engineering labo-
ratories and under field conditions that tested carefully considered. These approa-
ches were additionally supported by scientific hypotheses and models, as well as
general observations by interested parties. However, large knowledge gaps remain
and it is often hard to assess the robustness of some of the available advice.
A clearly defined state of the art set of guidelines is sorely needed in this field of
hydro-engineering practice, that to date could only be considered rudimentary. This
very need is the topic of this book, i.e. how to protect fish migrating with the flow
towards water intakes and hydropower stations, and how to create effective
migration corridors they can safely use.

The authors have worked for more than 25 years as consultants in the area of
applied water and fish ecology, mostly in German-speaking countries. During this
time, through field studies and research projects, they have acquired exceptional
professional and internationally recognized competence in the field of fish migra-
tion. They are members of both scientific and engineering panels, are familiar with
the various technical and methods that have been implemented to protect migration
fish, and have in depth knowledge of their application and limits. In this book,
based on more than 500 research reports and publications and supplemented by
their own expertise, the authors present the currently available knowledge regarding
the behavior of migrating fish near existing facilities, as well as alternative con-
cepts, in a clearly structured form. The insights they gained with respect to func-
tionality and efficiency of such facilities and fish ways are quoted, with clear
reference to the corresponding original publications, and evaluated in a thematic
context. Based on this information, the authors derive well-founded requirements
for ensuring the effectiveness of fish protection and downstream passage facilities,
and include a critical discussion of currently existing concepts and implemented
facilities.



vi Foreword

The outcome of this systematic and matter-of-fact evaluation is rather surprising,
because the current extent of knowledge turns out to be enormous. Even though
results were obtained at different times in different locations around the world using
different methods, the potpourri of scattered information actually yields an aston-
ishingly clear, technically logical picture that would permit the implementation of
efficient fish protection facilities and fish passes or of alternative measures that far
surpass what is put into practice today.

For natural science practitioners as well as engineers, this book provides an
extensive overview of the global state of knowledge in the field of fish protection
technologies and fish ways for downstream migration. It also emphasizes the need
for a close cooperation between biologists and engineers to meet the complex,
multivariate biotic and abiotic requirements of fish at the very onset of planning for
a structure.

In view of the above quotation from Jacques-Yves Cousteau, I currently consider
the symbiosis of natural science and engineering, as practiced in this book, to be the
only option that allows us to aid the fish fauna in inland waters to cope with the
detrimental changes humans have inflicted on their habitats.

Darmstadt, Germany Prof. Boris Lehmann
Chair of Hydraulic and Water

Resources Engineering

Technical University Darmstadt
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Chapter 1 ®)
Introduction Check for

According to both European and German legislation, the protection of fish popu-
lations against the effects of hydraulic engineering structures, such as hydropower
stations and water intakes, must be ensured through suitable measures or procedures.
This primarily applies to diadromous species such as eel and salmon where alter-
nating between the aquatic ecosystems of inland waters and the sea constitutes a
mandatory requirement for preserving their populations. Migrations of potamodro-
mous species are limited to freshwater bodies, but may also involve large distances.
Therefore, these species also benefit from unobstructed propagation upstream, as
well as downstream with the current.

However, the passability of flowing waters is interrupted by a multitude of bar-
rages, more than 7500 of which are equipped with hydropower stations in Germany
alone. Add to this countless structures that serve the abstraction of water for drink-
ing water treatment, among other things, and the intake of service and process water
for commerce and industry. Furthermore, along the coasts, there are tidal gates and
pumping stations designed to prevent the intrusion of ocean water via the inflowing
watercourses, and to ensure the discharge of inland freshwater into the sea even when
the tide is high. Flood barriers and pump stations with comparable functions are situ-
ated inland, especially on major rivers, in order to protect the riparian wetlands from
flooding at high water levels, and to facilitate the discharge of inflowing feeders.
At this point in time, none of these structures, with a few individual exceptions, are
equipped with mechanisms that prevent fish migrating with the current from entering
potentially hazardous parts of the facilities, and enable them to travel on unharmed.

A publication that was released 2004 in Germany by ATV-DVWK and translated
in English provided an overview of the global expertise available at the time regarding
fish protection and downstream passage facilities (DWA 2006). More than a decade
later, it appears to be advisable to reassess the contents of this literature review, to cor-
rect them where necessary, and to incorporate new insights. After all, since this time,
many new fish protection facilities and downstream fish passes have been installed
in Germany and other European countries; moreover, a variety of surveys have been
conducted regarding their efficiency, leading to greatly expanded knowledge in this
field.

© Springer Nature Switzerland AG 2020 1
U. Schwevers and B. Adam, Fish Protection Technologies and Fish Ways
for Downstream Migration, https://doi.org/10.1007/978-3-030-19242-6_1
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France 8%

Belgium, Netherlands,
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Fig. 1.1 Origin of evaluated literature sources

This book is based on the evaluation of over 500 literature sources, most of which
were original papers. Besides publications in books and journals, unpublished reports
were also consulted to a great extent. More than half of the sources were released
after 2004; about 40% of them appeared in the 2010s.

The fish fauna of Central Europe is the focal point of these considerations. There-
fore, most of the evaluated sources originate from Germany and its neighboring coun-
tries (Fig. 1.1). However, many North American studies regarding Atlantic Ocean
tributaries on the East Coast, which are home to the same species as in Europe, or
their close relatives, were also taken into account.

More than half of the literature reviewed is based on monitoring surveys at
hydropower stations, and fish-ecological field studies. 14% consists of hydraulic
or ethohydraulic laboratory observations on living fish (Adam and Lehmann 2011)
as well as numerical/statistical model calculations. A similar percentage of the eval-
uated publications is based on straight hydro-engineering, hydraulic and technical
descriptions; the share of meta sources used is about the same (Fig. 1.2).

More than half of the literature sources deal with diadromous species. Roughly
one quarter each discusses the catadromous eel and the collective of anadromous
species, with a special focus on the Atlantic salmon and its migratory stage, the so-
called smolt. In contrast to most other regions, fish protection and downstream pas-
sage facilities for potamodromous species are considered a requirement in German-
speaking countries (Germany, Austria, Switzerland) especially. Therefore, close to
one fifth of the evaluated publications is concerned with this group. The remaining
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Fig. 1.3 Reference of literature sources to fish species or guilds

publications are not specifically related to particular species or groups, or they touch
only marginally on biological aspects (Fig. 1.3).

Generally, in this book, only the common English species names will be used.
For a list of corresponding scientific names, please refer to Appendix I.

Over 100 years ago, a civil engineer already stated his insight that, in the con-
struction of fishery facilities, one must never focus on the building itself, but always
base any plans on the living habits of the animals (Gerhard 1912). Therefore, in
this book, an introduction to the biology of fish migration precedes the discussion
on fish protection and downstream passage facilities. In the subsequent chapters,
we will introduce technical developments designed to prevent the entry of fish into
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areas of hydraulic engineering structures that pose a hazard to them. We will also
discuss so-called bypasses that offer fish on the verge of migration a traceable and
safely passable downstream migration corridor. Moreover, we will present new tur-
bine types that promise less dangerous passage for fish. Structural changes for the
protection of migrating fish at hydro-engineering facilities cannot be implemented,
alternative measures and processes should be considered, such as episodic operation
of hydropower stations based on the prediction of migration events of certain target
species, or their selective capture and transport in order to help them circumvent dan-
ger zones in their migration route. All technical elaborations should always linked
to the basic, sometimes species-specific fish-ecological requirements that need to be
met so that the respective facilities or processes can produce the desired effect.



Chapter 2 ®)
Basic Requirements of Fish Protection e
and Downstream Passage

2.1 Biological Phenomena and Mechanisms

This chapter summerizes all relevant aspects of the biology and behavior of fish that
are important to guarantee or reestablish passability, but do not directly relate to
specific measures and methods:

e What developmental stages migrate downstream?

e How great is the swimming performance of migrating fish?

e How do fish move during migration?

e How do they behave during migration?

e What is known about the daily and annual rhythm of migrating fish?

The description is limited to broad biological characteristics that are relevant for
the conception of measures that serve to reestablish downstream passability. Specifics
will be referenced in later chapters, where individual construction types and methods
for fish protection and downstream passage are described.

2.1.1 Stages of Development and Migration

The efficiency of fish protection facilities and downstream fish passes depends on
their measurements and dimensions in relation to the size of the fish, and the pre-
vailing flow rate in relation to their swimming performance. In addition, both factors
are largely determined by the species-specific morphology and the individual age or
stage of development of an animal.

Because, in different ecological groups, migration concentrates on, or is limited
to, different developmental stages (McKeown 1984), anadromous, catadromous and
potamodromous species shall be discussed separately below.

© Springer Nature Switzerland AG 2020 5
U. Schwevers and B. Adam, Fish Protection Technologies and Fish Ways
for Downstream Migration, https://doi.org/10.1007/978-3-030-19242-6_2



6 2 Basic Requirements of Fish Protection and Downstream Passage
2.1.1.1 Anadromous Species

During their growth period in freshwater, the larvae and hatchlings of anadromous
species, just like their potamodromous counterparts, are subject to drift. Moreover,
juvenile anadromous fish also perform upstream or downstream changes of location
in flowing waters. However, only part of the population is involved in this at any given
time, and such movements essentially happen on a small scale between spawning
and juvenile growth habitats.

The migration action in anadromous species is dominated by the large-scale down-
stream migration that takes young fish from their growth habitats all the way to
the sea. Aside from a few exceptions, such as precocious salmon parrs (Bagliniere
and Maisse 1985; Schneider 1998, 2005), this migration behavior is obligatory and
includes all individuals within the population. Frequently, a distinctive migratory
stage is observed, which is referred to as “smolt” in anadromous salmonids. Table 2.1
shows the literature references compiled by DWA (2005) regarding the age and size
of migratory stages of anadromous species native to Germany.

However, detailed information about the migratory stage is only available for the
smolts of salmon and sea trout. Their color changes to assume a silvery hue during
the winter, which clearly distinguishes them from the stationary freshwater form, the
so-called parr. 100% of salmon and sea trout smolts will migrate downstream in the
course of the following spring.

The frequency of lengths of migrating salmon smolts was determined in 2009, for
example, by means of schokker catches in the German river Weser (Schwevers et al.
2011a). Two size classes could be distinguished: 1-year smolts of 9—13 cm in length,

Table 2.1 Juvenile migratory stages of anadromous species

Species Age (years) Total length (cm) Author
Atlantic salmon 1 11.0-17.4 Scheuring (1929)

2 20.0-23.5

1 12.0-15.0 Leonhardt (1905)

1 11.0-15.8 Schneider (1998)

2 12.7-18.2

1 12.0-14.5 Schwevers (1998a)

2 14.0-17.0
Sea trout 1 13.0-18.5 Schwevers (1999)
Maraena whitefish 1 up to 17.0 Bauch (1953)
River lamprey 4-6 12.0-15.0 Holcik (1986)

n.s. 12.0-18.0 Weibel et al. (1999)
Sea lamprey 4-6 12.0-15.0 Holcik (1986)

n.s. 12.0-18.0 Weibel et al. (1999)
European sturgeon 2 up to 60.0 Mohr (1952)
Allis shad 1 8.0-11.0 Ehrenbaum (1895)




2.1 Biological Phenomena and Mechanisms 7

Number of specimens

25—

n
T

o
I

IS
I

(&
1

1l Atlantic salmon
(Salmo salar), n = 143

T T T T T T T T T T T T T
12 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25

Total length [cm]
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Fig. 2.2 Frequency of lengths of migrating sea trout smolts recorded by means of schokker catches
in the German river Weser in the 2009 season

and larger 2-year smolts that were 13—18 cm long (Fig. 2.1). A similar distribution
of sizes has been documented for other stretches of water as well.

When they start their migration, sea trout smolts are generally somewhat larger
than salmon smolts, but it is usually not possible to distinguish age groups by their
length distribution. The frequency of lengths of sea trout smolts recorded by means
of schokker catches in the tailwater of the Drakenburg barrage in the Weser in 2009
is shown in Fig. 2.2 (Schwevers et al. 2011a).
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Fig. 2.3 Photo from 1912 of salmon fishing on the German river Ahr. Most of the fish caught were
post-spawning kelts (Schwevers et al. 2002, U. Schwevers)

Generally, in anadromous species, migration may occur not only in the juvenile
migratory stages, but in adults as well. However, this varies greatly depending on the
species and bodies of water:

In salmon, an average of 5—15% of fish, especially females, survive after spawning
and migrate back to the sea as so-called kelts, in order to regain their strength and
eventually head back to the freshwater to spawn again. They usually only succeed
in doing this once, but in exceptional cases it may occur up to five times (Ducharme
1969). The percentage of kelts probably depends on the specific conditions that
prevail in a given body of water, and is largely contingent on the length and arduous-
ness of their migration path in freshwater. Thus, in the French Loire system where
spawning habitats may lie more than 1000 km inland, the post-spawning mortality
of salmon lies close to 100% (Bouchardy 1999). In the German river Rhine, post-
spawning salmon survive in significant numbers mainly in tributaries that are closer
to the coast, such as the Ahr (Schwevers et al. 2002, Fig. 2.3). In the estuary zone of
the Rhine in the Netherlands kelts migrating downstream were mainly recorded in
March and April. Usually, those specimens were up to 93.5 cm in length (Ehrenbaum
1895). In short coastal rivers of Northern France, Ireland, and Scandinavia, however,
the percentage of kelts can be more than 50% (Went 1964a; Bagliniere et al. 1987).
In the river Memel in Poland large numbers of kelts used to be recorded as well
(Schwevers et al. 2002).

In sea trout, the percentage of kelts is apparently higher than in salmon. Accord-
ingly, multiple spawning trips have been documented in Ireland, for example; in
extreme cases, Irish sea trout may complete the reproduction and migration cycle
between ocean and freshwater more than 10 times in the course of their lives (Went
1964b).

There is very little reliable information available about other anadromous species.
Allis shad, at least, are evidently able to survive spawning in principle, but the
mortality of this species is extremely high during the reproductive phase (Fig. 2.4).
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Fig. 2.4 Dead post-spawning allis shad at the screen of a hydropower station on the French river
Dordogne (U. Schwevers)

In anadromous species of lamprey, the digestive system degenerates in preparation
of reproduction. Consequently, they will perish after spawning, being unable to feed
(Maitland 2003).

2.1.1.2 Catadromous Species

The European eel is the only obligatory catadromous species indigenous to European
water systems, insofar as they eventually empty into the North Sea or Baltic Sea.
The life cycle of this species runs counter to that of anadromous fish: it is the adult
eels who, at 7-15 years of age, start their journey from inland waters to the sea in
order to procreate in the marine area of the Sargasso Sea off the East coast of North
America.

During their freshwater phase, eels are colored yellowish or brownish, and there-
fore known as yellow eels. Prior to migration, the color of the dorsal part of the fish
will change to dark gray or black, while the ventral side lightens to take on a whitish
silvery hue, an adaptation to life in the ocean. This stage is called silver eel. It is
distinguished from the yellow eel by additional features, such as an increased eye
diameter and dark spots along its lateral lines (Tesch 1983; Acou et al. 2003; Lokman
et al. 2003; Durif et al. 2009; Dorow and Ubl 2012). However, a silvery coloration
alone is no reliable indicator for the disposition to migrate. Telemetry studies in the
Elbe river revealed that only 28% of fish classified as silver eels according to the
criteria specified by Durif et al. (2009) actually exhibited catadromous migration
behavior (Stein et al. 2015).
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Fig. 2.5 Frequency of lengths of eels caught with schokkers in the German Weser river in the
2008/2009 season

Figure 2.5 illustrates the frequency of lengths of migrating eels, as determined
at the hydropower plant site Landesbergen on the Middle Weser (Schwevers et al.
2011b). Based on the two peaks in the distribution, the male specimens of 30—50 cm
in length can easily be distinguished from the females that are 50-100 cm long.
Comparable frequencies of lengths were also determined for other bodies of water,
e.g. by Bruijs et al. (2003) on the Meuse river in the Netherlands. Only 13.3% of
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eels migrating from the Schwentine river in Germany are shorter than 70 cm; catch
statistics from the German eel data collection program suggest that the overall figure
throughout Germany is 23.4% (Hanel et al. 2012).

2.1.1.3 Potamodromous Species

In potamodromous species, migration is most evident in the age group 0%, e.g. among
larvae and hatchlings, plus juvenile fish during their first year of life. Thus, in research
regarding fish migration in Russia, far more than 90% of documented specimens are
usually in this age group, which comprises fish with a total length of less than 10 cm
(Schmalz 2002a; Pavlov et al. 2002, Fig. 2.6), even though, due to the methods used,
only a few of them can be registered, or none at all. To a minor extent, migration of
the age group 1* can be detected as well, represented by the peaks at 10~15 cm in
Fig. 2.7. Evidence of even older specimens constitutes a relatively rare exception.
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Fig. 2.6 Size range of fish recorded in the German Saale river at the Jégersdorf weir during migra-
tion across the hydropower plant, weir, and upstream fish pass between June 26 and September 20,
2001 (adapted from Schmalz 2002a)
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Fig. 2.8 Swimming performance of fish (Adam and Lehmann 2011)

2.2 Swimming Performance

In fish, the swimming speed is usually specified in body lengths per second (I5sn/5),
because it is more or less proportional to the length of the animal. Three modes are

distinguished (Fig. 2.8):
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e The burst speed (Vpurst) 1S the maximum speed a fish can achieve. In adult cyprinids,
percids and salmonids, it is about 10-12 Iggy/s. In juvenile fish, it is at least 15 lggh/s
(Jens et al. 1997; Pavlov 1989). The white muscles that make up the largest part of
a fish’s musculature by far are used for sprinting. However, they quickly become
fatigued so that the burst speed can only be kept up for a few seconds. Once the
white muscles are completely exhausted, a regeneration period of up to 24 h is
required before the fish is again able to perform at its maximum level. Accordingly,
fish will only employ their burst speed when it is absolutely necessary, e.g. to catch
their prey, to negotiate rapids, waterfalls and upstream fish passes, and to flight
from danger, including intake structures of water extraction and hydropower plants.

e Sustained speed (Vgustained)- The performance capacity of a fish diminishes with

increasing duration; Bainbridge (1960) found that this primarily happens during
the first 10 s. After that, the swimming speed is only slightly reduced, and the speed
that is established after 20 s can be sustained, almost unchanged, for up to 200 min.
This is known as the sustained swimming speed; besides the white muscles, the
red muscles that form a thin layer under the fish’s skin are also involved in this
performance. Sustained speed also exhausts the fish on the long run, with fatigue
setting in faster at higher speeds. Therefore, sustained speed should be indicated
as a maximum value, as a time span, or as a function of duration. As a rough rule of
thumb, extensive literature research and evaluation by Jens et al. (1997) confirmed
the value of 5 lgg/s for the sustained swimming speed of adult cyprinids, percids
and salmonids, suggested by Bainbridge (1960). This amounts to about 40—-50%
of the burst speed. In juvenile specimens of the same species, but also in small
fish such as bitterling, belica, spined loach, stone loach and bullhead, the sustained
swimming speed is significantly higher, reaching 7—15 lgg,/s according to Pavlov
(1989), but varies on the species (Fig. 2.9).
Presented in [m/s] instead of [lssn/s], the sustained speed is also described as the
critical swimming speed (Vgsitica)- In this case, the same value is not expressed
in reference to the fish, but instead in relation to the flow velocity near hydraulic
engineering structures.

o The cruising speed (Vcruising) 18 the regular swimming speed of a fish in the absence
of stress. Only the red muscles are involved in this. They are able to sustain this
speed for over 200 min without fatigue. Turnpenny et al. (1998), for instance,
indicated a cruising speed of approximately 2 lgg,/s for salmon smolts as well as
for potamodromous species.

o Perseverance (tperseverance) Tefers to the period of time over which a fish is able to
keep up a certain swimming speed. The lower the swimming performance, the
higher the perseverance.

For nearly a century, the swimming performance of fish has been the subject of
countless physiological experiments and discussions. Jens et al. (1997), Schweves
(1998) and Ebel (2013), compiled some species-specific data. Regrettably, the greatly
varying methodological approaches that were used to measure the performance of
fish resulted in highly heterogeneous and often contradictory data. One reason for this
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Fig. 2.9 Sustainerd resp. critical swimming speed of different species as a function of body length:
1. common bleak, 2. belica, 3. Caspian roach, 4. crucian carp, 5. blue bream, 6. European perch, 7.
vimba bream, 8. stone loach, 9. bullhead, 10. European bitterling, 11. tench, 12. spined loach, 13.
Russian sturgeon, 14. beluga sturgeon, 15. starry sturgeon (adapted from Pavlov 1989)

may be the fact that the swimming performance of poikilothermic fish is influenced
by numerous extrinsic and intrinsic factors:
For one thing, considerable differences exist between species, as shown in Fig. 2.9
for juvenile fish of various cyprinids, percids, and acipenserids (Pavlov 1989).
Obviously, though, the differences in swimming performance are not only the
result of differences in taxonomy, but also to the mode of locomotion that generates
the necessary propulsion (Bone and Marshall 1985, Fig. 2.10).

e The subcarangiform type of locomotion, where propulsion occurs through lateral
movement of the rear end and tail fin, is the most effective. This is typical for most
European species such as cyprinids, percids and salmonids. Adult specimens of
such species achieve burst speeds of about 10-12 l4,/s using this method.

e By contrast, the anguilliform locomotion type prevails in species that, like eels and
lampreys, possess a fin fimbris instead of a pronounced tail fin. In these species,
propulsion is based on undulating movements of the entire body, supported by
oscillation of the fimbris. This mode of locomotion is less effective and therefore
results in lower swimming speeds. In silver eels, the burst speed is 1.9 lgg/s,
and the sustained swimming speed is around 0.8-0.9 lgy/s (Blaxter and Dickson
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Fig. 2.10 Types of locomotion (modified from Hoar and Randall 1978, B. Adam)

1959). Sea lampreys swim at a sustained speed of 0.9-1.7 lsg/s (Beamish 1978).
However, these species are extremely sinuous and even able to swim backwards
(Fig. 2.10).

e Medium speeds are achieved by species that possess a caudal fin, but still move
primarily anguilliform through undulating movements of the body. This is true
for catfish and burbots, for example. Acipenseriformes also move at relatively low
speeds (Pavlov 1989) because their asymmetrical, heterocercal tail fins where the
spine turns upwards to support only the upper, larger part, are less effective than
the symmetrical, homocercal tail fins of teleosts (Fig. 2.11).

As stated above, swimming performance depends on size. While, in adult fish
of most species that employ a subcarangiform type of propulsion, the sustained
swimming speed reaches about 5 lgp/s, small or juvenile fish of a length under 10 cm
achieve 7—-15 lggh/s; in hatchlings, the speed is often even higher (Pavlov 1989).

The condition of the fish plays a role as well. The swimming performance dete-
riorates when food is not abundant. As a result, the percentage of malnourished
individuals is disproportionally high in zander, for instance, that get caught in the
turbines of hydropower plants (Pavlov 1989). Unfavorable chemico-physical envi-
ronmental factors such as oxygen deficits or high pH levels will also adversely affect
the physical condition. The relevant critical values vary between species. Thus, in
salmon, the swimming performance will already suffer when the oxygen content of
the water is reduced to 5 mg/l while, in cyprinids, this only happens when the content
is less than 2 mg/l (Turnpenny et al. 1998).

The capability and efficiency of fish depends on the water temperature and their
adaptability to prevailing temperatures. In near-freezing conditions, their muscle
activity is extremely reduced, and the fish will lapse into a torpor. With rising tem-
peratures, their ability to perform will increase, but cold-water species such as salmon
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Fig. 2.11 Types of caudal fins; the symmetrical, homocercal tail fin of teleost species (Northern
pike, above) in comparison to the asymmetrical, heterocercal tail fin of Acipenseriformes (European
sturgeon, below) (U. Schwevers)

and brown trout will be adversely affected by high water temperatures above 17 °C
in the summer (Elliott 1981, 1991). Hence, when determining approach velocities at
hydraulic engineering structures, the water temperatures during the migration sea-
son of the target species need to be factored. This applies to spring temperatures
for salmon and sea trout smolts, summer temperatures for juvenile allis shad, and
autumn and winter temperatures for silver eels, just to name a few examples. For
potamodromous species, the lowest occurring water temperature in the winter is
relevant.

The interpretation of literature sources regarding the swimming performance of
fish is further complicated by the fact that the values were obtained using a broad
variety of methods. Laboratory settings usually involve flow-through flumes where
fish are observed at different, averaged flow velocities (Stahlberg and Peckmann
1986; Turnpenny and Clough 2006). If the test subjects move near the walls or the
bottom in such flumes, the actual local flow velocities will be lower; this, however,
is not always measured or taken into account during experiments.

In the United States it is common practice to enclose fish in an acrylic glass tube
and subject them to increasing flow velocities (Fig. 2.12) in order to observe at what
point they are no longer able to swim against the current. It must be assumed that
the animals experience great stress through such an artificial environment alone and
do not exhibit regular behavior. Turodache et al. (2008) determined the maximum
swimming speed of fish based on their flight behavior triggered by a pressure wave
that was generated by the impact of a weight on the water’s surface.

All these methods have one thing in common, however: they are employed in a
laboratory under artificial conditions. It is therefore debatable whether, and if so,
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Fig. 2.12 American laboratory set up for determining the swimming performance of a sea lamprey
(U. Schwevers)

under what circumstances results that were obtained in such ways can be applied
to the reality of life of fish in the wild. One of the few existing field studies was
conducted by Ohlmer and Schwartzkopf (1959). They observed fish in a still body
of water and determined their actual swimming speed. They put a harness on the fish
with a line attached to it, and determined the burst speed by measuring the rate at
which the rolled-up line would unwind from a reel once the fish was released. In the
present context, this method appears rather questionable as well.

As a consequence of the different methods and prevailing conditions, exact and
reliable data regarding the swimming performance of European fishes under field
conditions are still unavailable today. In view of the heterogeneous nature of the
underlying data, any statistical calculations based thereon are by no means more
reliable. Therefore, only the global approximate values presented by DWA (2006)
may be considered realistic at present.

2.3 Swimming Behavior

The swimming behavior of migrating fish can be described as follows (DWA 2006):
In flowing waters, fish generally orient themselves by the current, and swim agains
it. The absolute speed of a fish (Vgyer bottom) 18 calculated by adding the vectors of the
water’s flow velocity and the swimming speed, resp. the relative speed of the fish:

- -

Vrel {]a

+

Voverbottom =

The direction of the vector Q/a, the average water velocity, is always downstream.
However, vector V|, the observed relative velocity of the fish, is usually but not
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always upstream. Consequently three variants of the absolute speed of the fish may
occur:

-

®  Viverbottom against the flow; upstream migration

-

e  Viwerbottom = 0; holding position

-

e  Vowerbotom With the flow; downstream migration

Active and passive components can be distinguished in the downstream migration
of fish. The passive component consists in the use of the current as a transport force.
Pavlov (1994) basically differentiates between three mechanisms that may cause
downstream movement:

Active components A fish must decide to give up its regular, positively rheotactic
orientation against the current, and yield itself to the flow. Fangstam (1993) proved
in laboratory tests that, at times, salmon smolts will actively swim downstream head
first, with their body axis pointing downstream. In that case, the absolute downstream
velocity is higher than the flow velocity (Fig. 2.13).

Eels may exhibit a similar behavior as long as the flow velocity does not exceed
approximate 0.5 m/s (Adam and Schwevers 1997; Adametal. 1999, see Sect. 4.2.5.1).
Thus, in dammed watercourses, their downstream migration speed may be higher
than the flow velocity (Tesch 1995; Behrmann-Godel and Eckmann 2003).

Active-passive components With this mechanism, downstream migration is com-
posed of both active and passive elements. Scheuring (1929) already described this
behavior for juvenile sea trout: the fish maintain a positively rheotactic orientation,
with their heads towards the current, but their swimming speed is less than the flow
velocity:

-

Vrel

< ‘Va

All in all, this results in a downstream movement, but at a speed that is lower
than the water’s flow velocity (Fig. 2.14). This type of behavior can also be observed
in silver eels (Adam et al. 1999; Russon et al. 2010) whose downstream migration
speed in free-flowing stretches of watercourses is usually lower than the flow velocity
(Tesch 1995).
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Passive components Purely passive behavior during downstream migration is rare,
and frequently interrupted by active or active/passive phases. Jens (1992), for
instance, describes a winter drift of silver eels at water temperatures below 6 °C,
where the eels let themselves be passively carried away by the current near the
ground; V; = 0. Accordingly, the absolute speed above bottom then equals the flow
(Fig. 2.15).

2.4 Migration Behavior

In principle, all downstream movement of fish is based on the mechanisms described
in Sect. 2.3. However, three different forms of downstream migration can be distin-
guished here:

e Mostly passive drift, which particularly affects developmental stages and individ-
uals that are weak swimmers.

e The regular movement activity of fish in connection with more or less large-scale
changes of location of variable duration within a body of water.

e The large-scale downstream migration towards the ocean in diadromous species.
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2.4.1 Drift

Drifting is a common, frequently described form of downstream dispersion of fish,
which dominates the migration action of potamodromous species in particular. It is
most prevalent in early developmental stages that are weak swimmers, e.g. larvae,
fry, and juvenile fish that are not yet able to swim against the current that surrounds
them (Nezdoliy 1984).

The phenomenon of drift is therefore primarily tied to the development cycle and
mainly occurs soon after the species in question has engaged in reproduction, e.g.
usually during the spring and summer months. Thus, owing to larval drift, 90-95% of
fish detected in water intake structures are recorded within a period of 1-2 months,
with species-specific peaks that are limited to just a few days (Pavlov 1989). In
bullhead, for instance, the drift of hatchlings takes place within a very narrow window
of time between the end of May and the beginning of June (Bless 1990), and with
salmon hatchlings the corresponding period amounts to less than two weeks in the
spring (Marty and Beall 1987).

However, drifting evidently does not occur purely passively and accidentally;
actually, some hatchlings and juvenile fish actively seek out the flowing wave in
order to be carried away by the drift. This was proven to be true for salmon hatchlings
by Marty and Beall (1987), for instance. According to Penaz et al. (1992), this is
an important dispersion mechanism that ensures an even distribution of fry across
the river. The flowing wave will transport the hatchlings to suitable juvenile growth
biotopes that must inevitably be sought out downstream of the spawning grounds
because, due to their limited swimming performance, hatchlings are unable to migrate
upstream against the current. Similarly, hatchlings can only get away from an acute
contamination wave by letting themselves drift off downstream until they reach less
contaminated stretches of water, such as inlet zones of uncontaminated tributaries.
This phenomenon is called catastrophic drift (Gale and Mohr 1978).

2.4.2 Potamodromous Behavior

Potamodromous species do not migrate all the way to the sea, but only within the
freshwater. Only in exceptional cases do they remain sedentary in one location,
usually for a longer period of time. Some examples for remaining bound to a locale
are pike, ambush predators which lurk for their prey from a hideout, or brood-caring
species such as bullhead, three-spined stickleback and zander, who are obliged to
stay with their developing offspring. These fish will then exhibit a distinct territorial
behavior and aggressively chase off any intruders, especially those belonging to their
own species (Gerking 1959).

Apart from that, potamodromous species have been shown to travel more or less
extensively, sometimes over distances of several hundred kilometers (Table 2.2). The
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Table 2.2 Migration distances of potamodromous species, as determined by means of tagged fish

Species Distance (km) Body of Author
Upstream Downstream | Water
Barbel 300 300 Danube Steinmann et al. (1937)
Nase 140 100446
Chub 105 170
Ide 105 170
>90 116 Vechte Winter and Fredrich (2003)
64 187 Elbe
150 Hufgard et al. (2013)
>150 Fredrich (1999)
Asp >170
Burbot 20
190 Faller and Schwevers (2012)
Zander 20-100 Fredrich and Arzbach (2002)
>200 Schiemenz (1962)
330 Hufgard et al. (2013)
Carp Several hundred Danube Scheuring (1929)
Vimba bream | >800 Vistula Backiel (1966)
Pike 25 Ourthe Ovidio and Philippart (2005)
Perch 170 Baltic Sea Bohling and Lethonen (1985)
Bream 160 Hilden and Lethonen (1982)

destination of this type of migration may be spawning, feeding or wintering grounds,
for example.

Diadromous species also travel extensively within the freshwater. This type of
movement is to be considered potamodromous behavior. Thus, for example, eels
tagged by Mann (1965) covered average distances of about 40 km in the German Elbe
river, upstream as well as downstream. Individual specimens traveled up to 100 km
within the space of six weeks. In dammed waters, weirs may be passed during this
activity so that, in sample checks at upstream fish passes, elvers may be recorded
as well as yellow eels (Ballon et al. 2017). Likewise, barrages are occasionally
passed downstream, so that individual eels of all developmental stages migrating
downstream are to be expected throughout the year. However, in contrast to the
catadromous migration of silver eels, the timing of these migration events do not
appear to be coordinated, and they not initiated by specific triggers (Schwevers and
Adam 2016a).
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2.4.3 Diadromous Behavior

The migration of diadromous species is not a unidirectional movement at a constant
speed, characterized by uniform behavior patterns. For example, according to Allen
(1944), salmon smolts move downstream at intermittent intervals. Laboratory studies
also showed that phases of active downstream migration alternate with phases where
the fish just passively drift, or recover in low-flow zones (Féngstam 1993). Salmon
smolts travel in schools, e.g. in anonymous swarms where individuals influence one
another nonetheless. Migration begins in the headwaters, and smolts downstream
will successively join their conspecifics which travel past. Salmon that leave the
school will join other migrating schools later (Fingstam et al. 1993).

In contrast, according to Deelder (1984), the mass migration of silver eels is
not considered a form of swarm behavior, but rather the simultaneous departure of
numerous individuals that is merely induced by the same timers and triggers, and not
coordinated through social interaction. European silver eels do not travel towards the
ocean in just one go. This is especially true for waters with multiple dams. In fact,
their journey downstream occurs in stages and may even take several years, with
individuals following very different movement patterns (Bruijs et al. 2003).

2.5 Migration Corridors

Very little information is available on how migrating fish orient themselves in a
river, and what migration corridors they use under which conditions. Hesthagen and
Garnas (1986) assume that the preferred migration corridor corresponds to the zone
with the highest flow velocity, and thus runs in the middle of the river, or along the
cut bank. Tesch (1995) was able to confirm this for silver eels through telemetry
research in the Weser and Elbe rivers, and Rivinoja et al. (2004) describe the same
for the downstream migration of salmon and sea trout smolts in the Swedish rivers
Umeilven and Piteédlven.

Because of their orientation towards the main current, it is to be expected that
migrating fish primarily orient themselves towards the power station near barrages
with hydropower utilization. Due to the few and inconsistent field data available on
the topic, the distribution of fish in the presence of multiple flow paths that could
be used as downstream migration corridors remains unclear. For example, Jansen
et al. (2007) determined that the number of eels migrating downstream at the Linne
hydropower station on the river Maas in the Netherlands was distributed almost
proportionally over the various flow paths at this location.

However, at the hydropower stations in Kesselstadt and Offenbach on the Main
in Germany, migrating eels would generally prefer the side of the river where the
power station was located (Schwevers and Adam 2016b). Independent of the amount
of water discharged over the weir, the percentage of eels that passed through the
hydropower plant was always greater. Also, at times of heavily increased outflow,
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the percentage of weir passages did not rise; instead, it was significantly reduced,
e.g. the eels would prefer the passage through the power station. These surprising
findings suggest that the fish do not simply passively yield themselves to the flow sit-
uation, but rather react actively to the prevailing hydraulic conditions when choosing
their passage route. The mechanisms that are effective in this situation have not been
researched to date, to some as yet unknown physical or hydraulic condition when
choosing their passage route. Therefore, at this time it is not possible to predict the
distribution of migrating fish based on the layout of flow paths or the hydraulic con-
ditions in a ponded area. This is exacerbated by the fact that the hydraulic conditions
in a ponded area are usually unknown.

However, detailed information is available on the vertical orientation of migrating
salmonid smolts and silver eels. Evidently, smolts of the Atlantic salmon and other
anadromous salmonids prefer to migrate near the surface, e.g. in the upper 2 m of the
water column (Ducharme 1972; Bomassi and Travade 1987; Odeh and Orvis 1998;
Blasel 2009). Telemetry studies in the Weser and Elbe rivers showed that silver eels
can usually be found in the layer of water between the bed of the waterway and
1 m above the bottom (Tesch 1995). Similarly, on the Main, Gohl and Strobl (2005)
observed that silver eels mostly approached the intake screen of the Dettelbach power
station near the bottom. However, Haro (2001, 2003) and Brown et al. (2007), for
instance, reported that eels perform active searching movements in the intake area
of hydropower plants, which include swimming up to the water surface (Fig. 2.16).

Fig. 2.16 Searching behavior of an American eel, fitted with a telemetry transmitter, in front of the
intake structure of the Cabot hydropower station on the Connecticut River (adapted from Brown
et al. 2007)
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2.6 Migration Timers and Triggers

While, except for larval drift which depends on the development cycle, potamodro-
mous migration takes place uncoordinated and not focused on specific time spans
and events, downstream migration towards the sea in anadromous and catadromous
species occurs more or less synchronized. This is effected by a two-step mechanism:
First, certain timers establish a basic disposition to migrate—by affecting the hor-
monal balance, for example. These are usually environmental parameters that are
subject to long-term natural fluctuations over the course of a year. Day length, for
instance, constitutes the crucial timer for the metamorphosis of a salmon from parr
to smolt (Jonsson and Ruud-Hansen 1985).

Once the basic disposition to migrate has been established, the point in time
where migration actually starts is induced through specific triggers. These are envi-
ronmental parameters which are subject to short-term fluctuations; both increasing
and decreasing values may function as triggers. However, the number of parame-
ters for which a trigger function has been verified, or is at least being discussed, is
relatively small.

The most important trigger for the migration of diadromous species is definitely
outflow. Evidently, though, absolute water levels are not relevant, but rather an
increase in discharge as described for eels by Lowe (1952), Jens (1953), Tesch
(1983) and Hanel et al. (2012), for example. For salmon smolts, increasing outflow
is evidently the essential trigger for the spring migration as well (Jonsson 1991;
Schwevers 1998b).

With respect to water temperatures, sources are more ambiguous. According to
Jonsson (1991) and Fingstam et al. (1993), for instance, salmon and sea trout smolts
will start to migrate at water temperatures above 10 °C. Obviously, however, this
is not a trigger, but rather a threshold value that needs to be exceeded so that other
parameters, such as outflow, can become effective as triggers. In their research regard-
ing eel migration behavior in the Norwegian river Imsa, Vgllestad et al. (1986) were
not able to determine specific threshold values as triggers for migration, but they
specify a range of temperatures, between 4 and 18 °C, outside of which migration
will basically come to a standstill there. These findings apparently do not apply
to central European conditions, because according to Thalmann (2015), migration
events occur in the Weser even at times when the river is covered with sheets of ice,
e.g. at water temperatures at or near the freezing point. The same is true for the Main
river where findings by Schwevers and Adam (2016a) suggest that migration waves
are still quite possible in January and February with water temperatures below 4 °C,
and in late summer with temperatures above 20 °C.

Traditionally, the phase of the moon is considered to constitute a significant trigger
for migration, especially in eels. Scheuring (1930) already claimed that eel migration
took place mostly during a new moon (day 28 of the lunar cycle), while the lowest
migration activity occurred when the moon was full (day 14 of the lunar cycle). From
the statistical evaluation of schokker catches in the Rhine in Germany, Jens (1953)
determined that eel migration was at its maximum during a waning gibbous moon
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(days 22 through 28 of the lunar cycle), and at its minimum during a waxing gibbous
moon (days 7 and 8 of the lunar cycle). In the Irish Burryshoole River, maximum
migration activity also occurred in the last quarter of the lunar cycle (Poole et al.
1990). Two out of three migration events documented by Egg et al. (2017) in the river
Frinkische Saale in Germany in 2015 and 2016 coincided with the waxing gibbous
moon, but the main event which comprised 82% of the eels recorded occurred during
a waxing crescent moon. Ebel (2013) stated in summary that “the lunar phase is to be
considered a major influencing factor for the synchronization of eel migration.” On
the other hand, however, numerous other studies show absolutely no evidence of such
a correlation. According to Vgllestad et al. (1986), for instance, migration action in
the Norwegian river Imsa is completely independent of the lunar phase. Bruijs et al.
(2003) and Hanel et al. (2012) found no correlation at all in the river Maas in the
Netherlands and Schwentine in Germany, respectively. Neither do migration waves
detected by the Migromat™ early warning system in the German Main and Weser
systems show any indications of a possible influence of the lunar phase (Adam and
Schwevers 2006). Thus, on the whole, the possibility that the lunar phases, or rather
the prevailing light conditions, may influence eel migration to a certain degree cannot
be completely disproved. However, without a doubt it is other parameters that actually
trigger migration.

Although it is quite possible that other parameters, such as turbidity (Durif 2003)
or pheromones, for example, may encourage or inhibit the migration of diadromous
species, reliable data are lacking.

2.7 Rhythms of Migration

In nature, biological rhythms that are correlated with important environmental con-
ditions or events play an essential role. They are basically defined by two different
components: The inner clock of an organism approximately determines the length
of the rhythm, while external timers synchronize the organism’s rhythm with its
environment. The most important biological rhythms are the circadian, resp. diurnal
rhythm, which comprises 24 h, and the circannual rhythm, which covers a period of
roughly one calendar year (Miiller-Hickel and Miiller 1970; Peschke 2011).

2.7.1 Daily Rhythm

The movement activity of fish is mostly connected to the search for food, at least
outside of the spawning season. In this context, there is evidence for a different,
specific daily rhythm in every species of fish. In principle, diurnal, nocturnal and
crepuscular species can be distinguished. However, for many species, these phases
may shift over the course of the year. Brown trout, burbot and alpine bullhead, for
instance, are active in the daytime during the winter, but from dusk to dawn in the
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summer. Minnows, in contrast, remain diurnal throughout the year (Miiller 1970).
In spawning season, the circadian rhythm may be overridden, so that the usually
nocturnal ruffe, for example, becomes active during the day as well (Siegmund and
Wolf 1977).

The daily rhythm depends primarily on the photoperiod. Accordingly, as estab-
lished by Miiller (1970, 1978) through comparative studies of brown trout, burbot
and alpine bullhead in northern Sweden and Austria, activities of the same species at
different geographic latitudes are basically subject to the same rhythm, but beginning
and duration of the active phases vary depending on the light-dark cycle.

The migration action of fish is generally also distributed unevenly over the 24 h of
a day. For the most part, it takes place in the dark, especially at night. Pavlov (1989),
for instance, stated that, in clear water, 60-97% of juvenile fish of potamodromous
species migrate in the dark, predominantly between 09:00 o’clock (9 pm) and 16:00
o’clock (4 am). In turbid water, however, no daily rhythm was discernible. This
is supported by research of Schwevers et al. (2014) conducted at the water intake
structure of the pumped-storage power plant in Geesthacht on the Gerrman Elbe
where, even in winter, the depth of visibility is very low at 1 m or less. At this
location, the migration action of juvenile fish was also distributed rather evenly
over the 24 h of a day. Schmalz (2002b) also found that downstream migration of
fish occurs almost exclusively at night, but is facilitated by turbidity and increased
discharge.

Based on telemetry studies, it is known that potamodromous species perform
periodic daily changes of location. Pelz and Kistle (1989), for instance, described
the regular switch of barbels in the German river Nidda between their daytime and
nighttime habitats. For some animals, their nighttime habitat was located down-
stream, and their daytime habitat upstream; with other specimens, the reverse was
true. At a diversion power plant on the Diemel river in Germany, Schwevers et al.
(2017) demonstrated that brown trout regularly entered the tailwater channel of the
power station in the early hours of the morning, and left it again to head downstream
in the late evening.

For Atlantic salmon smolts, Fingstam (1993) established in laboratory tests that
the migration action is concentrated in the nighttime hours, and interrupted during
the day. Just at the peak of migration season downstream movements may continue
throughout the day. This is confirmed through field studies in the river Sieg in Ger-
many, where the downstream migration of smolts starts shortly before sunset and
reaches its peak after midnight (MUNLYV 2001). In German tributaries of the upper
Rhine, nighttime migration of salmon smolts was established as well, but in this area,
peak activity was observed at dawn (Blasel 2009).

River lampreys also migrate mostly at night, with a first activity peak when dark-
ness sets in and a second, weaker peak at dawn. During the day, migrating river
lampreys dig themselves into the sediment or rest on gravel banks (Jonsson 1991).

To a large extent, the migration of European silver eels takes place in the dark
and is therefore restricted to nighttime hours. Thus, during a telemetry study on
the German Main (Schwevers and Adam 2016a), only very few eels were observed
migrating between 6:00 and 16:00 o’clock (6 am and 4 pm). Migration activity then
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Fig. 2.17 Comparison of the circadian rhythms of silver eel migration in the Gave de Pau in France
(Travade et al. 2010, n = 116) and the German river Main (Schwevers and Adam 2016a, n = 216)

started around o’clock 16:30 (4:30 pm), reached its peak between 18:00 and 22:00
o’clock (6 pm and 10 pm), and ebbed away after that. Passages in the second half of
the night, until approximately 5:00 o’clock (5 am), were significantly less frequent.
Comparable circadian rhythms of silver eel migration were also recorded by Travade
et al. (2010) in the Gave de Pau in France (Fig. 2.17), and Stein et al. (2015) in the
German Elbe. In the Swedish river Atran, silver eel migration is concentrated at night,
but peak activity occurs somewhat later there. According to Calles et al. (2012), 76%
of eels migrated downstream between 20:00 and 4:00 o’clock (8 pm and 4 pm).
Similar conditions prevail in the rivers Friankische Saale in Germany and Gudena in
Denmark, where Egg et al. (2017), as well as Aarestrup et al. (2008), observed almost
100% of migrating eels during the night. Thus, the downstream migration of silver
eels occurs in stages when it is dark, and is interrupted during the daytime. Only
during the few annual major migration events is migration action not interrupted in
the early hours of the morning, but continues throughout the following day, or even
for several days in a row. This is the only time when migrating eels are observed
during the day as well (Schwevers and Adam 2016a).

2.7.2 Annual Rhythms

The movement activity of fish shows great variation over the course of a year. For
example, in the winter, the activity of brown trout, minnow and alpine bullhead is
decreased by roughly 1 of the power 10 as compared to the summer (Miiller 1970). In
contrast to upstream migration, however, the downstream migration of many species
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still occurs mostly during the winter months. This is possible because downstream
migration is dominated by passive and passive/active behaviors, with fish using the
transport force of the flowing wave and thereby minimizing energy expenditure
(Pavlov et al. 2002).

In anadromous salmonids, the downstream migration of smolts is usually precisely
timed and synchronized so that the majority of fish will migrate within a short window
of time, resulting in distinct migration peaks. On principle, in any body of water, the
migration of salmonid smolts always occurs in the spring, usually with a peak in April,
ending in mid to late May. According to Hoek (1901), smolts migrating downstream
in German salmon rivers would reach the river mouth around the second week of
May. This was specified for the river Rhine in more detail by Scheuring (1929): “In
the estuary of the Rhine, the first migrating specimens appear in the spring with the
receding flood wave in early May, and the main run usually arrives there between
May 4th and 18th. It comprises the group of young-of-the-year smolts. The last
stragglers, fish of the age group 2%, can be found as late as the end of July and early
August.”

The timing of the migration of post-spawning kelts, on the other hand, may vary
quite a bit. With Rhine salmon, the weather played a crucial role (Leonhardt 1905):
In mild winters, kelts would travel downstream immediately after spawning, but in
times of severe frost, they spent the winter in deep sections of water and did not
return to the sea until the spring. Evidently, similar conditions were found in salmon
populations in the Memel river in Poland at that time (Schwevers et al. 2002). Nyqvist
etal. (2015) also describe a distribution of kelt migration between autumn and spring
for the Swedish river Klardlven.

The journey downstream of migratory stages of other anadromous species, how-
ever, is apparently not so exactly synchronized. There is no information available
about the occurrence of distinct migration peaks, and the relevant literature only
provides a very vague idea as regards the period of migration (Table 2.3). Weibel
et al. (1999), for instance, recorded migrating river and sea lampreys in the cooling
water intakes of German thermal and nuclear power stations on the Rhine during the
entire winter half of the year, between October and March. The bulk of the migration
took place in the months of December through February.

In European eels, one needs to differentiate between potamodromous and catadro-
mous behavior. Potamodromous changes of location that are mostly due to foraging
for food can be observed throughout the year. They are independent of particu-
lar timers, and therefore not synchronized. The catadromous migration of poten-
tial spawners towards the ocean is triggered by specific timers and consequently
synchronized (Schwevers and Adam 2016a). Generally, the catadromous migration
takes place from August through February, with more or less substantial migration
waves distributed over the entire period, particularly between September and Decem-
ber (Breukelaar et al. 2009; Hanel et al. 2012). The synchronization of silver eels
through timers is so exact that migration peaks all occur in the nighttime hours of
just a few days. Silver eels are very well able to remain in freshwater for prolonged
periods of time so that, in years where a favorable timer is lacking, migration may be
significantly reduced in terms of quantity, or even be skipped completely. Moreover,
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Table 2.3 Annual rhythm in juvenile migratory stages of anadromous species

Species River (country) Migration period Author
Atlantic salmon Imsa >90% in May Jonsson and
(Norway) Ruud-Hansen (1985)
Gave d’Aspe April: Ingendahl (1993)
(France) 77% in 14 days
>50% in 7 days
Lahn Late April to late Schwevers (1999)
(Germany) May:
100% in 32 days
60% in 7 days
Sieg Mid March to late Steinmann and
(Germany) May: Staas (2002)
100% in 75 days
60% in 14 days
Sea trout Lahn Late April to late Schwevers (1998a)
(Germany) May:
100% in 28 days
Allis shad Seine September to Scheuring (1929)
(France) October
Rhine and Elbe Summer
(Germany)
Maraena whitefish Ob and Irtysh Spring and summer Scheuring (1929)
(Siberia)
Weser and Elbe March to July Scheffel et al. (1995)
(Germany)
River and sea lamprey | Rhine October to March; Weibel et al. (1999)
(Germany) main migration
period between
December and
February

the migration does not occur continuously, but is frequently interrupted for varying
amounts of time. Therefore, some European eels do not reach the sea within one
season, but possibly only in the following year, or even later (Vgllestad et al. 1986;
Bruijs et al. 2003; Simon and Fladung 2009; Stein et al. 2015).

Having compared catches of eels in Lake Constance and the middle Rhine, as well
as the middle and lower stretches of the Oder river between Germany and Poland
(Tesch (1983) concluded that the downstream migration of silver eels starts earlier in
the upper reaches of rivers than it does in waters that are situated closer to the ocean.
However, more recent research raised some doubts about this interpretation because,
at least in watercourses with multiple dams, migration events may be triggered inde-
pendently in individual barrages, and/or may influenced by tributaries (Thalmann
2015).
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Gender-specific differences appear to influence migration as well, given the pre-
dominance of smaller, male eels at the beginning of the migrating season while,
towards the end of the season, up to 90% of silver eels are female (Deelder 1984;
Tesch 1983). This might be connected to the fact that female eels travel much further
upstream than their male counterparts and therefore must cover greater distances
when they migrate downstream. According to Tesch (1983), water depth also influ-
ences the point in time when migration starts. In shallow waters, migration starts at
the beginning of the season, but is usually delayed by a month or two when the eels
get into deep waters.

Aside from the larval drift, which is linked to the development cycle, the down-
stream migrations of potamodromous species can hardly be delimited in terms of
time and may vary greatly between different species. The migration of juvenile bull-
head, for example, only occurs within a very narrow window of time between the
end of May and beginning of June (Bless 1990). Schmalz (2012) recorded migrating
juvenile fish mainly in the summer and early autumn, but also well into the winter.
Adult cyprinids, on the other hand, show an increased tendency to migrate during
the last quarter of the year (Steinmann et al. 1937).



Chapter 3 ®)
Impact of Limited Downstream e
Passability

In the natural state of water bodies, the phenomena and mechanisms of migration
described in Chap. 2 ensure the optimal use of resources and the complete formation
of water type-specific communities of fish species. Human interference in aquatic
habitats, especially through the construction of barrages, will seriously impact down-
stream migration, among other things.

In the following section, we first describe how downstream migrating fish react
to barrage structures and what dangers they face in negotiating them. Subsequently,
we will discuss the consequences in terms of population biology.

3.1 Reactions to Migration Barriers

As current knowledge suggests, the reactions of migrating fish facing disruptions
of any kind are similar in almost all European species. As a rule, fish will swim
against the current with their heads pointing upstream. Whenever their swimming

speed V’re] is less than the velocity of the current, they will drift downstream:

Voverbottom = Vrel+ Va  (Voverbottom 1IN the direction of the flow because

— — L.
Vel < V,and pointing downstream)

Whenever a fish perceives a disruption as potentially dangerous, downstream
migration will be delayed. This is due to the fact that the fish increases its swimming

speed Vrel against the flow. Once the swimming speed of the fish reaches the value of
= ‘Va ), drifting is interrupted (7 over bottom = 0). A

the approach velocity (‘Vrel

continued increase of Vrel will result in fleeing upstream if the fish has the capability
(Fig. 3.1).
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Unobstructed Interrupted Upstream movement in
downstream migration when the face of massive
migration alarmed disruptions
\76 e < <
Vi - - ——
Vover bottom _ 0 -

Fig. 3.1 Vectors in unobstructed migration, disruption and upstream escape

However, this flight only occurs as a reaction to massive disruptions and is only
possible when the approach velocity is lower than the critical swimming speed

%
V itical Of the fish:

— — — — .
V overbottom = Yrel + Va | V overbottom against the flow
= - -
with | V,| < | Viel| < |V critical

Such a reaction can be triggered by various stimuli, such as:

Changes in the hydraulic conditions, especially major changes to the flow velocity.
Optical, acoustic and electrical stimuli such as the ones used in behavioral barriers,
for example.

Chemico-physical changes to the water body due to feeders, for example, but also
through discharge, waste heat etc.

Physical obstacles of any kind, including mechanical barriers.

According to current knowledge, eels alone do not show this kind of behavior, or
only as a consequence of massive disruptions (Adam et al. 1999; Russon et al. 2010;
Piper et al. 2015). Members of this species frequently do not react to obstructions,
specifically the intake screens in front of hydropower stations and water extraction
plants, until after they have already collided with them (Sect. 4.2.5.1).

3.2 Delayed Migration Due to Ponded Areas and Barrages

The regulation by dams watercourses already decreases the speed of downstream
migrating fish by the mere fact that the vector of the flow velocity in the ponded
area is reduced. Tesch (1965) demonstrated that descending silver eels compensate
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for this by changing over from passive or active/passive drift to active migration,
so that their speed above the bottom is higher there than the flow velocity of the
water. Apparently, no research has been conducted so far to establish whether the
same applies to other species. In any case, the maintenance of the migration speed
in a ponded area definitely requires an additional physical effort and thus affects the
energy balance of the traveling fish.

There is plenty of evidence, however, suggesting that barrages delay migration.
This is due to the loss of time that results from the search for suitable and passable
migration corridors, but also to the hesitant behavior that is frequently exhibited by
fish before they accept such a path.

Delayed migration of European silver eels in front of barrages is the topic of
various publications, including these examples. Acou et al. (2008) established on
the French Frémur, a small coastal river in Normandy, that downstream migration
from a reservoir only occurs when the dam overflows and that the migrating season
is therefore delayed until the spring, well into April. At the Auer Kotten hydropower
station on the Wupper river in Germany, silver eels marked with passive integrated
transponders (PIT tags) kept approaching the various bypass entrances, but only
stayed there for a very short time and then returned to the headwater for hours, days
or even weeks at a time (Engler and Adam 2014). An additional delay is caused
by the upstream fleeing reaction that eels exhibit after coming into contact with the
intake screen of a hydropower plant (Sect. 4.2.4).

The following evidence has been gathered regarding Atlantic salmon smolts. On
the Welsh river Dee, Garner et al. (2016) examined the passage at an undershot
sluice gate weir. More than 90% of salmon smolts that were tagged with acoustic
telemetry transmitters passed the gate, but it took them almost 10 h on average, while
a reference stretch of about the same length was passed within 1 h 40 min. In the
course of telemetry research in Diemel and Sieg, two rivers from lower mountain
ranges in Germany, @kland et al. (2016) documented that downstream migration is
delayed there by as much as a day on average before bypasses or upstream fish passes
are used to cross into the tailwater. Engler and Adam (2014) used passive integrated
transponder technology to determine that, at the Auer Kotten hydropower station on
the Wupper, salmon smolts would almost permanently linger—sometimes for two,
three, or even six days—in front of the entrance of the surface bypass, or the exit
of the upstream fish pass on the headwater side, before finally using the corridor to
descend. At an overflowable hydropower station on the Kinzig river in Germany,
Thorstad et al. (2017) determined an average time delay of 8.6 h, with a median of
1.3 h. In the French river Loire, some of the salmon spawning grounds lie more than
900 km away from the sea in the upper reaches of the Allier river, upstream from
the barrage in Poutes. The optimal window of time for the saltwater adaptation of
smolts comprises approximately three weeks between the middle of April and the
beginning of May. On average, the smolts will actually reach the estuary more or less
between April 11 and 28; however, this is not true for those who start their journey
in the upper reaches. In fact, their descent is considerably delayed by the reservoir
and dam of Poutes, and they will therefore only pass this location between April 23
and May 1 on average. Since the 750 km journey downstream takes about 22 days,
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they will thus only reach the estuary between May 15 and 23, which is too late for
optimal saltwater adaptation. According to Imbert et al. (2013), this probably results
in increased mortality.

In potamodromous species, the reduced flow velocity in the ponded area slows
down the migration speed of the larvae and hatchlings which are passively drifting
downstream. The barrage itself, however, is passed via the spill way (Pavlov 1994)
and does not result in a delay of migration. In contrast, for older developments, delays
usually result from behavioral reactions infront of the screens of hydropower plants
and access to openings of bypasses (Schmalz 2010).

3.3 Mortality Caused by the Passage of Barrages

Generally, a distinction can be made between fixed and movable barrage construc-
tions. In smaller bodies of water, fixed barrages prevail, such as side weirs, low
weirs, and ground sills. These are often historical mill weirs. Movable weirs usu-
ally consist of concrete structures featuring culverts that are equipped with mobile
gates and valves of various types. This is the case with nearly all barrages in Ger-
man federal waterways, which typically consist of several weir fields up to 50 m in
width. The weir locks are often classic roller gates; for instance, the first gates of this
type world-wide were installed on the barrage on the Main in Schweinfurt in 1903
(Carstanjen 1904). These pivoting rollers are equipped with a gate flap which sits
directly on the weir floor with a seal (Fig. 3.2). The roller drum can be rotated and
lifted to expose a gap near the floor; the flow, and thus the discharge, is controlled
by adjusting the height of the gap (Fig. 3.3). In the event of flooding, the rollers can
be raised completely to allow the water to flow freely (Fig. 3.4).

One disadvantage of this type of weir lock is the fact that the outflow at the under-
shot roller cannot be controlled very precisely. Therefore, roller gates are increasingly
being replaced by different constructions, especially fish-belly flaps. These are mov-
able and rest on a massive weir sill (Figs. 3.5, 3.6 and 3.7). They are overshot, not
undershot, and can be tilted continuously, allowing for very sensitive discharge con-
trol. The upper edge of the flaps is usually equipped with flow splitters that serve to
counteract undesirable vibrations of the gate.

There are many other types of weir locks in existence, such as radial gates with
compression or tension gate arms, roof weirs and double-leaf hook-type gates, or
even inflatable rubber dams (Gebhardt et al. 2014, 2017).

The risks for fish to be injured or killed during the passage of such weir locks are
manifold (Table 3.1). For the definition of injury and mortality, see Sect. 3.4.1. With
fish-belly flaps and other overshot weir locks, fish may be injured when colliding
with a flow splitter. However, the flow velocity barely reaches more than 3 m/s here
(Schwevers and Adam 2016b); this is far below the critical impact velocity of close
to 11 m/s determined for turbines by Raben (1957a) beyond which fish are likely to
be injured (Sect. 3.4.1.2).
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Fig. 3.2 Schematic cross-section of a roller gate (modified from Carstanjen 1904)

Fig. 3.3 Undershot roller gate with high discharge (U. Schwevers)
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Fig. 3.4 The weir in Kostheim on the German river Main at high water level; two of the three
rollers have been lifted, clearing the way for ships (U. Schwevers)

Fig. 3.5 Schematic cross-section of a fish-belly flap
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Fig. 3.7 Drained center weir field of the weir in Offenbach on the German Main; the fixed weir
sill on which the movable fish-belly flap rests rises above the concrete floor (U. Schwevers)
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Table 3.1 Critical values for

L . . Parameter Critical value
the mortality risk during weir
passage Overshot weir locks
Collision with Flow velocity 11 m/s
splitters
Impact on the water | Speed 15-16 m/s
surface
Impact on the floor | Water depth, 0.9 m
absolute
Water depth, Ah x 0.25
relative

Undershot weir locks

Collision in the gap | Flow velocity 11 m/s
Gap height 6 cm
Turbulence in the Volume per outflow | 10 m? per 1 m%/s

stilling basin

Table 3_‘2 Final speed, Length of fish (cm) | After a free fall of Final speed (m/s)
depending on fish length and (m)
height of free fall

10-13 25-30 12

15-18 3040 15-16

60 More than 200 58

When fish pass an overshot weir, this either happens in free fall through the air, or
within a jet of water. Depending on their size, the fish will reach a certain terminal
velocity. These final speeds have been compiled in Table 3.2 using data from Larinier
and Travade (2002b).

Independent of the size of the fish, serious injuries involving damage to gills,
eyes, and inner organs may occur when the impact velocity on the water surface
exceeds 15-16 m/s (Bell and Delacy 1972). This critical speed is reached by fish of
15-18 cm in length, such as salmon smolts, after a free fall of 30-40 m; for fish that
are 60 cm long, it only takes 13 m. Independent of the drop height, the risk of injury
upon impact on a water surface in free fall is minimal for small fish of up to 13 cm
in length, due to the fact that they never reach the critical speed of 16 m/s.

Only the surface impact speed determines the risk of injury; it is of no consequence
in this respect whether the fish is in free fall at the time, e.g. in air or falling within a
body of water. When still surrounded by water the critical speed of 16 m/s is reached
after a drop of 13 m. With greater drop heights, the injury and mortality rates rapidly
increase. Similar flow velocities occur at undershot roller gates. Here, the danger does
not lie in the acceleration and deceleration of the flowing water jet including the fish
that are being carried along, but rather in the collision of the animals with the weir
sill or the lower edge of the shutter. Evidently, however, this problem only occurs
with extremely narrow gaps. Based on his research at the Dettelbach hydropower
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station on the German Main, Holzner (1999) gained the insight that “a minimum
flow rate of 15 m*/s at the weir drum [is sufficient] to prevent injury to passing fish.”
Since the weir drum in Dettelbach is 25 m wide and the drop height is 5.5 m, this
corresponds to a gap width of up to 6 cm. Schwevers and Adam (2016b) stated that
drum gates of weirs are primarily used to provide sufficient discharge capacity in
times of high outflow. Thus, at the weir in Offenbach on the Main, for example, the
smallest documented gap width was more than twice as large, namely 15 cm, in the
2014/2015 season.

Odeh and Orvis (1998) postulated that the shear forces prevailing in the tailwater
cause no harm as long as the volume of the stilling basin amounts to at least 10 m*
per 1 m%/s outflow. The stilling basin of the Miihlheim and Offenbach barrages on
the Main, which is 135 m wide, about 20 m long and around 3 m deep, contains
a volume of approximately 8.000 m? so that, by way of calculation, shear forces
should pose no danger up to a weir discharge of 800 m?®/s. This situation roughly
corresponds to the mean high water outflow of the Main where tailwater levels are
already significantly on the rise, thus increasing the volume of the stilling basin.
On the whole, high outflow is therefore accompanied by rising volumes in stilling
basins.

Finally, injuries may also occur when fish hit the floor of the tailwater (Gebhardt
et al. 2014, 2017). As suggested by Odeh and Orvis (1998), this risk is prevalent
whenever the water depth in the tailwater is less than 0.9 m, or one quarter of the
drop height.

3.4 Mortality Caused by the Passage of Turbines

Pelton turbines and cross-flow turbines are the engines of hydropower plants that
consist of runners equipped with densely fitted, fixed blades, and rotate at very high
speeds. The chances of fish surviving passage through this type of runner unharmed
are minimal. Francis turbines are also equipped with numerous fixed runner blades,
but in comparison to the turbine types described above, the blades are fewer and
the rotational speed of the runner is lower, resulting in a higher survival rate of
passing fish. The actual mortality rate for a Francis turbine strongly depends on local
hydraulic and technical conditions and may vary considerably between different
species and sizes of fish (Dwa 2006). Damage rates between 5% and over 90% were
determined for migrating salmon smolts; these rates are higher for other species,
especially larger ones. Nowadays, this is strong move towards Kaplan or propeller
type turbines, due to their greater efficiency, and greater degree of protection afforded
to migrating fish. Modern more or less fish protecting versions are Kaplan turbines
with minimized gaps, include runner types such as the Very-Low-Head and the
Pentair Fairbanks Nijhuis turbine and runner types of a Archimedes’ screw principle
(Fig. 3.8, Chap. 6).

In most cases, the passage of such turbines does not result in unavoidable death.
A number of fish will get through unharmed, while others are hurt, suffering either
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Fig. 3.8 a Runner of a Kaplanturbine (ANDRITZ). b Very-Low-Head turbine (MJ2 Technologies
S.A.R.L). ¢ Archimedes’ screw turbine (U. Schwevers)
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sublethal or lethal injuries. While fish are able to survive the former, the latter will
result in their death. The sum of sublethal and lethal injuries is defined as damage, and
its relative share of the total number of fish is called the damage rate. A distinction
is made between direct mortality, e.g. instant death, and delayed mortality where
fish will perish after some time. The latter is determined by holding the surviving
specimens, usually for a period of 48 h. Thus, mortality figures always refer to the
total number of lethal injuries, and the mortality rate to the relative share of lethally
damaged fish as compared to the total number of animals.

Because research methods regarding turbine-related mortality of fish tend to
require elaborate setups, field studies in this area have only been conducted spo-
radically, and mostly on small or mini hydropower installations (e.g. Spdh 2001;
Bochert et al. 2004; Bochert and Lill 2004; Lagarrigue et al. 2008a, b; Tombek and
Holzner 2009; Edler et al. 2011; Lagarrigue and Frey 2011; Schmalz 2011; Matk
2012; Uzunova and Kisliakov 2014). Following research on the river Main by Raben
(1955, 1957a, b, c) in the 1950s and Butschek and Hofbauer (1977) in the 1970s,
as well as by Berg (1985, 1988) on the rivers Neckar and Werra, this topic was
completely neglected in Germany until Holzner (1999) in Dettelbach on the German
Main and Rathcke (2000) in Landesbergen on the Weser river in Germany conducted
new studies in this field. More recently, mortality on account of turbines was deter-
mined by Schwevers et al. (2011), also in Landesbergen, by Schneider et al. (2012)
in Kostheim and by Sonny et al. (2016) in Kesselstadt, both on the Main; all of these
studies focused on eels.

In combination with the extensive international literature compiled by Cada
(1991), Eicher (1993), Christen (1996), Hofer AND Riedmiiller (1996), Schwevers
(1998), DWA (2006), Ebel (2013) and others, there is a wealth of data available
regarding turbine-related mortality for different species and sizes of fish through
water-driven engines of various construction types. Evidently, migrating fish suffer
damage not only in conventional turbines, but also through hydrodynamic screws,
and even water wheels (Spih 2001; Tombek and Holzner 2009; Schmalz 2011; Kibel
etal. 2009; Kibel and Coe 2011; Bracken and Lucas 2013; Adam et al. 2015; Brackley
et al. 2015).

The scope of damage depends on various technical specifications of the turbine
and power station structure. Some of the crucial parameters are the type and diameter
of the turbine, its rotational speed, and the number and shape of the runner blades.
Other factors, such as the drop height, may influence the mortality rate as well. How
high this rate is for a given turbine, however, cannot simply be expressed in a single
figure because it depends on a number of variables. These are chiefly the operating
status of the turbine, e.g. mainly the pitch angle of the runner blades in Kaplan
turbines and the rotational speed in variable-speed turbines, flow rate, as well as the
species and the size of the fish.

The greatest risks during migration face diadromous species that depend on being
able to safely negotiate every single migration barrier that lies between their fresh-
water spawning grounds and/or juvenile growth habitats and the sea. This is espe-
cially true for the downstream migrating adult eels. Studies have established, for
instance, an average mortality rate of 22% for the Dettelbach hydropower station
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on the Main, and 24% for the hydropower station in Linne on the Moselle in the
Netherlands (Bruijs et al. 2003). During their experiments with the turbine of the
Kostheim hydropower station on the Main, which has presumably been optimized
for fish-friendliness, Schneider et al. (2012) determined a 32% mortality rate for eels
that were recaptured after forced turbine passage.

Developmental stages of anadromous species migrating downstream have shorter
bodies, and therefore a lesser risk of damage. Established mortality rates of juvenile
salmonids during the passage of Kaplan turbines lie around 5-20% (Dumont et al.
2005). So far, no reports are available about the scale of turbine-related losses in
other anadromous species. Based on American research on closely related species, it
must be assumed that for allis shad, losses may be as high as 50 to 80% and are thus
much higher than in salmonid smolts (Kynard et al. 1982; Dubois and Gloss 1993).

As to lampreys, the international literature at least provides a few insights about
damages caused by water intake structures and bypass systems (Moser et al. 2012);
yet, no information whatsoever is available on damages in connection with power
stations and turbines. However, based on the following facts, it may be assumed that
the damage rate of lampreys in the context of turbine passage is lower than that of
other species groups:

e Migrating juvenile forms are relatively small, between 12 and 18 cm long, which
minimize the danger of colliding with the runner blades.

e Also, lampreys do not possess a swim bladder that might burst due to pressure
differences during their passage through the turbine. Accordingly, Pacific lam-
preys of the species Lampetra richardonii and Entosphenus tridentatus that were
exposed to a simulated turbine passage in a pressure chamber survived unharmed
and showed no signs of barotrauma (Colotelo et al. 2012).

e Lamprey skeletons are entirely cartilaginous and thus more elastic than those of
fish, reducing the risk of fractures.

So, predictably, in laboratory simulations of passage through a turbine, Pacific
lampreys suffered no direct or delayed mortality at all and were not even seriously
injured while, under the same conditions, Pacific salmon smolts incurred severe,
usually lethal damage (Moser et al. 2012).

The occurrence of the two anadromous species of sturgeon of the North and Baltic
seas is concentrated on the lower stretches and estuaries of German rivers. Proof
of their presence in the middle stretches and their tributaries already constituted a
rare exception in historical times (Kinzelbach 1987). Moreover, to date, only one
upstream fish pass, the double slot pass in Geesthacht on the river Elbe, exists in
Germany today that makes allowances for the needs of low-performance, large-
sized acipenseriformes (DWA 2014; Hufgard and Schwevers 2013). From this can
be concluded that juvenile anadromous sturgeons only need to be accommodated
in the conceptual design of fish protection facilities and downstream fish passes in
transverse structures near the estuary, if at all.

In potamodromous species, migration mainly affects juvenile fish of less than
10 cm in length during their first year of life (Sect. 2.1.1.3). Due to their limited
swimming performance, they are especially prone to being caught in the intake
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structures of hydropower stations and water extraction plants (Mast et al. 2016;
Rosenfellner and Adam 2016). Accordingly, in fish migration studies, far more than
90% of individuals recorded are usually within the 0* age group. The danger of
collision with the turbine blades is comparatively low with these specimens, but
they are probably more affected by other types of damage, such as decompression,
cavitation and shear forces, than larger fish.

The injury patterns documented after passage through a turbine are manifold and
can be attributed to rather diverse causes. While certain characteristic injuries such
as amputation and burst swim bladders can be easily traced back to their source,
other types of damage are often non-specific, and determining what caused them is
mostly guesswork. Frequently, even identifying injuries that result from the research
methods or process is not an easy feat. Therefore, in order to be better able to
distinguish turbine-related external injuries from damage caused by the methods
used in future studies Miiller et al. (2017) developed a detailed field study protocol
and evaluated its applicability.

The following sections provide a summary of the current state of knowledge
regarding the causes of turbine-related damages. For the mortality rates established
in various studies, please refer to the meta sources cited above.

In this context, for the sake of completeness, we also need to mention the issue
of fish damage through the intake screens of hydropower plants. This will be further
discussed in Chap. 4.2, along with problems related to bar spacing and permissible
approach velocities.

3.4.1 Impact-Induced Injuries

Many authors consider collisions of fish with runner blades the leading cause of
turbine-related mortality (Raben 1957a, b, c; Montén 1985; Haddringh and Bakker
1998; Amaral 2014). These mainly result in blunt force trauma which may damage
organs, cause internal bleeding, and lead to broken bones, particularly vertebrae
(Figs. 3.9 and 3.10).

Fig. 3.9 Eel which could
still swim but showed
multiple spine fractures in
the tail region caused by
passage through a
hydro-electric turbine (U.
Schwevers)
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Fig. 3.10 Fractured
vertebrae of an eel after
turbine passage (K. Ebel)

With respect to the mortality risk through collision with runner blades, the main
focus lies on calculating the impact probability. However, not every collision neces-
sarily results in death. Therefore, besides the collision probability, one also needs to
consider the mortality risk in the case of a collision, which depends on the impact
speed on the one hand, but also on the shape of the runner and on the size and species
of fish.

3.4.1.1 Impact Probability

The issue of impact probability was first discussed by Raben (1957a, b, ). Evidently,
the probability of a collision between a fish and the rotating runner blades of a turbine
essentially depends on the time the fish has available for passing the space between
two runner blades, and the time it actually needs to pass this space. The time a
fish is given for passing the runner blades of a rotating turbine depends on both
the rotational speed and the number of runner blades. The higher the speed and the
greater the number of blades, the shorter the time span the fish can use for passage.

The time a fish actually requires for the passage depends on the entry velocity,
e.g. the speed at which the fish enters the space between the runner blades, and the
size of the fish. Assuming that the body axis of the fish is aligned parallel to the
flow upon entry into the turbine, the crucial parameter will be its body length. To
avoid a collision, the fish needs to pass untouched between two runner blades with
the entire length of its body. Thus, for any given rotational speed, number of blades,
and entry speed, there must be a maximum length a fish can have to only just pass
the runner blades without making contact. Any fish that surpasses this length will
inevitably collide with one of the blades, irrespective of the point in time when it
entered the runner zone. Therefore, the collision probability of a fish of maximum
length is nearly 100%. It is reduced to 50% for a fish of half the maximum length,
to 10% for a fish of one-tenth the maximum length, etc.

Based on these considerations that were confirmed by later authors, Raben (1957a)
developed a formula for calculating the collision probability. However, his calcula-
tions were not based on the fish itself, but on the flow of water into the turbine
(Fig. 3.11).
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Tracks of incisions

Fig. 3.11 Illustration of the water flow (light blue lines) in the zone of the runner blade edges
during one revolution of a four-blade runner (white lines)

According to his model, the water flows through the cross-section area that is
formed by the rotating runner blades is divided into sectors with the length of each
sector corresponding to the maximum fish length. Fish larger than this sector length
would be divided into two pieces, meaning that they would inevitably be hit by one
of the two blade edges (Raben 1957c).

Given the assumptions above, the collision probability (q..) can be described
as the relation between the actual fish length (I5¢,) and the maximum fish length
(lﬁsh max):

lfish

Yoo = 3.1)

1ﬁsh max

To determine the maximum fish length, one need to calculate how much time a
fish has available for passage. Based on the rotation speed (U) in [s™!], it is first
determined how much time a runner blade requires for one complete revolution.
However, because turbine runners have more than one runner blade, the fish cannot
make use of the entire time until one complete revolution is finished, but only the
time it takes for a runner blade to catch up with the current position of the blade
that precedes it. To calculate the available time (t), the time span of one complete
revolution must therefore be divided by the number (nt) of runner blades:

1

U-IlT

t=

for Uis[s™'] (3.2)

As an example, the available time for a four-blade Kaplan turbine at the Obernau
hydropower station on the Main in Germany, based on the values given by Raben
(1957¢c) where:

U=682min"' ~ 1.137s" and ny = 4

is calculated as follows:

t=———"—=0.22s
1.137s71 -4
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Another parameter that is required in order to determine the collision probability
is the speed of the fish when entering the turbine. Assuming that the fish is being
passively carried along with the current, it is moving at the same speed as the water
that flows into the turbine. The average flow velocity of a liquid in a flow cross
section can be calculated from the discharge (Qr) and the traversed area (Ar) of a
turbine. For turbines that are approached axially by the flow, this results in the axial
speed (Vaxial); for radially approached turbines, the result is the radial speed (Viadial)
(Fig. 3.12).

One needs to take into account, however, that the water is diverted by a certain
angle 6 by the guide apparatus in front of the runner. The entry speed of the water
(Vabso1) including the fish, is thus calculated from the flow rate (Qr), the traversed
area (Ar), and the pitch angle of the guide vanes (0):

Qr 1

- 3.3
Ar cosf 3-3)

Vabsol =

Figure 3.12 illustrates that the entry speed (v,pso1) can be calculated using either
the inflow angle a, or the vane angle . Knowing one of these angles is essential to the
calculation. The flow area (Ar) of a Kaplan turbine at the height of the runner blades
is determined by the circular area of the turbine cross section with the maximum
diameter (d,,, ), minus the circular area of the inner hub with the minimum diameter

(dmin):

dmax 2 dmin : b 2 2
Ar =m- > -1 > =7 (dmax - dmin) 3.4)

Peripheral speed u
w Tangential speed Vian Differential speed vgjt

paads [eipel/[eIXY

Fig. 3.12 Speed vectors during the inflow of water into a turbine (modified from Montén 1985 and
Ebel 2008)
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As an example, the flow cross section of the Kaplan turbines at the Obernau
hydropower station on the German river Main, based on the values given by Raben
(1957¢) where

dpax =4.45m and dppj, = 1.5m
is calculated as follows:
Ar = % (4.45m)* — (1.5m)?) ~ 13.79m*

Based on Formula 3.3, the entry velocity of the water (v4p501) can now be calculated
from the traversed area At = 13.79 m?/s, the turbine flow rate Qr = 65 m3/s, and
the pitch angle of the guide vane 6 = 30°:

65T L s,m
Vabsol = 9370 m2  cos (300 "7

From this and the maximum available time t = 0.22 s calculated according to
Formula 3.3, the maximum fish length is finally derived:

Lyar = €+ Vapeo = 0225542 ~ 1.19m = 119cm
S

Thus, a fish with a length of 119 cm might only just be able to pass the Kaplan
turbines of the Obernau hydropower station without a collision if it entered the turbine
at the optimal point in time. However, the collision probability would still be close
to 100%.

When the above mentioned value for the maximum fish length is entered in For-
mula 3.1, taking a fish of 55 cm length as an example, the collision probability comes
to approximately 46%:

Inputting Formula 3.2 through to Formula 3.4 in Formula 3.1 results in the fol-
lowing overall formula for assessing the collision probability:

losh 1

eoll =

N 1
lfish max nrU T (&2, dmm) " cosb
lonp-U-m- (2, —d2, ) cosh Cr
Qoo = E‘ o ) forUin [s™'] (3.5)
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Fig. 3.13 Position and orientation of cuts in 37 young salmon of varying lengths that were exposed
to the Kaplan turbine of the Swedish hydropower station in Motala (adapted from Monteén 1985)

l'np-U-n-(dy,, —d;,,) cosb ) .
Qo] = 240-Q, forUin [mm ] 3.6)

Formula 3.6 is the exact same formula that was already postulated by Raben
(1957). Similar formulae were developed by e.g. Bell (1991), Turnpenny et al. (2000),
and Pavlov et al. (2002), and arrive at the same calculated results (Ploskey et al. 2004;
Ebel 2008).

However, according to research conducted by Montén (1985), the collision prob-
ability is significantly overestimated when applying the formula introduced above.
In order to examine the orientation of fish within turbines, this author equipped the
runner blades of the Motala power station in Sweden with knives that caused well-
defined cuts and thus provided information on the orientation of fish in relation to
the runner blades. This showed that, at the time of the collision, the salmon smolts
used as test animals were not generally oriented perpendicularly to the front edges
of the blades, but largely at random, in a great variety of angles (Fig. 3.13). Being
oriented diagonally or even at a right angle to the water flow, however, will diminish
the longitudinal extent of the fish, and thus the collision probability.

3.4.1.2 Impact Velocity

To date, in the available German-language literature, the significance of the impact
velocity for the mortality risk in turbine passage has been addressed solely by Raben
(1957a). In terms of cause-effect relationships in this regard, analogies can be found
to the well-studied topic of accident research. One significant insight from this is
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that the severity and probability of injuries is not proportional to the impact velocity,
but rather to the kinetic energy: both will rise exponentially with increasing speed.
Thus, the probability of a pedestrian suffering lethal injuries when hit by a passenger
car is around 5% at 30 km/h, 40% at 50 km/h, and 90% at 70 km/h (Ottensmeyer
1995). Other factors that influence the severity of injuries are the vehicle’s technical
specifications and, most of all, the age of the pedestrian (Davis 2001). Evidently, the
risk is significantly higher for those over 60 years of age (Fig. 3.14).

The same physical principles that apply to the collision with the runner blade of
a turbine are true for the impact of fish on any surface. In his studies regarding the
turbine mortality of eels, Raben (1957a) determined a critical value of 10.83 m/s
below which, according to him, an impact will cause no damage to this species. The
absolute speed at the front edge of the runner blade increases from the inside to the
outside, as does the impact velocity. It is therefore possible that an impact on the
periphery of the runner blade has lethal consequences while a fish may survive close
to the hub. Hence, if the impact velocity stays below the critical value even in the
periphery, there is apparently no risk of injuries due to collision.

The guide vanes themselves are deemed to pose no danger. The reason for this is
that guide vanes split the water flow into longitudinal streams in the flow direction, the
impact probability of a fish carried along in one of these partial streams is minimal,
as is the impact velocity and the risk of injury.

The literature we evaluated contains plenty of evidence suggesting that the
approach of Raben (1957a) is accurate, as is the critical value of just under 11 m/s.
This corresponds to approximately 39 km/h and is therefore close to the critical value
for pedestrians in traffic (Ottensmeyer 1995; Davis 2001). Applying these facts to
the technology of hydropower plants provides the following insights (Chap. 6):
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Fig. 3.14 Risk of lethal injuries to pedestrians of different ages as a function of the impact velocity
(according to data from Davis 2001)
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Table 3.3 Flow rate, rotational speed, and mortality rate in turbine mortality studies on rainbow
trout by Winbeck (2017) and Winbeck and Winkler (2017)

Turbine flow rate (Qr) Rotational Impact velocity Mortality rate (%)
Absolute Relative (%) | Speed (Ut) (rpm) | (MV/S)

(m?/s)

11.0 100 250 11.1 13

8.8 80 200 8.9 2

6.6 60 150 6.7 1

e Hydrodynamic screws generally have low rotational speeds, resulting in a low
impact velocity at the front edge of the screw. Accordingly, in this type of turbine,
fish rarely experience blunt force injuries, but mainly cuts and scale abrasions
suffered within the gap between the screw and the housing that surrounds it (Spih
2001; Schmalz 2010, 2011).

e The Very-Low-Head turbine works with relatively low rotational speed and, as a
result, low impact velocity. In their initial studies on such a turbine on the French
river Tarn in the city of Millau, Lagarrigue et al. (2008a, b, c) determined an
average mortality rate for silver eels of 7.7%, resulting exclusively from cuts and
severing, while injuries such as bruises, fractured vertebrae and other damage that
would result from a collision with the turbine blades were not encountered at all.
For salmon smolts, the average mortality rate was 3.1%; but the authors did not
provide figures for the frequency of different injury patterns.

e With low rotational speeds, mortality is at a minimum even in Kaplan and propeller
turbines. Data published by ANONYMUS (2016), Winbeck (2017) and Winbeck
and Winkler (2017) regarding mortality studies on rainbow trout following pas-
sage through a variable-speed propeller turbine have been especially useful. With
a maximum flow rate of 11.5 m?/s and a rotational speed of 250 rpm, the mor-
tality rate was 13%. When the turbine flow rate was reduced to 9 or 6.5 m/s, the
mortality rate decreased to 2 and 1%, respectively. This result came as a surprise
initially because it is known that, with Kaplan turbines, mortality increases when
the turbine flow rate is reduces. This is caused by the different mechanisms of
flow regulation, namely in Kaplan turbines, when the opening angles of the runner
blades are reduced, this increases the collision probability and mortality rate, the
flow rate in a variable-speed propeller turbine is controlled via the rotational speed,
while the runner blades cannot be adjusted. In the experiment described above, the
rotational speed was decreased from Ut = 250 rpm to 200, and further to 150 rpm.
Correspondingly, the impact velocity was reduced from 11.1 to 8.9 and 6.7 m/s
(Table 3.3). Thus, RABEN"s critical value was exceeded at full load, and not even
reached at reduced flow rate. This explains the reduced mortality with a decreased
turbine flow rate.

e Amaral (2014) states that more than 90% of fish can survive an impact velocity
of up to 12.1 m/s, while the mortality rate strongly increases with higher impact
velocities.



3.4 Mortality Caused by the Passage of Turbines 51

= 2l
. ¢ ¢ e

Fig. 3.15 Laboratory research on mortality as a function of the thickness of the front edge of a
runner blade in relation to the length of the fish (S. Amaral)

e Compared to the impact on solid surfaces, impact on the water surface is less
dangerous. For this case, Bell and Delacy (1972) proposed a significantly higher
critical speed of 15-16 m/s.

All in all, RABEN’s critical value has been basically confirmed in various field
studies. So far, no specific studies are available on this. Nonetheless, one must assume
that there is no fixed, exactly definable critical value, but that the risk of injury is low
under a certain threshold value that lies around 10-11 m/s, and rises exponentially
with higher impact velocities. Moreover, this critical value is probably different
between species, comparable to the mortality risk of pedestrians of different age
groups in traffic. Finally, the properties and condition of the impact surface, as well
as its size, also play a significant role.

3.4.1.3 Impact Surface

The consequences of the collision of a fish with a surface depend not only on the
impact velocity, but also on the surface itself. Therefore, in accidents with pedestrians,
the shape and design of the vehicle’s front is another essential factor: The smaller
the impact surface over which the impact energy is distributed, the higher the risk
of injury. In the 1990s, impact protection on passenger cars was therefore prohibited
because it significantly increased the accident risk for pedestrians.

Similarly, AMARAL conducted studies regarding the influence of the thickness
of the front edge of a runner blade on the severity of injuries in fish (Fig. 3.15, Amaral
et al. 2011; Amaral 2014). First, they determined that the absolute thickness (th) of
the front edge is not relevant, but rather the ratio between the length of the fish (I4)
and the thickness of the edge (Igsn/th).

Some very clear dependencies became evident: As long as the ratio lgsn/th was
smaller than 1, e.g. the fish was shorter than the thickness of the runner blade’s front
edge, the survival rate of rainbow trout was close to 100% even at an impact velocity
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Fig. 3.16 Survival rate of rainbow trout following impact as a function of impact velocity and
relative body length (adapted from Amaral 2014)

of 12 m/s. However, with increasing relative fish length, the survival rate diminished
rapidly. Thus when the length of a fish was twice the thickness of the edge (l5sh/th
= 2), the survival rate dropped to only 60% at the same impact velocity of 12 m/s;
with a ratio of lgg,/th = 10, a survival rate of 60% was already reached at an impact
velocity of approximately 7 m/s (Fig. 3.16).

In addition, considerable species-specific differences were found. White sturgeon,
for instance, proved to be much less affected by impact than rainbow trout. While
close to 100% of white sturgeon with a relative body length of lgg,/th = 2-3 still
survived an impact of 10-12 m/s, the survival rate of rainbow trout was already less
than 60% under the same conditions (Fig. 3.17). Regrettably, there is no comparable
information available to date regarding species native to central Europe.

3.4.1.4 Injuries Caused by Gaps

Due to their design, many turbine types have gaps between fixed and rotating parts.
This applies to hydrodynamic screws and Very-Low-Head turbines alike (Schmalz
2010, 2011; Lagarrigue et al. 2008a, b, c). In Kaplan turbines with their pivoting
runner blades, gaps are found near the hub as well as on the periphery between
runner and turbine housing (Fig. 3.18). The shape and size of these gaps varies with
the pitch angle of the runner blades (Fisher et al. 2000; Normandeau et al. 2000).
When fish get stuck in these gaps, typical damage patterns will result, such as
completely or partially severed bodies, loss of scales, and fin injuries. In contrast to
the consequences of a collision with runner blades, such damages do not depend on
the size of the fish (Figs. 3.18, 3.19 and 3.20). However, the scope of such injuries
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Fig. 3.17 Comparison of the survival rate of rainbow trout and white sturgeon at an impact velocity
of 10-12 m/s as a function of their relative body length (adapted from Amaral 2014)

Fig. 3.18 Gaps between the runner of a Kaplan turbine and the hub (left), or the turbine housing
(right) (U. Schwevers)

resulting from Kaplan turbines changes with the dimensions of the gaps, and is thus
dependent on the turbine flow rate and the resulting pitch angle of the runner blades.
The pitch angle that produces the largest gap and the highest risk of injury depends on
the design of each individual turbine. Gaps are also responsible for a major portion of
fish damage in slowly rotating engines such as hydrodynamic screws (Schmalz 2010,
2011). The same was true for Very-Low-Head turbines before their gaps between
runner blades and turbine housing were eliminated (Lagarrigue et al. 2008a, b, ¢). This



54 3 Impact of Limited Downstream Passability

Fig. 3.19 Eel cut in half in the tailwater of a hydropower station (U. Schwevers)

Fig. 3.20 Decapitated roach from the tailwater of a hydropower station (U. Schwevers)

cause of mortality can play a significant role in Kaplan turbines as well (Thalmann
2015).

A similar problem is encountered with breastshot and undershot water wheels
where the wheel is housed in an apron. The wheel is subdivided into buckets by
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Fig. 3.21 Partially severed head of a fish resulting from the descent of a water wheel’s blade into
its apron; dead rainbow trout were used as dummies in this ethohydraulic tests (B. Adam)

blades that, due to the rotary motion of the wheel, expose the openings of the buckets
and then cover them again. Any fish that gets caught in the gap between the apron
and the sharp edge of a blade is likely to suffer lethal injuries (Fig. 3.21) while the
passage over the wheel in one of the water-filled buckets is otherwise relatively safe
(Adam et al. 2015).

3.4.1.5 Injuries Resulting from Decompression

During turbine passage, an organism is subject to strong and abrupt pressure fluctu-
ations. Within the ponded area, a fish adapts to the pressure conditions that prevail at
the water depth where it is located. However, during the passage through the power
station, it is exposed to moderate differences in pressure at first, but a sudden pressure
release below the atmospheric pressure will occur within split seconds after passing
the runner. The main hazard under these conditions is the risk that the gas-filled swim
bladder of the fish may be damaged, or even burst (Colotelo et al. 2011; Brown et al.
2014).

Whether or not a fish can tolerate pressure fluctuations essentially depends on the
pressure to which it was adapted initially. Fish are usually able to endure a sudden
pressure increase with subsequent decompression back to the initial pressure more
or less unharmed, because the volume of gas in the swim bladder is first compressed,
and when the pressure is released, the elastic swim bladder will expand again to
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Fig. 3.22 Ruptured swim bladder (left) and tautly stretched swim bladder (right) in zander (U.
Schwevers)

its original size (Muir 1959). In contrast, sudden pressure release may have fatal
consequences. In this case, the gas contained in the swim bladder will suddenly
expand, causing the swim bladder wall to rupture (Figs. 3.22 and 3.23). Another
typical consequence is exophthalmos, e.g. bulging of the eyes. The occurrence of
such damage symptoms in the wake of pressure release is called barotrauma (Brown
et al. 2007, 2014). Bursting of the swim bladder will cause the fish to perish, while
a mere expansion is conditionally reversible. Fish that are subject to this condition
will helplessly float belly-up at the water surface (Fig. 3.24).

The species group of physostomes, such as cyprinids and salmonids, faces a lesser
risk of barotrauma. These fish possess an open connection between swim bladder and
bowel through which excess pressure can quickly be released. In contrast, physoclists,
such as percids zander and ruffe, for instance, lack such a connection, and pressure
relief can only take place via the bloodstream, which takes several hours (Bone and
Marshall 1985). Generally, fish are only able to recover from barotrauma when their
swim bladders remain intact.

Clupeids, such as twaite shad and allis shad, are highly susceptible to barotrauma
as well. Their sensitivity to pressure changes, particularly pressure drops, is due to
the position and dimension of their swim bladder which extends well into the back
of their head and comes into direct contact with the brain (Stokesbury and Dadswell
1991). In these species, when the swim bladder expands due to pressure release, it
may squeeze the brain, often with lethal consequences.

The pressure release, e.g. the ratio between the exposure pressure (the minimal
pressure behind the runner blades) and the adaptation pressure, is crucial for the
occurrence of a barotrauma. Based on data available to them Cada et al. (1997)
derived critical pressure release values of 60% for physostomes and 30% for physo-
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swim bladder
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Fig. 3.23 X-ray images of ruffe with a burst (left) and intact swim bladder (right) (B. Adam)
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Fig. 3.24 Floating zander with barotrauma (U. Schwevers)
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Fig. 3.25 Mortality rate of fish as a function of pressure release (orange line: critical value for
physostomes, blue line: critical value for physoclists) (data provided by Cada et al. 1997)

clists. However, the underlying data appear to be rather questionable, because the
authors themselves state that “Many of these studies are old, poorly documented, have
inadequate or no controls, and used only small numbers of fish. Not surprisingly,
there is considerable variation in the response of fish to pressure reductions”.

Indeed, compiling the data cited by Cada et al. (1997) Fig. 3.25 results in consid-
erable scatter: For pressure releases between approximately 15 and 40%, mortality
rates ranging from 30 to 100% were recorded for physoclists, with no discernible
trend whatsoever. Disregarding an outlier, significant mortality rates in physostomes
only occurred with a pressure release to less than 10% of the adaptation pressure.
Therefore, the critical values stated by Cada et al. (1997) can only serve as rough
indications of the likelihood of barotrauma.

Pavlov et al. (2002) took a different approach: These authors do not regard the
difference in pressure, but rather the decompression rate, calculating the relation
between pressure release and adaptation pressure:

Pi — P2

Dcomp e

Pi

where:

Dcomp decompression rate
p1 adaptation pressure in the headwater
P2 exposure pressure behind the runner

They suggest a critical value of D¢omp = 0.6 beyond which lethal damage is to be
expected; they do not differentiate between physoclists and physostomes. Calculating
the decompression rate for the data sets cited by Cada et al. (1997) results in Fig. 3.26.
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Fig. 3.26 Mortality rate of fish as a function of the decompression rate (based on data from Cada
et al. 1997)

A great variance of data is still observed, but significant mortality rates only
occur for values Deomp > 0.6 with both physoclists and physostomes. This appears to
confirm the critical value postulated by Pavlov et al. (2002). The fact that, in some
experiments, even decompression rates of Deomp > 0.9 did not result in mortality at
all cannot be explained without knowing the original data, and is probably the result
of the experimental setup.

The critical value of D¢omp > 0.6 according to Pavlov et al. (2002) is reached when
a fish which is adapted to the hydrostatic pressure at a water depth of about 15 m
is exposed to the atmospheric pressure. The lower the pressure behind the turbine,
however, the lower the adaption depths that will suffice to cause a barotrauma. With a
negative pressure of 0.5 bar, it may already occur during adaption to the pressure at a
water depth of 2.5 m. However, it must be emphasized that the maximum headwater
depth is not the crucial factor that causes pressure-related damages to fish, but rather
the individual adaptation pressure, e.g. the water depth at which the fish was actually
located before passing the turbine.

The water depth in rivers is usually low. Even in German federal waterways, the
fairway depth rarely reach 3 m and, for example, for the current development of the
Main, a fairway depth of 2.9 m has been specified as an expansion goal (Bodsch
2008). However, upstream of weirs, the water depth is increased but only close to
the intake area. Closer than 35 m in front of the power station the floor is lowered
up to 7 m, so that the maximum water depth amounts to about 11 m in this location
(Fig.3.27, BAW 1981). Thus, the critical value established by Pavlov et al. (2002) can
only be exceeded at typical run-of-river power stations when considerable negative
pressures prevail in the turbine, and when the fish has actually spent an extended
period of time near the bottom close to the hydropower station intake.
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Turbine intake

Fig. 3.27 Model of the Kesselstadt site on the German federal waterway Main with different floor
levels in front of the weir and the intake of the hydropower station

However, fish with damaged swim bladders are typically found in the tailwater of
deaper reservoirs. Rohn and Finke (2009), for instances, documented damage to fish
in the tailwater of the German Edersee reservoir. Besides completely and partially
severed bodies, they also found fish that appeared unharmed on the outside and had
obviously died of barotrauma. These were mostly physoclists such as zander. The
water depth in the headwater varies between approximately 23 and 41 m (Schwevers
and Adam 2005), depending on the filling level of the reservoir; thus, the critical
value according to Pavlov et al. (2002) is exceeded at this site year-round.

Generally, it is not possible to quantify the mortality risk resulting from decom-
pression, due to the unavailability of data regarding the pressure conditions within
the turbine. However, measurements by Sonny et al. (2016) at the Kesselstadt
hydropower station on the Main show that considerable negative pressures may
indeed prevail (Fig. 3.28), so that injuries due to barotrauma may occur at low head-
water depths, at least with physoclists.

Evidently, besides the absolute pressure release or decompression, the pressure
change rate, e.g. the reduction of pressure over time, plays an important part as well.
A critical value of 550 kPa/s is given in this context in American literature, which
is adopted internationally (Odeh 1999; Cooke et al. 2011) and by German authors,
including Juhrig (2011), for purposes of establishing the fish-friendliness of a turbine.
It is evidently based on Russian research and quoted by Cada et al. (1997) who, in
turn, is referenced as the source of this value by subsequent authors.

This is in contrast with entirely different figures, also from Russian sources, where
PAVLOV et al. (2002) examined the mortality of three physostomes as a function of
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Fig. 3.28 Pressure during passage through a turbine of the Kesselstadt hydropower station on the
German Main, as recorded by a pressure sensor (adapted from Sonny et al. 2016)

the pressure change rate. According to them, with a pressure change rate of 300 kPa/s,
mortality amounts to 50% for salmonids of 6-12 cm in length and 100% for roach
of 2.0-2.5 cm. With juvenile fish of this species, mortality >50% is already caused
by pressure change rates below 50 kPa/s. Intermediate values were established for
belica: in this species, the mortality rate for a pressure change rate of around 150 kPa
is as high as 70% (Fig. 3.29). The available data on the impact of pressure change
rates is thus inconsistent and not suitable for the determination of reliable critical
values.

3.4.1.6 Gas Bubble Disease

Gas bubble disease is triggered by an oversaturation of body fluids, particularly blood,
with gases. Such oversaturation may occur, for example, as an effect of turbulent weir
overfalls (Raymond 1979) and rapid warming (Schwevers and Adam 2005), as well
as through excessive addition of oxygen in fish breeding and transport (Bohl 1999),
but also caused by sudden pressure relief (Tsvetkov et al. 1972; Brown et al. 2007). As
a consequence, gas bubbles may develop in body fluids and tissues (Fig. 3.30). This
leads to ruptured vessels and distended tissue both in body cavities and externally
under the skin. Another common effect is hemorrhaging in the eyes, fins, and kidneys
for juvenile belica, common bleak and roach, and salmon following pressure changes
by roughly 1-1.5 bar. A so-called exophthalmos with bulgy, protruding eyeballs is
also a typical symptom. In moderate cases, fish are able to survive gas bubble disease,
but exhibit deviant behavior for extended periods of time. In the wake of severe
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Fig. 3.29 Mortality of juvenile roach, belica and salmonids as a function of the pressure change
rate Chart (Pavlov et al. 2002)

Fig. 3.30 Gas bubble disease in the shape of gas-filled bubbles near the eye in a brown trout (left)
and under the skin in a common bullhead (right)

pressure release around 2.5 bar or more, the number and size of the gas bubbles
increases so that the damage is usually lethal.

So far, the occurrence of the above mentioned symptoms and clinical patterns
due to pressure relief has been induced through laboratory tests exclusively. Under
field conditions, gas bubble disease has been documented for highly turbulent weir
overfalls (Raymond 1979) and rapid warming (Schwevers and Adam 2005). But it is
debatable whether it actually occurs as a consequence of pressure relief during turbine
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Table 3.4 Lgthal pressure Species Total length (mm) | Lethal pressure (kPa)

waves for various species of

fish (Pavlov et al. 2002) Common bleak 80-120 1,250
Common bream 200-300 5,980
Common roach 120-200 3,790
Crucian carp 140-180 1,250
European perch 80-180 1,750
Ide 150-290 3,790
Pike 300-400 1,750
Tench 200 13,050
‘White bream 140-160 2,120
Zander 300-360 1,750

passage. Tsvetkov et al. (1972), at least, consider this possibility to be irrelevant as
compared to the mortality risk due to swim bladder damage.

3.4.1.7 Injuries Due to Cavitation

Cavitation itself dose not pose a lethal risk to fish, but rather the pressure waves
that are triggered when cavitation bubbles collapse. These gas pockets can reach a
significant size and, upon their implosion, cause pressure waves of up to 10,000 kPa
(Pavlov et al. 2002). This may result in damage to the swim bladder and the vascular
system, as well as bleeding gills, especially in juvenile fish in the immediate vicinity
(Muir 1959; Montén 1985). For various species and sizes, Pavlov et al. (2002) specify
critical values beyond which such pressure waves are lethal (Table 3.4). Besides these
values, however, the evaluated literature contained no concrete statements whatsoever
regarding the pressure from cavitation waves that is actually generated in turbines.
It is therefore not possible to estimate the mortality risk contributed by this factor.
Thus, at the current state of knowledge, one cannot assess the practical relevance of
injuries through cavitation during turbine passage.

3.4.1.8 Injuries Due to Shear Forces

On the subject of damage to fish due to shear forces, only laboratory studies are
available (Groves 1972; Guensch et al. 2002; Nietzel et al. 2000) where fish were
exposed to jets of water of varying force. Therefore, the authors relate the mortality
rates they established to flow velocities in [m/s]. Only Nietzel et al. (2002) consider
actual shear forces (sh), e.g. the speed at which a fish is transported by the water
jet, divided by the distance. Accordingly, the unit they use is [cm/s/cm]. From their
research on three American species that are not found in or not native to Europe,
they derive a critical value of sh = 500 cm/s/cm. The validity of this value cannot be
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checked due to the lack of comparative data, particularly from field studies. Keevin
et al. (2002) examined the mortality of fish larvae and fry as a result of shear forces
caused by ship traffic. However, they found no significant rise in mortality. But these
findings can hardly be applied to the mortality risk due to shear forces under the
conditions prevailing in turbines.

34.1.9 Additional Mortality Risks During Turbine Passage

The causes for mortality described by no means cover all the risks fish are facing
when passing a turbine. For one thing, in the intake structure and in the suction tube,
loss of scales, fin damage and abrasions may result from contact with rough concrete
surfaces. Also, it is sometimes considered doubtful whether multiple fractures of
vertebrae, as described previously, are actually a consequence of collisions with
runner blades. An alternative explanation could be self-inflicted damage through
sudden, spasmodic convulsions due to shock, as may happen due to improper use
of electrofishing (Riimmler and Schreckenbach 2006). This type of shock could
be triggered by turbulences or sudden changes of pressure and direction during the
passage of a power station. However, the search of the literature brought up no results,
and there is also no evidence in more recent publications and reports supporting
the concept that fish may suffer fractured vertebrae during turbine passage as a
consequence of tetanic contractions.

3.4.2 Prognosis of a Turbine’s Mortality Rate

In principle, the overall mortality rate (M) during passage of a turbine is composed
of the individual mortality rates that are caused by various factors. This is equally
true for mortality rates that are predicted based on mathematical calculation models.
However, because, in practice, it is hardly possible to establish a lethal damage rate
for every single cause (Miiller et al. 2017), and a diagnosed damage pattern cannot
always be traced back to just one single cause (one could imagine, for example, a
combined effect of collision and shear forces), the mortality rate parameter should be
replaced with the probability of lethal damage. Thus, the predicted overall mortality
rate (M) can be replaced by the average probability of lethal damage to a fish while
passing through a turbine (qota_1er). The same is true for the predicted individual
mortality rates.

The probability of perishing due to a collision within the turbine is composed of
the probability of a collision occurring (qcon) and the probability of suffering death
as a consequence of the collision (qcon_t) in the turbine (Amaral 2014):

Meoll = deopr * eolt T
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Similarly, the probability of getting stuck in a gap and killed would be the prob-
ability of being pinched in a gap (ppincn) multiplied by the probability of suffering
lethal injuries on this occasion (qpinch_T):

Mgaps = 9pinch * pinch_T

Stated more precisely, the formula for the predicted mortality is:

Mootal = Georal_ter = (1 - (1 ~ Yeoll 61c011_T) : (1 — {pinch * qpinch_T)
(1 - ('Idecomp_T) : (1 - CIcavitation_T) : l_[ (1 - QH—i)>

The two probabilities are thus linked by multiplication. This eliminates the pos-
sibility that, when adding up separate probabilities, the overall mortality risk might
exceed 100%, indicating multiple deaths of one individual specimen which is, of
course, impossible (Turnpenny et al. 2000). An exact calculation, or prediction, of
the mortality in a specific turbine would be possible only if:

e every single cause of mortality were known,
e calculation methods existed for the mortality caused by each, and
e all required measurements were available.

In reality, however, the only factor that can currently be calculated with sufficient
accuracy is the probability of a collision between fish of a certain length and the runner
blades. To subsequently determine the mortality risk through collision, however,
is usually not feasible due to the lack of relevant technical specifications and a
solid calculation method. This makes it impossible to quantify the mortality risk
posed by collision with the runner blades. The same applies for the mortality risk
through injuries incurred in gaps, caused by cavitation or other factors. Likewise, the
approach published by Pavlov et al. (2002) for determining the mortality risk due to
decompression has not been validated so far.

In view of the ecological and fisheries-related implications of fish loss caused by
turbines, various authors have attempted to develop calculation methods to assess
the likelihood of damages to downstream migrating fish at the planning stage of
hydropower stations. Keuneke and Dumont (2010) present the following overview:

e Raben (1957a) postulated a formula for calculating the probability of collision
with the runner blades, incorporating the length of the fish and the length of the
sections of water between the turbine blades. The values thus derived, however,
were significantly higher than the control results determined in field studies. The
author deducted from this that injuries only occur beyond a critical impact velocity,
for which he also developed a formula (Sect. 3.4.1.2). A combination of the two
formulae was supposed to yield damage rates that came close to reality. Since this
approach did not produce any satisfying results either, Raben (1957b) expanded
the formula by an adjustment factor in order to achieve concordance between
calculated and empirical values.
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e Comparable methods were developed by Montén (1985) and Pavlov et al. (2002).
However, in view of the fact that they regarded collision with runner blades as the
sole source of damage and completely disregarded other causes, as well as species-
specific differences, the results of these calculation methods are quite imprecise
and unsuitable in practice.

e Therefore, Larinier and Dartiguelongue (1989) took a different approach: Based
on the empirically determined average mortality rates of various hydropower sta-
tions, they tried to establish a correlation with certain turbine characteristics via a
formula. This resulted in species-specific regression models for the calculation of
average mortality rates for salmon smolts and silver eels.

e Similarly, Ebel (2008) developed a specialized regression model for eels which he
considers to provide the best congruence between observed and calculated average
values regarding site-related mortality. Comparable methods were developed by
e.g. Turnpenny et al. (2000), Gomes and Larinier (2008, 2011), and Gomes et al.
(2011).

e Lastly, Esch and Spierts (2014) developed a special model for predicting the dam-
age rate of fish in the pumps of pumping stations.

All these mathematical prediction models are based on no more than a small
selection of parameters that influence mortality. They are also affected by the fact
that the calculation methods rely on heterogenous and imprecise data. For one thing,
in field studies on turbine mortality, the precise opening angles of the runner blades
at the time the tests were conducted are hardly ever indicated. Frequently, these are
not even purposefully designed experiments where certain species of fish of defined
lengths are exposed to a turbine in order to determine the damage the specimens
incurred during passage; instead, mortality studies were conducted during regular
operation of hydropower stations under varying and often inadequately documented
operating conditions.

Another reason why prediction models allow no more than a rough assessment of
fish damage at best is the fact that considerable deviations from the trend may always
occur, especially taking into consideration that details of mechanical engineering and
the mode of power plant operation which are not incorporated in the calculation could
significantly affect damage and mortality rates. Moreover, in mortality studies that
use fishing gear such as stow nets, fish may suffer considerable damage due to the
methods used that is barely discernible from turbine-related damages (Schwevers
et al. 2011b; Hammrich et al. 2012).

Ultimately, the use of data on the subject of turbine-related fish mortality
by means of statistical regression, for example, based on relatively few data
from methodically inconsistent and therefore hardly verifiable field studies scat-
tered world-wide, carries a large inherent risk of propagating and magnifying
errors. Against this backdrop, the currently circulating models with their vari-
ous knowledge gaps and fuzzy areas can by no means be more accurate than the
input data from just a few empirical studies on which they are based; in other
words: a superstructure can never be more stable than its foundation (Sponsel
2016). Therefore, the use of the prediction models described above can hardly be
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recommended, unless a rough estimate of turbine-related mortality is all that is
needed. In any case, they cannot replace field studies in the context of specific build-
ing and management measures.

3.5 Mortality Due to Predation

Naturally, fish populations are subject to high predation pressure, especially from
predatory fish, but also from fish-eating birds and mammals; this is generally com-
pensated through high reproduction rates. The dam regulation of watercourses may
add to the predation pressure; two different mechanisms have been described in this
context:

In Denmark, mortality rates between 81 and 85%, or 99%, were determined
for salmon and sea trout smolts respectively, which are forced to travel through
various shallow reservoirs in two river systems that contain large populations of pike
and zander (Rasmussen et al. 1996). In a comparable study, Schwinn et al. (2017)
determined mortality rates of 68 to 70% for sea trout smolts migrating downstream
through a reservoir in the Danish river Egd, which is approximately 1.5 km long
with an area of 1.1 km?. According to the authors, the key factor in this case is
mortality through predators, especially predatory fish such as pike, but also fish-
eating birds such as cormorant (Phalacrocorax carbo), grey heron (Ardea cinerea),
and goosander (Mergus merganser). DWA (2006) suggests that migrating fish are
subject to additional mortality following the passage of turbines or weirs because
they may be weakened, injured, stunned and/or disoriented, and therefore more likely
to fall victim to predators (Fig. 3.31).

An unbalanced predator-prey relationship may lead to decimation of the popula-
tions of diadromous species, even independent of barrages and hydropower utiliza-
tion, as stated by Darschnick (2017). He indicated that, through predation pressure by
cormorants alone, the numbers of salmon smolts migrating from the juvenile growth
habitats in German reintroduction zones to the sea is decimated by 76—-100%. From
this, the author draws the conclusion that the reintroduction of salmon cannot be
successful, independent of any measures that are taken to reestablish passability. He
claims that protecting the salmon efficiently would require systematic lethal deter-
rence of cormorants around juvenile growth zones and along the migration routes.

3.6 Population-Biological Consequences of Passability
Restrictions

As a management objective for surface waters in all European member states, the
European Water Framework Directive 2000/60/EC (European Parliament 2000) stip-
ulates a prohibition of deterioration of the ecological status of water bodies. Another
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Fig. 3.31 A brown trout from the tailwater of a mill in the German Dérsbach preying on an eel
damaged by the turbine (U. Schwevers)

requirement is that, by 2027, the flowing water systems must have a good ecolog-
ical status, or at least good ecological potential. Based on this, the German Water
Resources Act stipulates in § 35 that the utilization of hydropower can only be
permitted when suitable measures are taken for the protection of the fish population
(WHG 2009). In most other member states, comparable regulations are in force. This
leads to the question what population-ecological consequences a hydropower station
will cause for the fish fauna of the respective flowing water system in each indi-
vidual case. In this context, the term “population” has a clear biological definition.
It describes the totality of individuals within a given species of organisms that are
genetically connected across several generations, thus forming a natural reproductive
community (Bogenrieder et al. 1986).

In the upstream direction, the question regarding population-ecological conse-
quences of limited passability in river systems can be answered rather precisely.
Impassable transverse structures, with or without utilization of hydropower, prevent
100% of upstream migration, so that areas in the headwater cannot be populated at
all by either anadromous or catadromous species. The resulting loss of habitat can
be exactly quantified. Similar habitat losses may occur in potamodromous species as
well. If populations above an impassable transverse structure should be extinguished
when the water body falls temporarily dry, for example, or due to anthropogenic
disruptions, especially fish death as a consequence of water pollution, then recolo-
nization will no longer be possible. In the tributaries of the German river Lahn, the
loss of habitat thus incurred by the potamodromous species dace, chub, gudgeon, and
stone loach already amounted to between 35 and over 50% in the 1990s (Schwevers
and Adam 1997).
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For diadromous species, the cumulative effect of several transverse structures
in a row with limited passability has similar consequences. Schieber (1872), for
instance, already described more than 100 years ago how the ascent of salmon in
the Weser was being made more and more difficult by the increasing construction
of weirs, so that a large number of the fish were no longer able to reach the major
spawning grounds in the upper part of the Eder, or at least not on time during the
spawning season. Nowadays, passability is much more seriously restricted not only
in the Weser (Henneberg 2006; Keuneke and Dumont 2011), but in most other large
German rivers as well.

e In the Main, not a single specimen of the anadromous species salmon, sea trout,
river and sea lamprey that had been recorded by Schwevers and Adam (1999)
during year-round ascent studies at the upstream fish pass on the lowest weir
near the mouth of the river in Kostheim even arrived at the second impoundment.
The new construction of a second upstream fish pass at the Kostheim weir barely
improved this situation because, in the course of a 9-month fish ascent monitoring
study, Schneider et al. (2012) recorded only one salmon, two sea trout, three sea
lampreys, and nine river lampreys, while the ascent situation in Eddersheim and
further upstream has remained unchanged since 1999. Due to the limited efficiency
of upstream fish passes in other large German rivers, the situation there is equally
sobering.

e Nearly all upstream fish passes over the course of the river Ruhr and the Lenne, its
largest tributary, are affected by serious functional deficiencies (Thiel et al. 2000;
Dumont et al. 2003). New constructions were installed at some locations, and
existing facilities improved (Bundermann and Horlacher 2002; Kiihlmann et al.
2015), but passability has still not been established because, for one thing, the
lowest barrage on the Ruhr still remains impassable to date.

e Passability on the river Lahn has still not been established either since the 1980s,
despite extensive fish-ecological studies (Adam and Schwevers 1999) and, based
on this research, the creation of concepts for fish passes, especially at the lowest
weir (Dumont 1996). Several other sites have been retrofitted by now with efficient
upstream fish passes (Dumont 2012), but the major part of the 11 barrages on the
lower course still lack such facilities.

e The fish passes on the German Moselle are now 50 years old and no longer reflect
the state of the art. Therefore, the international commission for the protection of
this river classified the ascent as “completely blocked” for salmon (IKSMS 2010).
Since then, out of 10 barrages, only the lowest one, close to the river’s mouth in
Koblenz, has been equipped with new facilities (Gross 2014). Thus, the overall
situation in this region has only marginally improved since the initial studies were
performed by Pelz (1985).

As far as European eels are concerned, one must assume that, due to the cumulative
effect of successive transverse structures with limited passability, inland populations
are almost exclusively derived from stocking (Schwevers 2005). The only exception
is formed by the lower stretches of rivers where no dam exist.
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The literature we evaluated contains no specific data regarding the impact on
populations of potamodromous species and their habitats. In principle, it should be
assumed that loss of habitat does not occur, at least not as long as the passability
of barrages remains limited. Certain effects on the size and density of populations,
growth, susceptibility to diseases and parasites, have been postulated by various
authors (e.g. DWA 2006), but have not been confirmed to date by means of relevant
research results.

In contrast to upstream passability issues, downstream migration of fish is usually
not completely prevented by transverse structures and hydropower plants. Obviously,
passage through the turbines does occur, and is survived by a number of individuals, at
least in the case of run-of-river power stations (Sect. 3.4). Also, alternative migration
corridors are bound to open up sooner or later, particularly when the total discharge
of the river exceeds the design capacity of the hydropower station, and the weir locks
are opened (Sect. 5.4.4). Thus, barrages with hydropower utilization do not prevent
completely downstream migration, but they increase losses and may cause delays.

3.6.1 Atlantic Salmon

In the case of salmon, describing the population-biological consequences of limited
passability is relatively simple, because this species is strongly characterized by
homing (Youngson et al. 1994; UDEA 2004): Their spawning grounds are situated
in the upper rhithral river courses. Before juvenile fish start their migration towards
the sea, they are imprinted on their natal waters and will therefore ascend to these
exact same waters as mature adults in order to spawn. Thus, for salmon, precise
migration routes can be identified which must be negotiated in their entire length,
including every single transverse structure or hydropower plant on the way, during
both the upstream migration of spawners and the downstream migration of juvenile
stages, in order to maintain the population. On the way, losses will accumulate
over each migration barrier. Anderer et al. (2008) illustrated this by the example
of hypothetical salmon populations in the German Sieg river (Fig. 3.32). When
salmon smolts descend from the stocks in upper reaches, they need to pass nine
weirs until they reach the confluence of Sieg and Rhine, six of which are equipped
with hydropower plants. With estimated survival rates at each site of 81-100%, the
survival rate for the entire route, not taking into account other causes of mortality,
would be 48%. For the descending individuals from the tributary Heller, the number
of hydropower plant sites that need to be overcome would be reduced from 6 to 3,
and the survival rate would increase to 63%.

On principle, it would be possible to increase the survival rate (q) for the smolts
by equipping the hydropower stations with functioning fish protection facilities and
downstream fish ways. However, it must currently be assumed that, even by con-
structing optimal facilities, it would not be possible to increase the survival rate to
more than 90-97% (FGE EMS 2009). Based on this assumption, it is possible to
calculate a model of the losses that a population suffers over the course of a migra-
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Fig. 3.32 Model of the cumulative losses of downward migrating Atlantic salmon smolts (Salmo
salar) over the lower course of the German river Sieg (adapted from Anderer et al. 2008)

tion route due to the number of hydropower plant sites. According to Dumont et al.
(2005), the overall survival rate during downstream migration of fish over multiple

barrages is determined using the following formula:
n

qSl]l'V = q
where:
Qsurv  Overall survival rate
q probable survival rate at a single site

n number of sites

The reduction of the overall survival rate over the course of a migration route
as a function of the number of hydropower plant sites is schematically shown in
(Fig. 3.33) for quite optimistic survival rates per site of 90, 95, and 97%. From
this, it is evident that losses will accumulate fast, even with optimal fish protection
facilities and downstream fish passes in place. In the river Main, for instance, which
contains more than 30 hydropower plants in its federal waterway zone alone, overall
survival rates during downstream migration from the historical spawning grounds
in the German Fichtel Mountains would decrease to approximately 30-40% at best,
with survival rates per site of 97%.

But the available literature contains no data whatsoever about how, and to what
extent, fish populations, especially those of diadromous species, can tolerate losses
due to limited passability of their migration routes. Therefore, various authors speci-
fied “critical values” or formulated exemplary objectives that generally only take into
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Fig. 3.33 Schematic representation of cumulative losses during downstream migration as a function
of the number of hydropower plants (adapted from Dumont et al. 2005)

account either upstream or downstream migration. When appraising the biological
passability of the rivers Moselle and Saar in Germany, the limit for the accessibil-
ity of areas usable by eels was defined as a successful ascent rate larger than 50%
(IKSMS 2010). For the ascent of adult salmon, Henneberg (2011) also quoted a
rate of at least 50% as being required from a population-biological point of view.
Keuneke and Dumont (2011) evaluated upstream passability based on a five-step
scale where a successful ascent rate under 40% is classified as “insufficient”, from
40 to 69% as “seriously restricted”, from 70 to 94% as “restricted”, and from 95 to
99% as “good”. In the German state North Rhine-Westphalia, a survival rate of more
than 75% of descending smolts was specified as a criterion for the designation of
major salmon spawning habitats of high or viable quality for exceptional cases, the
necessary survival rate was reduced to at least 50% (Dumont et al. 2005). The same
two-step assessment is also applied to the downstream migration of silver eels there.

As a matter of fact, however, under today’s hydro-ecological conditions, salmon
populations would probably hardly be able to tolerate even much smaller losses,
because losses not only occur in the downstream migration of smolts, but also during
the ascent of spawners. Moreover, smolts are threatened by many other hazards as
well. Darschnick (2017), for example, suspects that up to 100% of descending smolts
will fall victim to predatory fish, and especially birds. Thus, after more than 20 years
of effort, a self-sustaining population of salmon could not even be established in the
German Ahr river, in spite of optimal habitat conditions (Schwevers et al. 2001a),
barely affected passability (Gross et al. 2001; Gross and Paulus 2004), and just one
single hydropower plant site with limited capacity to be negotiated on the way to the
juvenile growth biotopes (Schwevers et al. 2001b).
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Fig. 3.34 Mounted sea trout in the “Mosellum” visitor station which was tagged at the Moselle
weir in Koblenz and recaptured one year later in the Sunndalsfjord in mid-Norway (U. Schwevers)

It is therefore not possible to establish a negligible limit indicating tolerable losses
for salmon One must rather assume that viable populations can only be established,
if at all, where turbine-related mortality does not significantly exceed a value of 0%.

3.6.2 Other Anadromous Species

In other anadromous species, the situation proves to be considerably more compli-
cated. To begin with, homing is less developed than it is with salmon, or even lacking
completely. A case in point is a sea trout which is on exhibition in the “Mosellum”
visitor station at the weir on the German Moselle river in Koblenz (Fig. 3.34): One
year after ascending through the upstream fish pass and being tagged there in 1996,
it was recaptured in the mid-Norwegian Sunndalsfjord.

According to current knowledge, homing is not prevalent in anadromous lampreys
either. Spawners thus do not return specifically to the same waters where they grew
up. Instead, they are just as likely to migrate upstream in different waters (Bergstedt
and Seeyle 1995).

This means that, for anadromous species other than salmon, it is not possible
to define distinctive populations, separate habitats where they settle, or migration
routes between the sea and specific spawning grounds in inland waters. Accordingly,
spawners of anadromous species can be found in the confluence zones of Rhine
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feeders, for instance, where the accessibility of suitable spawning grounds, and thus
a chance at reproduction, is completely precluded. This applies to the presence of sea
lampreys at the mouth of the river Main, for example (Schwevers and Adam 1999;
Schneider et al. 2012). The situation is comparable for allis shad: Adult specimens
migrating upstream that could be traced to stocking in the main stream of the Rhine
were recorded not just in that location, especially in the fish passes at the barriers in
Iffezheim and Gambsheim, but also while ascending through the upstream fish pass
in Koblenz that leads to the Moselle, and at the weir on the Neckar river in Ladenburg
(Scharbert 2015).

With regard to sea trout and river lampreys, the situation is quite perplexing. After
all, sea trout do not constitute a distinct species, but just an ecotype of the species
Salmo trutta, which also includes the ecotypes brown trout and lake trout. These
types are capable of reproducing with each other, so that trout populations naturally
consist of a stationary component, e.g. brown trout, and mobile components which,
as sea and lake trout, seek out juvenile growth habitats in the ocean, or in large
still bodies of water, and then return as spawners to reproduce with the stationary
component (Lehmann 1998). Circumstances are similar for lampreys of the genus
Lampetra. A distinction is still made between the two species brook lamprey and
river lamprey (Lampetra planeri and Lampetra fluviatilis), but Weissenberg (1925)
had observed that both species were spawning together in the laboratory, and this was
later confirmed through field studies by Huggins and Thompson (1970) and Wiinstel
(1995). This obviously leads to fertile offspring, because a clear distinction between
these species is not even possible. The genetic differences between populations of the
two species in the same catchment area are smaller than those between populations of
either species in geographically distant zones (Ferreira 2013). Only the older stages
can be morphologically distinguished; however, this can be attributed entirely to their
life cycle (Hardisty 1970; Maitland 2003).

All in all, this signifies that, with the exception of salmon, the presence of anadro-
mous species in the lower stretches of rivers resident for hydraulic engineer is largely,
or even completely independent of whether populations exist there or not. Thus, the
reproduction of river lampreys in the lower course of the rivers Sieg (Freyhof 1996),
Wupper, Dhiinn (Wiinstel 1997; Wiinstel et al. 1997; Wiinstel and Greven 2001), that
are not affected by hydraulic engineering, is quite sufficient to explain the presence
of spawners at the mouths and in lower reaches of other Rhine tributaries such as the
Moselle, Lahn, and Main. Even the wide distribution of the resident form of brook
lamprey and brown trout in the Rhine system would probably suffice to explain the
ascent of adult specimens of the migratory form of river lamprey and sea trout.

It is thus currently mainly the restricted upstream passability that basically limits
the habitats of anadromous species in German river systems to the undammed lower
stretches below the first hydropower station in each watercourse, thus preventing
populations from expanding. Only in the Weser do considerable numbers of river
lampreys manage to negotiate at least the Landesbergen barrage and thus reach the
second base of the impoundment (Becker 2010).

In principle, it must be assumed that losses due to the utilization of hydropower
result in significant population-biological consequences for salmon, but also in other
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Fig. 3.35 Model of the cumulative losses of descending silver eels (Anguilla anguilla) on the lower
course of the German river Sieg (adapted from Anderer et al. 2008)

anadromous species. So far, however, methods are lacking to describe, let alone
quantify and evaluate these losses.

3.6.3 European Eel

For European eels, the situation is ostensibly similar to that of Atlantic salmon smolts:
In this catadromous species, migratory stages must also travel over the entire length
of a watercourse, from the growth habitats to the ocean, negotiating all the migration
barriers and hydropower stations on the way, in order to participate in reproduction.

Because migrating silver eels are significantly larger than salmon smolts, their
mortality risk is considerably higher. Accordingly, for the hypothetical downstream
migration of silver eels over the course of the river Sieg, Anderer et al. (2008) calcu-
lated a much lower survival rate than for salmon smolts: Assuming that hydropower-
related mortality during the passage of the turbines of power stations on the German
river Sieg comes to no more than 12-32%, depending on the location, less than
1% of eels will reach the Rhine; no matter whether they descend from the upper
reaches of the Sieg or from the tributary Heller, and thus have to pass nine, or only
six hydropower stations respectively (Fig. 3.35).

On the other hand, downstream migration from the upper stretches is not the rule
for eels, but rather an exception. While salmons procreate in the rhithral zone and
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Table 3.5 Model of the overall survival rate of descending European silver eels for the hypothetical
example (Anderer et al. 2008)

Stretch of water Survival rate per site | Percentage of area Cumulative survival
(%) rate (%)

Tailwater power 100% 40 40.0

station 1

Headwater power 19% 15 2.9

station 1

Headwater power 19% - 12% 15 0.3

station 2

Headwater power 19% - 12% - 32% 30 0.2

station 3

Total 434

smolts therefore need to pass the entire potamal course of a river, European eels do
not naturally reside in the rhithral region (Schwevers and Adam 1992), but along the
whole length of the potamal zone down to the brackish waters near the coast. Thus,
the downstream migration of eels is distributed across all potamal impoundments
and stretches of river. This means that, at best, they need not pass all hydropower
stations but only need to reach the first impoundment, and only a small part of the
entire chain of barrages. Therefore, in contrast to salmon smolts, the overall mortality
does not result from the cumulative mortality from the passage through all sites, but
is considerably lower. In the case of the German river Sieg in particular, where more
than 40% of the habitat usable by eels lies in the lower stretches that are not used
for energy generation, a considerable part of the population can migrate downstream
without any danger of losses through hydropower generation. An estimate of the
survival rate can be calculated by determining, and then adding, separate survival
rates for the descent from the individual barrages. For the hypothetical example
introduced by Anderer et al. (2008), this would look as follows:

e The survival rate of silver eels descending from the lower course, below the first
hydropower station, is 100%.

e The survival rate from the headwater of the first hydropower station would be 19.

e and for eels from the headwater of the second hydropower station it would come
to 19% -12% = 2%.

e With a survival rate under 1%, eels descending from even higher upriver would
not significantly contribute to the downstream migration rate.

Assuming an equal distribution of eels over the entire watercourse, and area per-
centages of the various stretches of water as shown in Table 3.5, a relatively high
overall survival rate of 43% is estimated, which can be primarily attributed to the
large area of the stretch of water between the lowest power station and the river
mouth.

Through an improvement of the survival rate at the lowest power station to 95%,
by means of efficient fish protection facilities and downstream fish passes, the overall
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survival rate would increase to 57%, and to 77% with similar measures at the second
power plant as well. The effect of any measures further upstream, however, would be
limited. The installation of operative fish protection facilities and downstream fish
passes at the third power station would not significantly improve the survival rate
and, with corresponding measures at the second station as well, would result in an
8% increase over the hypothetical status quo to 51%. This clearly shows that eels
would benefit the most from measures taken at downstream barrages, while isolated
measures in the middle and upper reaches of rivers can only have a very limited effect
on the downstream migration rate.

Looking at the numbers of eels descending from individual rivers, the effects of
hydropower utilization can quantified. However, conclusions based on the population
size are less likely to be derived possible than in the case of salmon. While salmon
naturally form separate populations in different water systems, and sometimes in
tributaries as well, the European eel is a panmictic species. This means that all
individuals in the entire range of this species form one single, large population and
reproduce together in the Sargasso Sea off the East coast of America (Bramick 2017).
Thus, the parents of the eels ascending in German water systems might have grown
up in a variety of places—in Norwegian, British, Irish or Northwest African rivers, in
tributaries of the Eastern Mediterranean, or in the German rivers Rhine, Ems, Weser,
or Elbe. Therefore, the construction of fish protection facilities and downstream fish
passes and the resulting higher migration rate will not benefit the recruitment of the
next generation in the same river, but the effects will be spread thinly across the entire
range of the species. This means that population-biological assessments on the level
of individual catchment areas, let alone rivers, are not possible in the case of eels.

Irrespective of this fact, measures for the protection of stocks and the augmentation
of migration rates are urgently required, especially in view of the dramatic population
decline of this species (Dekker et al. 2003; Dekker 2004; Schwevers 2005; Bramick
et al. 2008). However, this can only have a noticeable effect on the population if such
measures are implemented systematically and consistently over the entire range of
distribution. For the member states of the European Union, the legal framework is
provided by the European eel regulation (Council of the European Union 2007).

3.6.4 Potamodromous Species

In potamodromous species, it is mostly juvenile specimens of the age group 0" that
travel downstream with the current (Sect. 2.1.1.3). They are just a few centimeters
long, so that even mechanical barriers with a clearance of no more than a few mil-
limeters cannot protect them from entering the turbines of hydropower plants. Full
protection could only be achieved by abstaining from the utilization of hydropower
altogether. If hydropower utilization is to be continued, then passage through the
turbines and related damage to parts of the population, especially the early develop-
mental stages, will be inevitable.
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The population-biological impact of this turbine passage is still disputed, due
to a lack of usable scientific evidence. Regrettably, no insights are available as to
whether, or how, losses through hydropower utilization affect a population. It is also
not possible to assess whether populations will benefit if only larger specimens from
a certain length upwards are prevented from entering the turbine, while smaller indi-
viduals, presumably the larger part of the population, are allowed to pass through it.
Furthermore, the question of whether it is enough to prevent potamodromous species
from passing through a turbine, or whether, just like diadromous species, they must
be additionally provided with an opportunity to travel downstream to the tailwater
unharmed, still requires clarification. Given these uncertainties, world-wide it is not
common practice to install downstream passages specifically for potamodromous
species (Larinier 2000).

However, a need for protection against hydropower-related losses must be def-
initely assumed for potamodromous species that depend on periodic large-scale
migrations defined by starting and end points. This applies to the lake trout, for
instance, which uses the large alpine and pre-alpine lakes as juvenile growth habi-
tats, but migrates upstream in the tributaries up to the grayling region to spawn there
in gravelly zones. Both juvenile fish and post-spawning adults migrate back down-
stream to the juvenile growth habitats (Scheuring 1929; Rulé et al. 2005; Mendez
2007). The situation is similar for huchen, which use the large tributaries of the
Danube system and the Danube itself as juvenile growth biotopes (Holcik 1986;
Kolahsa and Kiihn 2006; Holzer 2011).

In the future, there is hope that concrete information regarding population-
biological effects on fish, and potamodromous species in particular, will be gained
through the joint research project FITHydro. Within this framework, the Technical
University of Munich will examine the reactions and resilience of fish populations
in flowing waters affected by hydraulic engineering until 2020, in cooperation with
26 partner organizations in various European countries (Schwarzwilder et al. 2017).



Chapter 4 ®
Fish-Protection Facilities Geda

In the following, for each of the available methods and technologies used to ensure
fish protection and downstream passage, the technical construction concept and the
biological operating principle are explained and illustrated through examples of actu-
ally implemented facilities. The efficiency is shown as a function of construction
features and technical characteristics and, in some cases, differentiated for certain
groups, species, sizes etc., while limits of applicability are pointed out. The clas-
sification of construction types and methods, as well as the terminology used, is
as described in DWA publication (2006) “Fish Protection Technologies and Down-
stream Fishways”.

4.1 Behavioral Barriers

Fish and other aquatic organisms react to certain external stimuli with an avoidance
or flight response, while other stimuli will attract them. Behavioral barriers aim at
making use of such behaviors in order to scare fish away from dangerous zones such
as turbine and pump intakes, and/or lure or guide them towards less hazardous areas
or downstream fish passages. The expected effect of behavioral barriers is generally
based on the assumption that a fish will perceive a stimulus, localize it, and swim
away from the source of the stimulus with directed movements. In order to achieve
this, experiments were and still are conducted that involved various stimuli such as
light, sound, electrical fields, or combinations of different stimuli.

Irrespective of the perception and localization of a stimulus, a fish’s reaction to
it can only be successful if the current is not too strong. In contrast to mechanical
barriers, in the case of behavioral barriers it does not suffice if the approach velocity is
less than the swimming performance, because the fish needs some time to perceive the
stimulus through its sensory organs, and then react appropriately. If the flow velocity
is not low enough, the current will cause the fish to drift through the behavioral barrier
and be carried into the intake structure before it is able to flee. The behavioral barrier
designed to protect it will now block its retreat and thus increase, not reduce, the risk
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of damage. DWA (2006) specifies an approach velocity of 0.3 m/s as the critical value
beyond which behavioral barriers of any type will definitely fail. This coincides with
American publications (Taft 1986), and even the German manufacturer of electric
deterrent systems recommends a value of no more than 0.3 m/s for their installations
(Sect. 4.2.5.1).

Therefore, behavioral barriers are only usable at very low approach velocities,
and their actual effectiveness depends on the perceptibility of the stimulus, and the
species-specific reaction to it. And yet new behavioral barriers are invented all the
time and sometimes even installed in front of water extraction plants, because they
generally involve much lower investment and operating costs than mechanical barri-
ers. Moreover, the function and operation of water extraction plants is not affected,
and behavioral barriers can be retrofitted without major effort.

Louvers can be considered a hybrid form of behavioral and mechanical barriers;
owing to their similar construction concept, they are discussed in the context of
mechanical barriers in Sect. 4.2.1.6.

4.1.1 Electric Deterrent Systems

The operating principle of an electric deterrent system is based on the natural reaction
of fish to electric fields. These are generated via anode and cathode electrodes in a
body of water using direct or impulse current. The effect of the current depends on
the electric field strength and can be described as follows (Fig. 4.1, Halsband and
Halsband 1975):

e In the far range of the power source, as long as the field strength is low, fish will
flee, or not react at all.

e The effect of current in the close range is called galvanotaxis; through stimulation
of muscles, it causes an involuntary, directed movement, so called taxis, of the
fish:

— Within the effective area of the anode, the fish will show positive galvanotactic
behavior by swimming actively towards it.

— Near the cathode, a fish reacts quite differently. Its behavior is negatively gal-
vanotactic, e.g. it will move away from the cathode.

e Galvanonarcosis describes the effect of an electric field in the close range of the
electrodes. At either the anode or the cathode, the fish will be stunned. When the
electric field is interrupted or the fish drifts away from the close range, it will
awaken from its stupor and flee.

e However, if the electric field is too strong or the exposure time too long, the fish
will be electrocuted. This effect is used in commercial fishing, for instance, in
order to kill fish in special facilities (Adam et al. 2013).

Electric deterrent systems are the oldest form of behavioral barriers; they were
invented as early as the beginning of the 20th century. In 1912, N. D. Larsen from
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Fig. 4.1 Structure of an electric fish deterrent system: the field lines have been drawn in schemat-
ically for just one pair of electrodes. The various areas of effect are shown on a pair of electrodes;
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Denmark had this principle patented, but only in 1923 did J. N. Cobb from the USA
first put a fish deterrent system into practice; albeit unsuccessfully.

The basic structure of electric fish deterrent systems is shown in Fig. 4.2. The main
electrodes are arranged in the front area of the facility, with the counter electrodes
behind them (Fig. 4.3). Depending on the dimensions of the intake structure, multiple
electrodes are installed in a row. Typically, in Germany, pulse control modules are
used to switch the direction of the current periodically, so that the electrodes will
alternately function as anodes or cathodes. The electrical field strength depends on
the conductivity of the water and needs to be adapted to local conditions. As with
most other behavioral barriers, a habituation effect may occur with electric deterrent
systems as well. To counteract this, the facilities operate at random with different
pulse rates (Marzluf 1985; Bernoth 1990).

Haupt (2013) and Rost et al. (2014, 2017), showed that, in principle, it is possible
to influence fish behavior through electric fields. To prove this, they exposed fish
to an electric field in a net cage in front of a cooling water intake. The quantitative
success of electric deterrent systems always depends on the species-specific deterring
and guiding effects. Even though this is the most commonly used type of behavioral
barrier, especially in Germany, very few scientific assessments exist regarding its
function and efficiency. In many cases, positive evaluations are based on results of
non-scientific research methods (Hattop 1964; Adlmannseder 1986), or they simply
constitute opinions that are not backed up by evidence (Bruschek 1965; Grivat 1983;
Timm 1987; Halsband and Halsband 1989; Marzluf 1985; Bernoth 1990; Rehnig
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Counter electrodes

Main electrodes

Fig. 4.2 Array of electrodes in an electric fish deterrent system in front of a water intake

2009). Other studies only showed very low rates of deterrence, or the fish deterrent
systems that were surveyed failed completely (Kynard and O’Leary 1990; Rauck
1980; Gosset and Travade 1999; Ebel 2001).

Similar level of failure was also deduced by Sprengel (1997) who examined the
damage to aquatic organisms in seven industrial water intakes in Germany’s coastal
zones. Here, the greatest losses of fish were recorded at cooling water intakes that
were equipped with electric deterrent systems. Furthermore, Hadderingh and Jansen
(1990) obtained differentiated, species-specific results at a Dutch intake for drinking
water treatment. There, they determined a good protective effect with eels, but the
losses among roach dramatically increased by a factor of 4 when the deterrent system
was switched on.

Pughetal. (1971) were able to prove that the approach velocity at electric deterrent
systems massively affects their efficiency: with an approach velocity of 0.2 m/s, the
rate of deterrence at a facility on the US American Yakima River reached values
of 69—-84%; however, at 0.5 m/s, it decreased to about 50%, and with even higher
approach velocities, the system lost its efficiency almost completely. On the other
hand, Weibel (2016) reported that in the headrace channel of a hydropower station
near Bad Rotenfels on the Murg river, around 50% of telemetrically tagged eels, as
well as 90% of salmon smolts, were successfully guided towards a bypass, despite a
flow velocity of 0.6-0.85 m/s within the electric field. However, it remains unclear
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Fig. 4.3 Electrodes of the electric deterrent system at the water intake structures of a thermal power
station under construction (U. Schwevers)

to what extent the deterrent system actually influenced the choice of passage route
because, during this study, the bypass almost always received more flow than the
power station, and no blank tests where run with the deterrent system switched off.

In view of the unsatisfactory or ambiguous findings, Hadderingh and Jansen
(1990) declared electric deterrent systems to be an unsuitable technology for the
Netherlands. Taft (2000) concluded that, due to its inefficiency and potential for harm,
the technology cannot be recommended, and Larinier and Travade (2002b) advise
against using it because no positive effects can be proven. The findings of Pugh et al.
(1971) suggest a limitation of the usability to locations with low approach velocity,
and even the only German manufacturer of these systems specifies a “maximum flow
velocity of 0.3 m/s” (Geiger, undated). In addition, the manufacturers now emphasize
that their facilities are just efficient for fish that are at least 8 cm long.

4.1.2 Acoustic Deterrent Systems

Notwithstanding their lack of external ears, fish are still able to perceive sound. Their
sense of hearing is based on the fact that sound waves cause the otoliths, small, dense
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Fig. 4.4 Hearing thresholds of European fishes: European chub and common carp, who are
cyprinids, are able to perceive noises at a relatively low sound pressure level (decibels re 1 pPa)
and over a larger frequency range (Hz) than generalists such as brown trout (adapted from Riiter
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structures within the inner ear, to vibrate. This, in turn, stimulates certain sensory
pads, which can be perceived in the auditory area of the brain. Because there is no
direct connection between the acoustic organ and the outside medium, this type of
perception is not very efficient or sophisticated. This means that, for one thing, a
fish is unable to determine from which direction a sound is emanating. Salmonids
such as salmon, trout and grayling, but also eels, count among the hearing generalists
who are able to perceive mainly loud and low-pitched sounds. In contrast, the so-
called hearing specialists, which predominantly include cyprinids such as carp, have
perfected their acoustic organs by using their air-filled swim bladders as resonance
bodies. In these species, the transmission of sound between the swim bladder and
the inner ear occurs via a series of small bones, or ossicles, which form the so-called
Weberian apparatus. Some other species of fish, such as catfish (silurids), for instance,
have developed comparable mechanisms that allow them to hear a greater bandwidth
of sounds, and perceive and differentiate them even at low volumes (Fig. 4.4).

Acoustic deterrent systems that make use of the hearing ability of fish generally
consist of sound generators that either produce sound themselves or, acting as loud-
speakers, just transmit it into the water body (Sand et al. 2000; Sonny et al. 2006).
Due to the limited range of effect, multiple sound generators are usually installed in
front of a water intake in order to produce extensive soundscapes and effective zones
that are supposed to prevent the movement of fish towards potentially hazardous
areas. Various frequencies and amplitudes are used for this purpose.

The Sound Projector Array (SPA), for instance, works with a wide range of fre-
quencies, from low <50 Hz to high-pitched sounds over 1 kHz. Statements regarding
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Fig. 4.5 Design of the bio-acoustic-fish-fence (BAFF) (adapted from ovVIVO®)

the functionality of these systems vary greatly. While some authors confirm the
effectiveness of SPA devices, at least for certain species (Maes et al. 2004), other
researchers found them to have no effect whatsoever (Knudsen et al. 1992). To
improve its efficiency, the SPA system was developed further, resulting in the Bio-
Acoustic-Fish-Fence (BAFF) system. The latter works with a similar range of fre-
quencies, but in combination with an air bubble curtain, which is supposed to reflect
the sound (Fig. 4.5). The effectiveness of this technology was evaluated mostly in the
USA, France, and the United Kingdom. The manufacturers, as well as some users,
claimed that the system was highly efficient (e.g. Welton et al. 2002), while other
studies found the BAFF system to be completely ineffective (Travade and Larinier
2006).

Aiming for improved efficiency, laboratory experiments were conducted in
Norway using infrasound between 10 and 13 Hz (Knudson et al. 1994; Sand et al.
2000, 2001). These studies found that it was possible to trigger significant avoidance
responses in salmon smolts and eels with this setup. Infrasound deterrent systems
based on this principle were marketed by the Belgian company Profish, according
to their own description, these systems are highly effective (Sonny et al. 2006).
However, in surveys at the hydropower plants Baigts and Biron on the Gave de Pau
in south-western France, this technology also turned out to be absolutely ineffective
(Fig. 4.6, Paran et al. 2011). Existing facilities of this type are still being maintained,
but new systems are no longer sold.
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Fig. 4.6 Infrasound system in the headrace channel of the Biron hydropower station on the Gave
de Pau (France) (U. Schwevers)

So-called poppers use either oxyhydrogen gas explosions or compressed air blasts
to generate banging noises (Hutarew 1998, 1999). Once again, this method failed
completely in field studies and was therefore dropped (Berg 1994).

On the whole, reports regarding acoustic deterrent systems are ambiguous and
often cannot be reproduced. Particularly in independent studies invariably failed.

4.1.3 Visual Deterrent Systems

With their two highly developed lensed eyes, fish can visually perceive objects and
movements, as well as determine directions and distances. The lateral position of
their eyes gives them almost complete all-round vision. Thanks to special muscles
that move the lens, nearly undistorted, focused images are generated on the retina of
the eye.

Light, or visual perception, plays a crucial role in the life of fish, influencing
physiological processes as well as behavior. Generally, a distinction is made between
positive and negative phototactic behavior: fish will thus either actively swim towards
alight source, or flee from it. Reactions may vary between species, but also depending
on the developmental stage, time of day, or other factors within the same species. This
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Fig. 4.7 Light deterrent system at the German hydropower station in Dietfurt on the Altmiihl river
that proved to be ineffective (R. Hadderingh)

actually constitutes the basic problem of visual deterrent systems. Hadderingh (1982),
for example, found that brightly illuminated water extraction plants are avoided
by certain species of fish, including eels, while other species are drawn towards
the light source. Attempts were made to counter this effect by using special types
of lamps and experimenting with different wavelengths, particulary bright lights
and/or strobe lights. Subsequently, the expected avoidance responses were repeatedly
demonstrated for certain species in many studies, mainly in the laboratory, but the
visual deterrent systems that yielded positive results at first always failed completely
under field conditions, no matter what lamp types were used (Fig. 4.7, Hadderingh
and Smythe 1997; DWA 2006).

The antagonistic effect that light has on fish is also established by the fact that, in
France, bypasses for the downstream migration of salmon smolts have been illumi-
nated for decades in order to attract the fish (Fig. 4.8, Larinier and Travade 2002b;
Travade and Larinier 2006) because, according to findings of Larinier and Boyer-
Bernard (1991b), this significantly improves their traceability. Thus, on the whole,
visual behavioral barriers can only be used to deflect certain species, such as eels, at
most. But even for this species, the deterrent effect is limited.

4.1.4 Hanging Chain Curtains

Hanging metal chains are closely arranged in rows in order to block the entire cross-
section of the flow in front of a water intake structure. The approaching flow must
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Lamp for attracting

salmon smolts

Fig. 4.8 Fish way for descending salmon smolts at the Pointis hydropower station on the Garonne
(France). The entrance is illuminated by a lamp in order to attract smolts and thus increase the
efficiency of the bypass (U. Schwevers)

be relatively slow for this type of barrier because otherwise, the current will push
the chains apart so much that the effect of a more or less closed curtain is lost.
Although deterrence rates up to 71% were reached in model experiments, hanging
chains proved to be barely effective under field conditions (Taft 1986). At this time, to
our knowledge, no hanging chain curtains are being used as fish protection devices.
Besides the lack of effectiveness, this may also be due to considerable problems
regarding the installation and maintenance of these systems.

However, for several years now, attempts have been made in Germany to guide
fish migrating upstream by means of hanging chains so that they will not enter
the tailwater channel of run-of-river hydropower stations, but follow the main river
channel to the weir and use the upstream fish pass that is installed there. In Germany
hanging chains were installed 2011 at the confluence of the tailwater channel of the
Prossen hydropower station on the Lachsbach river (Fig. 4.9, Prott 2014). However,
ascending salmon refused to be kept away from the tailwater channel and conducted
towards the upstream fish pass at the diversion weir by this construction; instead,
they continued to follow the main current into the dead end formed by the tailwater
channel (Lfulg 2012).

4.1.5 Air Bubble Curtains

Air bubble curtains are generated by forcing compressed air through pipes with
suitably arranged outflow nozzles that are fastened to the bed of the waterway. The
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Fig. 4.9 Hanging chain curtain of the Prossen hydropower station in the German Lachsbach (Archiv
LfULG)

bubbles that rise are supposed to elicit an avoidance response in fish through touch
or visual perception. The operational capability of this method is generally limited
to low flow velocities, because the rising bubbles drift off with the current and a flow
velocity of 0.5 m/s, for example, will thus already result in a deflection of the curtain
by 45°.

The fact that fish generally react to air bubble curtains can be demonstrated in
laboratory tests (Taft 1986): they shy away from them and avoid swimming through
the rising bubbles. This was reported for juvenile European perch by Hadderingh
et al. (1988), and for eels by Adam et al. (1999). It remains unclear whether the fish
react to the mechanical stimulus, or to the visual perception of the rising bubbles.
Anyway, they get used to the situation quite rapidly and soon cease to react to it.
According to the research on this subject, no deterrent effect is detectable under field
conditions. For instance, field studies on the Vechte river in the Netherlands showed
no effect whatsoever on silver eels (Kema 1992). Based on similarly sobering results,
the air bubble curtains that had been installed at numerous cooling water intakes in
the USA were replaced by different constructions.
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4.1.6 Water Jet Curtains

Water jet curtains are generated by causing parallel jets of water to emerge through
small openings in a pipe system under pressure, thus causing strong currents or
turbulences in a defined zone. Taft (1986) developed the idea of deterring fish based
on this concept and conducted behavioral tests that showed that fish definitely react
to water jet curtains when numerous nozzles discharge around 50 I/s per cross section
(m?) curtain surface. Under laboratory conditions, it was possible to deflect up to 75%
of fish this way. Despite these results, however, the technology was deemed unsuitable
because the nozzles tend to clog and the need for maintenance to ensure operability
is enormous. Furthermore, the demand for water, and thus energy, is extremely high
at 50 1/s per cross section (m?) curtain surface. Therefore, this approach was not
pursued any further for use in natural bodies of water.

4.1.7 Deterrence Through Chemical Substances

It has long been known that fish have an excellent sense of smell. Frisch (1941)
already proved that skin cells of minnows contain an alarm pheromone that triggers
intense flight reactions in conspecifics as soon as it is released when the skin is injured.
This and other, similar phenomena gave rise to considerations to use chemical agents
as a repellent in behavioral barriers, thus keeping fish away from dangerous zones
(Taft 1986, 2000). However, the practical applicability of this concept in open waters
was never seriously examined, and there is no evidence of facilities where it was
implemented.

4.1.8 Hybrid Behavioral Barriers

Hybrid behavioral barriers employ a combination of different stimuli, such as sound
and light, for example. They represent an attempt to compensate for the selective
effect of one stimulus by combining it with another and thus augmenting the overall
efficiency. One case in point is the enhancement of acoustic barriers through air
bubble curtains as described in Sect. 4.1.5 which, however, did not verifiably improve
the efficiency. Sonny and Schmidt (2013) were promoting a combination of electric
deterrent systems with infrasound barriers in an attempt to compensate the lack of
effectiveness of electric fields with respect to small fish. Once again, however, no
reliable findings are available so far regarding this combination.
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4.2 Mechanical Barriers

Mechanical barriers are installed in front of water intakes in order to prevent the
intrusion of debris and thus ensure smooth engine operation. While so-called trash
racks retain coarse debris such as large pieces of wood, finer screens serve to keep
out smaller bits of refuse. For more than 100 years, representatives of fisheries man-
agement and fishing industry have demanded a limitation of the clearance of screens
beyond technical requirements in order to keep fish from entering (Gerhardt 1893;
Jens 1987), but only in the last few years have such concepts actually been imple-
mented.

For the protection of fish, the clearance of the openings in a mechanical barrier
must be smaller than the body dimensions of the animals in question (Sect. 4.2.3).
The terms “fine screen” or “fish protection screen” generally designate screens with
a clear space between bars of 20 mm or less that are employed for the protection of
certain target species. Moreover, the approach velocity needs to be so low that, based
on their performance capacity, the fish to be protected must be able to overcome the
contact pressure at the barrier and escape (Sect. 4.2.4).

Various systems, such as screen arrays, perforated sheets, grates or wire mesh,
for example, can be employed as mechanical barriers. An overview of available
technologies is provided in DWA (2006). In the following sections, we will mainly
introduce systems which are suitable for discharges of more than 50 m?/s, equipped
with fine screens with clear bar widths of 20 mm or less, or may be used in the
near future. Other technologies that are currently being discussed are also briefly
presented for the sake of completeness, including their inherent possibilities and
limitations. Mechanical barriers always need to be equipped with devices that facil-
itate maintenance, and especially cleaning, of the screen surface (Sect. 4.2.2). In
preparation for the launch of a pilot facility on the Swiss river Aare, louvers and bar
racks were examined and tested at a laboratory in Switzerland from 2012 to 2014
(Sect. 4.2.5). These fish protection systems have relatively large bar spacing, which
makes them passable particularly for smaller fish. This means that they essentially
function as behavioral barriers.

4.2.1 Construction Types

Hydropower stations and water intake structures are equipped with screens by default.
However, their primary purpose is not the protection of fish, but the interception of
debris and prevention of damage to the turbines. In the past, conventional bar racks
were usually installed to achieve this (Sect. 4.2.1.1). Over time, various types of
alternatives have been developed and some of these will be introduced in Sect. 4.2.1.2
ff.
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Fig. 4.10 Design of a conventional bar rack (sg = clear space between bars, thg = thickness of a
rack bar)

4.2.1.1 Conventional Bar Racks

Intake screens of hydropower stations are usually constructed from flat steel bars that
are kept at a certain distance by spacers (Figs. 4.10 and 4.11). The clear space of the
rack bars (sg) is based on the dimensions of the turbine. The smaller the turbine, the
lower the clearance of the screen needs to be. In major run-of-river power stations
and pumped-storage power plants, it usually in between 80 and 200 mm. Such racks
can obviously be easily passed by all species and developmental stages of European
fish; however, they sometimes still perform a certain function that may count as fish
protection because they may influence fish behavior (Fig. 4.12).

The problem of turbines (which were increasingly installed to replace traditional
water wheels at the time) causing damage to fish at a significant scale was already
recognized in the late 19th century (Gerhardt 1893; Anonymus 1899). Even back
then, fine screens were discussed as a solution to the problem, although it soon
became evident “that grates with a clear width of less than 20 mm would not be
feasible” (Gerhardt 1893). In the executive instructions for the Prussian Fisheries
Act of March 16, 1918, “protective grates” were included as a requirement, and it
was specified that the clear width of the screen bars must be “no more than 2 cm”.
However, this requirement could never be enforced even though it has since been
incorporated in most German fishing regulations (Jens 1987). This is partially due to
financial reasons, but also to construction problems as well as screen cleaning issues.
Moreover, it is necessary to limit the approach velocity at the same time in order to
prevent damage to fish by impingement on fine screens (Sect. 4.2.4).

If a conventional flat-steel bar rack is not installed at right angle to the incoming
flow, as was usually done in the past, but as an angled screen, its screen bars are
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Fig. 4.12 Bar rack with 40 mm clear space in front a turbine intake (Ingenieurbiiro Floecksmiihle
GmbH)



94 4 Fish-Protection Facilities

Angled rack
with vertical bars Louver Modified bar rack

Approach
flow

Fig. 4.13 Top view on a construction and flow of a modified bar rack as compared to a conventional
angled screen and a louver

oriented diagonally to the flow, increasing the flow resistance and therefore also the
hydraulic loss (Bos et al. 2016). To compensate for this, in the so-called modified
bar rack, the screen bars are rotated around their longitudinal axis, diminishing their
angle towards the incoming flow. This is achieved by mounting the bars on the screen
axis at an angle of >90°. The construction is thus similar to a louver (Sect. 4.2.1.6),
except for the fact that the angle towards the flow, and thus the flow resistance, is not
maximized but minimized (Fig. 4.13).

Systems of this type were tested by the Swiss university at Ziirich at the ini-
tiative of the Verband Aare-Rheinwerke (Var 2013) as part of the research project
“Measures to facilitate safe downstream fish migration at large European run-of-river
hydropower stations” (Bos et al. 2012; Kriewitz et al. 2012, 2015; Kriewitz-Byun
2015; Fliigel et al. 2015; Bos et al. 2016). The hydraulics of the modified bar rack
were described in detail and, in the context of ethohydraulic studies, reactions of fish
using the subcarangiform type of locomotion were documented, and proved to be
comparable to those shown at conventional angled screens (Sect. 4.2.5.4). As far as
we could determine from available information, such screens have not yet been put
into practice.

4.2.1.2 Fine Screens

While, actual in rare exceptional case some run-of-river power stations with a design
capacity of approximate 10 m>/s are equipped with screens with a clearance of less
than 20 mm, some official requirements exceed this demand. In the German state
of North Rhine-Westphalia, for instance, hydropower plants in priority water zones
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Fig. 4.14 Headwater of the Auer Kotten hydropower station on the German river Wupper (U.
Schwevers)

to protect eels must be equipped with a 15 mm screen, and with a 10 mm screen in
priority water zones for Atlantic salmon (MUNLYV 2009). In the German state Hesse,
the minimum requirement for all hydropower stations is a 15 mm screen (HMU 2008).
However, technical developments can barely keep up with these specifications, so
that hydropower plants with large design capacities in particular are frequently still
equipped with screens that have clear widths of considerably more than 20 mm.

Screen systems are usually constructed from galvanized steel. Stainless steel is
a much more expensive option, but it offers the advantage of resisting corrosion. In
Swedish facilities, angled screens made of glass fiber reinforced plastic are used as
well.

Independent of the construction and clearance width, fine screens may be installed
with vertical or horizontal bars, perpendicularly, flat inclined or diagonally to the flow
(Sect. 4.2.5), and combined with bypasses (Sect. 4.2.5). The Auer Kotten hydropower
station at the German river Wupper, for instance, with its discharge capacity of
14 m>/s, is equipped with an angled 12 mm screen with horizontal bars, plus several
bypasses (Figs. 4.14 and 4.15).

In 2014, the Unkelmiihle hydropower station on the German river Sieg returned
to regular operation following major restructuring as a pilot facility (Figs. 4.16 and
4.17). Its total design capacity of 28 m?/s is distributed over three turbines, so that the
maximum water flow per turbine and screen array does not exceed 10 m®/s. Three
flat inclined 10 mm screens with different bar profiles were incorporated, as well
as comprehensive monitoring fixtures. Monitoring was performed particularly on
salmon smolts and eels (@kland et al. 2016).

While conventional screens are mostly constructed from bars with rectangular
profiles (Fig. 4.10), other profiles may be used as well in fine screens. Profiles that
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Fig. 4.15 Angled screen with horizontal bars at the hydropower station Auer Kotten on the Ger-
man river Wupper; discharge capacity Qup = 14 m®/s; clear space sg = 12 mm (Ingenieurbiiro
Floecksmiihle GmbH)

Fig. 4.16 Top view on Unkelmiihle hydropower station on the German river Sieg; discharge capac-
ity Qup = 28 m?/s; intake area with three inclined screen systems (Fig. 4.17) (Wikipedia)
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Fig. 4.17 Inclined screens with a clear space of 10 mm with cleaning systems (Ingenieurbiiro
Floecksmiihle GmbH)

uncinated thread bar
bars with spacer

Fig. 4.18 Screen with uncinated bars (Ingenieurbiiro Floecksmiihle GmbH)

are thicker on the upstream side, such as wedge, drop or round head profiles, are
recommended for reasons of fluidity because they come with lower drag coefficients
and thus lower screen losses (Fig. 4.18). They also offer favorable cleaning qualities
because the gap between bars becomes wider on the downstream side so that debris
does not usually get stuck there after passing the front side. Due to the low material
thickness of the bars, this type of screen requires many cross-connections, resulting
in a grid-like construction. It is to be expected that this makes the cleaning process
more complicated.
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Fig. 4.19 Triangular profile of a wedge wire screen; clear space sg = 1 mm (U. Schwevers)

While the hydraulic advantages of such screens are evident and plausible, their
alleged fish-friendly properties have so far neither been specified nor proven through
scientific research. Fish protection definitely cannot merely consist of less severe
injuries caused by impingement on the rounded front edges of the bars. Rather, fish
protection always involves avoiding impingement altogether through sufficiently
diminished approach velocities (Sect. 4.2.4).

In order to implement even lower clearances for efficient fish protection, the so-
called wedge wire screen or slotted screen was developed in the USA (Fig. 4.19).
This screen type consists of bars with a triangular cross-section whose broad sides
point towards the flow, forming a smooth screen surface. Owing to the geometry of
the bars, the gap between the screen bars increases in the direction of the flow, which
is advantageous in terms of fluid mechanics so that hydraulic and energetic losses
are lower than they would be with conventional flat-steel bar racks with the same
clearance.

Wedge wire screens are manufactured with clear widths between 1 and 15 mm.
Accordingly, the amount of debris that accumulate and the need for cleaning is
high, despite the smooth surface. However, if debris enters the gaps of the screen,
it will get flushed out more or less automatically due to the special shape of the
screen bars (Taft 1986). A great variety of fish protection facilities constructed from
wedge wire screens is being employed in the USA at various hydropower stations
and water extraction plants. Advantages over other fine screen types chiefly consist
in convenient cleaning options and the possibility to implement very low clearances.
In terms of fish protection, the smooth surface of this screen type is particularly
beneficial whenever fish drift across the screen surface, as is the case with Eicher
and modular inclined screens, and are thus passively transported to a bypass installed
at the end of the screen.
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Fig. 4.20 Inclined wedge wire screen with a clear space of sg = 5 mm in front of the intake of the
Floecksmiihle hydropower station on the Nette (Germany) (U. Schwevers)

In Germany, a wedge wire screen was first installed in 2002 as a pilot facility at
the micro hydropower station Floecksmiihle on river Nette (Fig. 4.20). This screen,
with a clearance of 5 mm, proved to be practicable at a design capacity of 1.7 m%/s,
and is still in use today. Over time, however, permanent clogging occurs between the
screen bars, so that the actual clear area shrinks by around 10% over the course of a
year. In the absence of specially developed screen cleaning equipment, these debris
can only be removed manually with a high-pressure cleaner (Dumont et al. 2005).

The possible applications of a wedge wire screen are limited due to its delicate
construction. For one thing, it requires a complex support structure because the
inherent stability of the screen itself is low. Also, it needs to be protected by a trash
rack from damage caused by large debris such as logs.

4.2.1.3 Mechanical Barriers with Mesh and Holes

Besides bar screens, other laminar shields such as perforated sheets, wire mesh, and
grates with small opening widths can basically be used for fish protection as well
(Taft 1986; DWA 2006). The hole diameter or mesh size needs to be adapted to the
respective target species and developmental stages, so at to make it impossible for



100 4 Fish-Protection Facilities

Fig. 4.21 Inclined 10 mm perforated sheet screen with a brush cleaner (U. Schwevers)

them to pass with the flow. However, the cleaning effort is generally higher than it is
with bar screens, and during the winter, the risk of icing up increases with diminishing
clearance.

One of the few facilities of this type that exist in Germany is the hydropower
station at Wetzlar on the river Lahn with a design capacity amounts to 10 m%/s,
which uses a flat inclined screen consisting of a 10 mm perforated sheet (Fig. 4.21).
Here the water surface remains clear to pass debris and fish downstream.

4.2.1.4 Chain Bar

The problems surrounding the cleaning of fine screens led to the development of the
so-called chain bar, a self-cleaning screen that is also supposed to offer effective fish
protection. This screen type consists of separate sections with freely oscillating round
metal rods that are set into vibration by the current (Seidel and Bernhard 2004). The
individual screen arrays are connected at the bottom of the river by swiveling plugs
(Fig. 4.22). Each chain bar section is kept upright in the water by a floating panel.
If a screen section is clogged, it will open up as a result of the increasing contact
pressure, the debris is passed on with the flow, and the screen section rises up again.
The ringing sounds emanating from the round bars knocking against each other in
the current are expected to create an acoustic deterrent effect, and by limiting the
clearance to 10 mm the chain bar is supposed to function as an impassable barrier at
the same time.

To verify the fish-protecting properties of the chain bar, a prototype was installed
diagonally to the flow at an angle of 40° in an ethohydraulic model flume at the
University Karlsruhe at the Institute of Technology, and equipped with a bypass at
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Fig. 4.22 Functional principle of the self cleaning chain bar screen

the downstream end (Fig. 4.23). The results showed that an acoustic deterrent effect
only occurred with fish considered hearing specialists such as cyprinids, who soon
got used to this ambient sound; hearing generalists such as salmonids and eels did
not react at all (Fig. 4.4). Also, in the laboratory, the mechanical protective effect
proved to be limited, because the gaps that opened up between screen sections when
one of them was deflected by debris were passed by many fish (Kampke et al. 2008).
Therefore, this screen system has never been implemented in the field.

4.2.1.5 Flexible Fish Fence

The flexible fish fence is currently being developed by the Unit of Hydraulic Engi-
neering at the University of Innsbruck in Austria. It consists of wire ropes that are
tautly stretched horizontally in front of a power station intake. Ebel (2013) postulated
a guiding effect if the flexible fish fence is installed diagonally to the incoming flow.
In cases of local clogging, cleaning is achieved by slackening the ropes. With higher
discharges, the ropes are deposited on the bed of the waterway. The cross section of
the waterway is thus opened up to clear the way for the outflow, debris, and migrating
fish. A model experiment at a scale of 1:5 was conducted in the hydraulic engineer-
ing laboratory at the University of Innsbruck. This physical experiment demonstrated
that it is possible to maintain a constant clearance (Bottcher et al. 2014). The techni-
cal concept is to be verified further in the laboratory and by constructing a prototype
in the context of a pilot project.
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Fig. 4.23 Installation of a chain bar at an angle of 40° in an ethohydraulic model flume, with a
bypass on the left (B. Adam)

4.2.1.6 Louver

A louver (Fig. 4.24) is a special form of angled screen that is used mostly in the USA
as a guidance system for migrating Pacific and Atlantic salmon smolts (Bates and
Vinsonhaler 1957; Bates and Jewett 1961; Skinner 1974; Ruggles et al. 1993; Karp
et al. 1995). This system is characterized by the following features:

The louver is installed at an acute angle of about 15-30° towards the incoming
flow.

e The screen bars are flattened into a lamellar shape.

The lamellae are arranged at an angle of 90° to the incoming flow, forcing a
redirection of the water’s flow and thus producing a maximum possible hydraulic
resistance. Thus, in contrast to conventional bar screens, the angle between the
screen’s axis and the longitudinal axis of the bar is not 90°, but only around
60°-75° (Figs. 4.24 and 4.25). Frequently, additional guiding plates are installed
downstream in order to achieve a more uniform outflow.

The clearance far exceeds the thickness of the target species, e.g. 2050 mm. Lou-
vers are therefore passable barriers, and their effect is largely based on behavioral
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Fig. 4.24 Construction and flow patterns of alouver in combination with a bypass at the downstream
end

Angled rack
with vertical bars Louver

Fig. 4.25 Top view on the construction and flow of a louver as compared to a conventional angled
screen

reactions of fish. They are to be considered hybrids of mechanical and behavioral
barriers.

The operating principle of the louver presumes that migrating fish will follow the
diagonal layout of the screen surface and are thus guided towards a bypass installed
at the downstream end (Fig. 4.26). In older American literature, this behavior was
primarily explained with hydraulic conditions; it was assumed that a fish will perceive
the flow change that takes place in front of the louver as a standing wave and try to



104 4 Fish-Protection Facilities

Fig. 4.26 Louver for ethohydraulic testing in the model flume of the German Technical University
of Darmstadt (B. Adam)

avoid it, which will cause the fish to drift downstream (Bates and Vinsonhaler 1957;
Bates and Jewett 1961; Skinner 1974; Ruggles et al. 1993; Karp et al. 1995; Haefner
and Bowen 2002). However, the swimming motions of descending fish in the presence
of alouver may just as plausibly be explained with the yawing behavior that fish using
the subcarangiform locomotion type generally show at angled screens, even when
the hydraulic conditions are not measurably affected by the barrier (Sect. 4.2.5.1).
This would also explain why the guiding effect of a louver is lower in the case of eels
and catfish (silurus) (Adam 1999), because species of the anguilliform locomotion
type do not exhibit any yawing behavior.

The guidelines for the dimensioning of louvers, as stipulated in the USA by the
Federal Energy Regulatory Commission (EPRI and LABS 2001; Amaral 2003 in
Kriewitz et al. 2012) are oriented towards the smolts of Pacific and Atlantic salmon
and anadromous rainbow trout, as well as the migrating stages of local species of
shad. Obviously, with the exception of Atlantic salmon smolts, these specifications
cannot be readily applied to European species. Requirements are:

e inflow angles between 15° and 30°;
e bar spacing between 25 mm for smolts and up to 300 mm for other species;
e maximum approach velocities of 0.9 m/s.

In North America, louvers are chiefly mounted in the headrace channels of run-
of-river power stations in order to guide descending salmonid smolts towards a
bypass entrance (Fig. 4.27). Installation in channels helps to ensure the homoge-
neous, orthogonal incoming flow to the lamellae that forms the basis of the hydraulic
functionality of this concept. At the Vernon hydropower station on the Connecticut
River (USA), for example, the migration rate via the central bypass was increased
from 16 to 54% by installing a louver (Hanson 1999). Generally, according to North
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Fig. 4.27 Louver in the headrace channel of a hydropower station at the Holyoke Dam on the
Connecticut River (USA) (U. Schwevers)

American field studies which were also quoted by DWA (2006) and Bos et al. (2012),
for instance, the efficiency of louvers lies somewhere between 50% and a maximum
0of 95%. In order to achieve higher protection rates, existing louvers in this region are
now increasingly being replaced with physically impassable mechanical barriers. In
Europe, this principle has not been put into practice so far, and in fact failed to prove
itself in ethohydraulic tests on eels, and its efficiency for potamodromous species
appears questionable as well (Adam et al. 1999).

4.2.1.7 Rotating Shields

Rotating shields, also known as traveling band screens or circulating screens, are
mainly used at process and cooling water intakes where water filtration is required
because of the connected technical facilities. The filter consists of a belt made of
flexible synthetic material, wire mesh, flexibly jointed perforated sheets or other
materials, which is guided over two deflection rollers (Fig. 4.28). The side of the
belt that faces the water current is called the top flange. The bottom flange is strung
through in the opposite direction, which generates a certain self-cleaning effect.
Frequently, though, separate spraying devices are additionally used for cleaning.
Depending on the amount of floating residues that accrue in the watercourse, the belt
rotates at speeds between approximately 0.1 and 5 m/min.

Because rotating shields are unable to cope with coarse debris, they are usually
protected by trash racks with suitable screen cleaning systems that are installed
upstream.
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Fig. 4.28 Schematic sketch of a rotating shield

Depending on the requirements to the water that is abstracted, rotating shields
have meshes or holes with a diameter of 1-10 mm. Except for larvae and hatchlings,
fish are thus very well protected from entering the technical facilities. However, they
face other dangers that may cause significant damage rates of up to 100% (Fletcher
1990), including:

if the approach velocity is too high, fish will suffer damage or death through impinge-
ment on the screen. Animals that are stuck on the shield are lifted above the water
surface.

If they stay out of the water for prolonged periods of time, particularly at facilities
that do not operate continuously, they are at risk of suffocating. Sometimes, due to
the missing hydraulic contact pressure, animals which have been lifted above the
water surface will fall back into the water and suffer impingement on the shield a
second time. This may result in loss of scales and abrasions.

Conventional rotating shields are often cleaned with 4—6 bar water jets from high-
pressure nozzles, which lead to high rates of damage to small fish, larvae and fry.

Thus, rotating shields are not primarily designed as fish protection devices; rather,
they constitute technical measures for cleaning process and cooling water. They only
protect fish whose swimming performance exceeds the approach velocity, enabling
them to flee from the danger zone. All other fish are forced against the screen surface
by the flow pressure and, in most facilities do not stand a chance to survive. However,
various attempts have been made to equip rotating shields with trough-shaped buckets
where fish are picked up and lifted above the water surface. Through the rotary
motion, the buckets are tipped and emptied when they pass the upper roller. The fish
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Fig. 4.29 Apex of a MultiDisc™ screen. The black sickle-shaped mesh panels have green buckets
attached which are supposed to carry fish to the return pipe; arrows mark the rotational direction
(U. Schwevers)

are collected and guided back into the river via a special fish return pipe. This way,
the mortality of fish at rotating shields can be reduced significantly (DWA 2006).

The so-called MultiDisc™ screen constitutes a new construction type of rotating
shields (Fig. 4.29). It is comprised of many sickle-shaped perforated plastic panels
with a clear opening diameter of 3—10 mm. The individual panels are interlocked
to form a traveling band circulating on one plane, consisting of an ascending and a
descending line that change direction in a half circle when they pass the deflection
unit at the bottom and the sprocket coupled with a drive unit at the top. The circulation
speed of the MultiDisc™ screen approximately lies between 7 and 14 m/min. Above
the water surface, the elements are cleaned by spray nozzles installed behind the
panels. In comparison with conventional rotating shields, the MultiDisc™ screen
offers the following main advantages:

o The abstracted water flows through the MultiDisc™ screen only once, thus reduc-
ing the hydraulic loss.

e Through the vertical rotation of the plastic panels on just one plane, the debris
that may still adhere to the panels even though they are cleaned by means of spray
nozzles is prevented from entering the process or cooling water flow.

MultiDisc™ screens can also be combined with fish return fixtures. To this pur-
pose, a bucket is affixed to each of the circulating plastic panels (Fig. 4.29). The
buckets are open at the top on the ascending line and remain filled with water when
they are lifted above the surface. They are supposed to receive fish, who break free
from the screen panels above the water level as soon as they are no longer impinged
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Fig. 4.30 Fish captured in the buckets of the MultiDisc™ screen (in its housing) are transported
to the fish return pipe (dark blue arrow) via flumes (light blue arrows), and from here back into the
river (U. Schwevers)

by the current. Once a water-filled through reaches the top of the assembly, it will
successively swivel from its horizontal position to a vertical one until it is turned by
180 in the descending line. The buckets are tipped and emptied in the process. The
contained water, including fish, is thus dumped into a flume that transports them back
into the water (Fig. 4.30). Only once fish are removed the traveling band cleaned of
attached debris by means of spray nozzles.

Due to the many moving components, maintenance requirements are much higher
for rotating screens than they are for other static shields. Therefore, such constructions
are generally not used in run-of-river power stations.

Hassinger (2012, 2016) devised a system where the screen itself is static, but a
trough equipped with a swiveling fish protection comb is included on the headwater
side, a tilting scraper bar on the screen side, and a bottom opening with a check valve
moves vertically in front of the screen. The trough will move up the screen from
the bottom, pick up the fish waiting in front of the screen, empty its contents into
a bypass channel, and then return to its initial position. However, such a device has
only been realized in the laboratory so far.

Circulating screens, e.g. flat inclined rotating shields, were developed in the 1960s
and installed at pilot locations in the intake structures of micro hydropower plants
(Fig. 4.31). To protect these facilities from floating refuse, trash racks were mounted
upstream, and troughs were affixed to the traveling metal mesh band in order to
transport fish to the tailwater through a fish return pipe. In principle, these con-
structions were functional, and significant numbers of small fish at least reached the
tailwater via the troughs and the return pipe (Hartvich et al. 2002, 2008). However,
problems were caused by the fact that the traveling band would only be set into
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Fig. 4.31 Former circulating screen with screwed-on troughs at the hydropower station on the
German Elbbach in Hadamar (U. Schwevers)

rotation episodically, depending on the amount of accumulated debris, so that the
transport mechanism was only available to migrating fish for short periods at a time.
Thus, outside of operating times, smaller fish were pressed against the screen until
it commenced to move once again. Only then would they be transported to the water
surface by the rotating band, and received by the troughs. This led to impingement
for indefinite periods of time, causing an inherent risk of lethal damage (Sect. 4.2.4).
Fish with a swimming performance that exceeded the approach velocity were able to
avoid contact with the traveling band and escape impingement; they were therefore
rarely picked up by the troughs. Accordingly, the effectiveness of the circulating
screen was almost exclusively restricted to fish with a total length of less than 10 cm.

Owing to a lack of stability, high maintenance costs and big hydraulic losses,
the circulating screen has not been a success. While one of the two German pilot
facilities was replaced with a conventional screen following a change of ownership,
the other hydropower station on the river Stepenitz has now been decommissioned.

A circulating screen of a different construction type went into operation in 2006 at
the German Steinach hydropower station on the Kinzig (Figs. 4.32 and 4.33). This is
a small hydroelectric station with a capacity of 350 kW and a design flow of 13 m%/s.
The approach velocity comes to 0.32 m/s, and the hole diameter is 10 mm. This
circulating screen consists of flexibly jointed perforated sheet elements and is set
into motion for cleaning purposes as needed. By opening a flushing gate, the upper
edge of the screen is slightly submerged, and a discharge of around 150 I/s, including
debris, is released into the tailwater via a transverse channel immediately behind
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Fig. 4.32 Circulating screen at the German Steinach hydropower station on the Kinzig. Through
the rotation of the perforated sheet panels, debris and fish can pass the overflowed upper edge of the
screen while a flushing gate is open, and enter the tailwater via a transverse channel immediately
behind the edge (B. Adam)

Fig. 4.33 Detail of the circulating 10 mm perforated sheet screen (B. Adam)

the edge. Migrating fish are supposed to take the same path. However, functional
checks showed that salmon smolts in particular were unable to identify the migration
corridor when the gate was opened periodically; instead, they lingered in front of the
screen. Only when the gate was permanently open could the migration rate at least
be increased to almost 50% (Blasel 2009).
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Fig. 4.34 Schematic section of a drum screen array

4.2.1.8 Drum Screen

The operating principle of drum screens is similar to that of rotating shields
(Sect. 4.2.1.7). However, in this case, the rotating filter does not consist of a flexible
belt; it is a rigid, cylindric body made of fine wire mesh, perforated sheet metal, bent
flat steel, or a wedge wire screen (Figs. 4.34 and 4.35), usually rotating around a hor-
izontal axis. Depending on the size of the target species, the mesh width lies between
3 and 6 mm so that a deterrence rate of almost 100% can be achieved. However, to
prevent damage to fish through impingement, the approach velocity must be kept
very low. It is usually no more than 0.1-0.3 m/s. Approximate 70-80% of a drum
screen’s diameter is located under the water surface in order to be able to use a suf-
ficiently large flow cross-section (Fig. 4.34). Depending on the outflow of the water
intake, the cylinders have a diameter of 0.8 m to more than 6 m. This technology is
mainly used in the USA to protect fish from entering the water intakes of irrigation
channels, and sometimes of hydropower plants.

Because of their low hydraulic performance capacity, several drum screens need
to be combined into a complete system for larger abstraction volumes. The water
intake structure at the Roza Dam on the Yakima River (USA) pictured in Fig. 4.36,
for instance, which is designed for a maximum flow rate of approximate 50 m%/s,
comprises no less than 25 drum screens with diameters of about 6 m, arranged in
separate intake bays in groups of five.

The main issue with drum screens is their great sensitivity to debris. While larger
pieces must be kept back by an upstream trash rack, smaller particles will adhere
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Fig. 4.35 Drum screen construction from a wedge wire screen with a diameter of about 1 m (U.
Schwevers)
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Fig. 4.36 Scetch of the intake structure for irrigation and hydropower utilization on the American
Roza Dam on the Yakima River
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to the surface of the screen. Through the slow horizontal rotation of the cylinder,
they are lifted above the water surface, transported to the back and then rinsed off
by the flow through the drum. Larger pieces of debris, that do not cling to the drum,
but fall back into the water, will accumulate in front of the drum screen and need to
be removed manually. In addition, debris and algae in particular will slowly accrue
inside of the drum, which must therefore be lifted above the surface and cleaned out
on a regular basis.

Due to the limited efficiency of the cleaning mechanism, drum screens are mainly
used in the arid and alpine regions where rivers do not carry significant amounts of
debris. They are rarely used in Europe. A modified version is installed in Netherlands
at Bergum in a cooling water intake structure. It consists of four drum screens with
a total discharge of 27.8 m3/s, unfortunately, fish suffer considerable damage at this
facility (Haddering 1978).

The RO-TEC™ screen drum system, a variant of this technology where several
vertical drums are arranged side by side, thus forming a collective screen surface
(Zek 2016). It is used in lateral water intakes where the screen surface is arranged
in parallel with the water’s main current and the abstracted outflow is significantly
less than the overall discharge. In this system, the bar screens installed on the surface
of the cylinder rotate around the vertical longitudinal axis. Through the rotation, the
accumulated debris is guided by the screen bars to a scraper bar where it is wiped
away and carried off by the current. The drums are powered individually, and can
be separately removed for maintenance. Each drum section can be closed off by
inserting stop logs so that the facility is able to continue to operate. The drums are
available with clear space between 2 and 50 mm.

In 2013, a facility of this type was put into operation at the cooling water intake
of the Rhine Port steam power plant in Karlsruhe in Germany (Blank 2013). A
total of 12 drums are installed there vertically in a standing position (Fig. 4.37). So
far, no information has been published regarding the efficiency of debris deflection,
maintenance costs and fish-protecting functions.

4.2.1.9 Partial and Temporary Mechanical Barriers

The development of partial mechanical barriers was triggered by observations at
hydropower stations in North American Pacific ocean feeders where considerable
numbers of Pacific salmon smolts would keep assembling in the stop log shafts.
Following failed attempts to fish out the salmon with nets, which achieved a success
rate of 6% at most (Bentley and Raymond 1968), operators began to upgrade the
stop log shafts to bypass systems instead. To this purpose, pipelines were installed
allowing the smolts to descend to the tailwater from the stop log shafts. In addition,
special screens were developed to be lowered into the shaft. The lower part of the
screen, which is about 6—12 m long and protrudes into the turbine intake, is then tilted
by about 35° in order to guide migrating fish into the stop log shaft (Fig. 4.38). At
first, stationary screens with circulating brush systems were used, as well as rotating
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Fig. 4.37 Cooling water intake of the German Rhine Port steam power plant in Karlsruhe with a
RO-TEC™ screen consisting of 12 drums (Erhard Muhr GmbH)

shields; these are now progressively being replaced with wedge wire screens (Monk
and Sandford 2000; Weiland and Escher 2001).

Because migrating salmon smolts are surface-oriented and therefore concentrate
in the upper part of the intake structure, it is possible to guide about 70-80% of them
into the stop log shaft from where they can reach the tailwater via the bypass systems
(Collins 1976; Taft 1986; Bardy et al. 1991). Sometimes, though, the efficiency is
significantly lower (Matthews et al. 1977; Gessel et al. 1991).

However, the operation of such partial shields in the turbine intake of hydropower
stations is extremely complex and accompanied by a multitude of technical problems.
The average water level difference at the screen comes to about 15 cm, causing a
correspondent loss of production. Therefore the costs involved are the highest of all
available fish protection technologies. As an alternative, the so-called partial depth
fine screen was developed on the East coast of the USA. Here, the clearance space
of the trash rack is reduced near the surface through additional screen bars. Instead
of attempting to deflect the migrating salmon smolts from the intake structure after
they pass the trash rack, this concept tries to prevent them from entering in the first
place. At the Cabot Station hydropower plant on the Connecticut River, for instance,
the clear width of the upper 4 m of the trash racks in front of the six turbine units
(at 64.8 m>/s each), which are 20 m deep in all, is diminished from 100 to 25 mm
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Fig. 4.38 Partial shield in the turbine intake of the Bonneville Dam hydropower station on the
Columbia River (USA)

by means of additional screen bars (Bos et al. 2012). According to Kriewitz et al.
(2012), the production losses caused by such systems may amount to up to 5%.

The effectiveness of both forms of partial shields is limited to surface-oriented
migrating fish, e.g. mainly salmonid smolts. Therefore, in the USA, such systems
are only employed temporarily during the smolts’ migration season. If, in addition
or instead, silver eels and/or potamodromous species are to be protected, such partial
shields are hardly of use. Unlike salmonid smolts, they do not necessarily migrate
near the water surface (Sect. 2.4.3), and the migrating season is not limited to just a
few weeks of the year (Sect. 2.7.2).

4.2.2 Cleaning Systems for Mechanical Barriers

While, in the early days of hydropower utilization, screens were still cleaned man-
ually with a hand-held rake, the development of mechanical cleaning systems
that would facilitate an efficient operation of hydropower plants began more than
100 years ago. The first solutions involved systems where chain-driven cleaners
were dragged across the screen. This method is still in use at some small power sta-
tions today. Even though screen cleaning is generally automated now, the principle
remains the same. Conventional screens with clear spaces of 20 mm and more are
still cleaned with rakes that insert themselves between the bars and then move across
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the screen surface in order to remove the debris. Clear widths of less than 20 mm
may cause mechanical problems when the teeth of the rake get jammed between the
extremely narrow gaps between bars. With very low bar spacing, brushes or rubber
lips are used instead of rakes.

Besides the screen clearance, the approach velocity must often be decreased as
well for the sake of fish protection (Sect. 4.2.4). With a constant turbine flow rate, this
requires an enlargement of the perpendicularly approached screen cross-section area,
which considerably increases the necessary cleaning effort. Therefore, the tendency
to work with increasingly lower bar spacing and approach velocities even for large
design flows affects the design of cleaning systems as well.

Today, fine screens with small clearances are cleaned by means of fully or par-
tially automated engine-driven brushing or scraping systems moving vertically or
horizontally, depending on the orientation of the screen bars. The cleaning systems
frequently move across the surface of the screen, pushing the screenings into a flume
that runs along the upper edge, or into a gate on the side that will open periodically.
In order to be able to deal with large pieces of floating debris and protect the fine
screen from damage, an additional trash rack with a suitable cleaning system may be
required that is mounted in the operating channel, for example. Coarse debris may
also be deflected by installing an upstream baffle or a floating beam. In the follow-
ing section, we will introduce the currently most frequently used cleaning systems,
including those for inclined and angled screens.

4.2.2.1 Cleaning Screens with Vertical Bars

Screen cleaning systems on inclined screens with vertically arranged bars and low
spacing are often equipped with a hydraulically operated articulated arm which con-
sists of at least three flexibly jointed elements (Fig. 4.39). At the end of the arm, there
is usually a transverse cleaning arm with a mounted scraping or cleaning lip or brush
which wipes the screenings towards the water surface. In cases where articulated-arm
cleaners need to deal with large boom ranges, they are generally equipped with an
extendable telescoping end element.

To facilitate the transport of collected material to the tailwater or a special con-
tainer, the screen is combined with a flushing flume or a conveyor belt that runs along
its upper edge, transversely to the direction of the current. If the flume empties into
a lateral flushing channel, it can also serve as a bypass for fish migrating close to the
surface. If other surface bypasses are available to the fish, then the collected material
may be transported sideways into a trash container by means of a conveyor belt in
order to prevent clogging of the bypass openings.

Robust wire rope cleaners are used in many major hydropower stations for clean-
ing large areas of screen. With these systems, a cleaning rake is moved up and down
on the screen surface by means of a wire rope hoist (Fig. 4.40). Besides their robust
technology, their greatest advantage lies in the fact that they work at immersion
depths of up to 100 m (Muhr 2016).
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Fig. 4.39 Articulated-arm screen cleaning system; the trash rack visible in the picture rests on an
inclined screen with low clear space, a Arm of trash rack cleaner, b Conveyer belt, ¢ Entrance into
bypass channel (Ingenieurbiiro Floecksmiihle GmbH)

4.2.2.2 Cleaning Screens with Horizontal Bars

On screens with horizontally oriented bars, the screen cleaner usually pushes the
screenings towards a flushing channel or a flushing gate at the downstream end of
the screen, allowing them to enter the tailwater and be carried onwards from there
(Fig. 4.41). However, it is also possible to remove the trash from the watercourse
at this point. The cleaning arm is pressed against the screen and moves horizontally
across its surface towards the flushing gate or channel by means of a sliding con-
struction. Screenings are then flushed away, the cleaning arm is lifted off the screen
and returns to its initial upstream position.

Just like in screens with vertical bars and low spacing, the cleaning elements can
either be rakes that slide between the bars, or brushes or synthetic lips scraping along
the outside of the bars. At some hydropower plants, the cleaning arms are of the type
where a row of teeth that interlocks with the screen bars can remove any refuse that
may be lodged in between. This requires low manufacturing tolerance and/or fine
adjustment and calibration between bar spaces and rake. At this point, though, this
type of cleaning system can only be implemented on screens with a clear space of
more than 10 mm.

A loading crane at the downstream end of the screen serves to remove any flotsam
and chunks of debris that are too large to pass through the flushing openings, and
deposit them on the platform behind the screen for subsequent disposal (Fig. 4.42).
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Fig. 4.41 Cleaning system for the horizontal screen at the Auer Kotten hydropower station on the
Waupper in Germany, a Horizontal bar rack with clear space 12 mm, b Trash rack cleaner, ¢ Flushing
gate (Ingenieurbiiro Floecksmiihle GmbH)
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Fig. 4.42 Hydraulic loading crane with orange peel grab for removing coarse debris (U. Schwevers)

4.2.3 Clearance of Physically Impassable Mechanical
Barriers

4.2.3.1 Relations Between Body Proportions and Clearance

The size of a fish in relation to the structure and clear width of a mechanical barrier is
essential to the barrier’s protective function. Passage can only be reliably prevented
when the clear space is so low that the fish will not fit through the bars. Thus, the
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Fig. 4.43 Design-relevant body dimensions of a fish

smaller the target species and/or stages, the lower the clearance that is required for
an efficient protection. The following sizes and proportions of a fish are crucial
with regard to the penetrability of mechanical barriers (Fig. 4.43, Schwevers 2004;
Schwevers and Adam 2019):

Lfish total length of the fish from the tip of the snout to the end of the tail (m)

hggn, ~ maximum body height of the fish (m)

thgsy,  maximum body thickness of the fish (m)

Kneighe relative body height of the fish in relation to its total length: Kpeight = hgsn/lfish
(dimensionless)

kmick  relative body thickness of the fish in relation to its total length: kicxk =
thgsh/lsh (dimensionless)

Inbar screens, the clear spaces between bars (sg ) have an elongated shape. Because
the bodies of most European species of freshwater fish are higher than they are wide,
it is the thickness (thggy,) that determines passability here (Fig. 4.44).

Thus, the following applies to the clearance of impenetrable mechanical barriers
with vertical bar orientation:

SR < thggy(m)
The value thgg, is usually expressed in relation to the length of the fish:
thish = Knick X Ifish (M)
where lgg, is the total length of the fish and kyick is the relation between body thick-

ness and total length. The necessary clearance of impenetrable bar screens is thus
calculated as follows:
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Fig. 4.44 With bar screens,
the body width of the fish
determines passability

SR < Kihick X ligh (m)

In mechanical barriers with meshes or holes, the openings are not elongated, but
have a square or round cross section. This means that fish can only pass this type of
barrier when both the height and the width of their bodies is smaller than the diameter
of the mesh or hole. Because the body of European fish species is higher than it is
wide, passability is determined by the body height alone (Fig. 4.45).

The following is thus true for the clear width of meshes (M) and the diameter of
holes (H) pertaining to impenetrable mechanical barriers:

smH < hsh(m)
The value hgg, is usually expressed in relation to the length of the fish:
hesh = Kneight X lfish (M)
where hggy = Kpeight % lasn (m) where lgg, is the total length of the fish and Kpejght

is the relation between body height and total length. The necessary clearance of
impenetrable screens with meshes or holes is thus calculated as follows:

SMH < Kneight X lgisn (m)
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Fig. 4.45 With mechanical
barriers featuring meshes or
holes, the body height of the
fish determines passability

4.2.3.2 Relevant Biometrical Data of Fish

Information regarding the size and proportions of fish has already been provided by
DWA (2005, 2014) and other authors such as Jager et al. (2010), Schmalz (2010)
and Cuchet (2012). Meanwhile, these numbers have been specified in more detail
by measuring more than 200,000 fish in the Elbe (Schwevers and Adam 2019). It
turned out that the relative thickness (kpick) and height (Kpejgn) of a fish’s body is
not a species-specific constant, but that both values increase along with the fish’s
length. Therefore, the thickness and height of the body cannot be obtained by mul-
tiplying the length with a species-specific factor; instead, it is necessary to employ
non linear equations. In Table 4.1 these equations are listed for all the species for
which Schwevers and Adam (2019) were able to collect sufficient data. According
this data, random samples confirmed that the proportions of fish from other catch-
ment areas do not significantly deviate from these values. Therefore, based on the
formulas suggested in Table 4.1, it is possible to determine at which minimum size
fish of a given species are no longer physically able to pass a mechanical barrier,
independent of the location or water body.

4.2.3.3 Species- and Size-Specific Requirements

The actual properties of impassable mechanical barriers that are required by spe-
cific species, or their developmental stages, can be derived from the basic relations
between the size and proportions of fish in connection with the clear space of mechani-
cal barriers according to Sect. 4.2.3.1, combined with the biometrical data of different
species as provided in Sect. 4.2.3.2.
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Table 4.1 Formulas for calculating the body thickness (thgsp) and height (hgg) as a function of

the total length (lgsh)

Species Thickness (m) Height (m)

Asp thysp = 0.0589 - 1,30 hasp = 0.1183 - 1,536

Atlantic salmon thsaimon = 0.0672 - 11:9918 Nsatmon = 0.1241 - 11077
1.1378

Brown trout

1.2094
thprown trout = 0.0501 - lbrmoygn trout

hbrown trout = 0.121 - Ibrown trout

Burbot thyurpor = 0.0368 - 11,3679 hpurbot = 0.0556 - 11:269
Catfish theaish = 0.0944 - 11.0339 heatsish = 0.1479 - 110113
Common barbel thyarber = 0.0727 - 1}:1237 hparber = 0.1103 - 111313
Common bleak thyleak = 0.036 - 1529 hpjeak = 0.1258 - 111203
Common bream thbream = 0.073 - 11,0701 hpream = 0.211 - 11:1153
Common dace thaace = 0.0554 - 11,2041 hdace = 0.1576 - 11,029
Common roach throach = 0.0562 - 11:247 hroach = 0.133 - 11,2185

Common rudd

thuda = 0.0701 - 111893

hrugg = 0.1785 - 11:148

Eurasian ruffe

theufre = 0.0633 - 112792

ruffe

heutre = 0.1546 - 1] 1446

ruffe

European chub

thenyy = 0.0547 - 1,242

hehub = 0.1109 - 141214

European eel?

theer = 0.0175 - 11,3224

heer = 0.0276 - 11178

European perch

thperch = 0.0557 - 11.2822

hperch =0.1274 - 11-2197

perch perch
European smelt thymer = 0.0105 - 11,7317 hsmeie = 0,0411 - 113339
Gibel carp thgibel carp = 0.1263 - 15,0806 Byibel carp = 0-1715 - Iip oy
Gudgeon thgudgeon = 0.036 - 1;;?(17;30“ hgudgeon = 0.0566 - %iﬁil:goelon
Ide thige = 0.0618 - 151951 hige = 0,1298 - 15182

Maraena whitefish

1762
thwhitefish = 0.007 - 1510k

15772
hyhitefish = 0.0257 - 1030 5

Nase thpase = 0.0506 - 11.215 hpase = 0.099 - 11.1964
Northern pike thyike = 0.0472 - 1199 hpike = 0.0523 - 1267

River lamprey

X _ . 11.7457
thnver lamprey = 0.0028 1riverlamprey

. _ . 11.5205
hnver lamprey = 0.0091 1riverlamprey

Sea lamprey

— 1.0021
thgea lamprey = 0.0504 - lsea lamprey

— 0.8995
hgea lamprey = 0.1018 - lsea lamprey

Sea trout thea rour = 0.0644 - lsléil“tf(?ut hea trout = 0.1397 - lsléggtfgut
Stickleback thygickieback = 0.1378 - lg{il?(slgback hgtickleback = 0.5448 - lg[‘iSC }(leback
White bream thyhite bream = 0.0597 - l\liv'kllistglbream hyhite bream = 0.182 - liv.l}nggiream
Whitefin gudgeon thy, gudgeon = 0.0277 - 1gv-§ggggm hy gudgeon = 0.0648 - 113214
Zander thyander = 0.0606 - 11:130¢ hander = 0.1116 - 111121

Zope thyope = 0.0469 - 1,57 hyope = 0.2178 - 11004

4Eels will squeeze through gaps that are narrower than their own body width and height. Therefore,
when dimensioning fish protection facilities for this species, the values given above are not relevant.
A value of 0.03 - l¢¢] needs to be applied instead (Adam et al. 1999; DWA 2006)
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Essentially, based on this principle, it is possible to calculate for bar screens and
other screens with holes and meshes of any given clearance width is the minimum
size at which individuals of a certain species will no longer be able to pass the
shield in question. Using the formulas from Tables 4.1 and 4.2 shows examples for
the passability of screens with different bar spacing as a function of the length and
developmental stage of various species. Above the given length, fish are no longer
physically capable of passing bar screens with a clearance of 5, 10, 15 or 20 mm.
Particularly wide bodied species such as gibel carp and Eurasian ruffe attain a body
width (thgg) of 20 mm at a length (lgg,) of less than 15 cm. Slimmer species are
already more than 20 cm long at this body width, and elongated species such as
lampreys around 40 cm. The differences are equally comparable for body widths
(thggy) of 15 and 10 mm.

In addition, it is possible to determine which stages of which species can be
reliably protected by a screen with 20, 15, 10, or 5 mm clearance. These stages are
highlighted in different colors in Table 4.2.

This exercise clearly shows the limited protective effect of a 20 mm screen, which
is prescribed in most German states. Only in some species are the adult individuals
reliably protected by such measures when reaching maturity; one-year-old animals
are only safe when they belong to particularly large species such as pike or zander.
Only catfish grow so fast that juveniles are already incapable of passing through a
20 mm screen before they complete their first year of life. Reducing the clearance
to 15 mm would benefit adult common bream and rudd, as well as brown trout and
gibel carp towards the end of their second year of life, resp. age group 1*. In order
to protect adult cyprinids such as white bream, common dace, common roach and
zope as well, a further reduction of the clearance to 10 mm would be necessary.
This would also benefit the age group 1* of other cyprinids, and of perch and ruffe.
However, adult specimens of particularly slender and/or small species would still not
be protected, as well as the age group 1* with about half of all species and, with a
few rare exceptions, age group 0* of all fish.

Because the growth of different species may vary significantly in various bodies
of water, the data provided by Schwevers and Adam (2019) regarding the total body
length (I54,) of diverse species and lengths cannot be readily assumed to be true for
other waters as well. Instead, water and site-specific verification is required and may
result in divergent values.

In the potamodromous guild, it is mainly early developmental stages who move
downstream (Sect. 2.1.1.3) and, so far, scientifically justified criteria are lacking that
might serve to determine which particular body lengths or stages of different species
necessitate further protection (Sect. 5.1). This is much easier for the diadromous
group of fish because these species all have characteristic migratory stages on which
downstream migration is focused, or to which it is limited (Sects. 2.1.1 and 2.7).
The fact that these are the very stages where as many individuals as possible need to
survive their downstream migration in order to preserve the populations is evident
from the species-specific development and migration cycle, and is undisputed among
experts.
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Table 4.2 Screen passability as a function of length and developmental stage (lsy according to

Schwevers and Adam 2019)

Impassable from lssn [cm]

lsisnh for different stages [cm]

Age

Age

Legend

reliably protected by a 20 mm screen

20mm | 15mm | 10 mm 5mm group 0* group 1* Mature
Anadromous species
Atlanticsalmon | 224 | 172 | 119 6.3
European smelt - - 13.9 9.4 7-10 12-23
Maraena w. 24.8 21.0 16.7 11.3
River lamprey 43.1 36.6 29.0 19.5
Sea trout 20.1 15.6 11.0 6.0
Sea lamprey 39.4 29.6 19.8 9.9
Stickleback - - 13.4 5.4
Potamodromous species
Asp 222 17.3 121 6.6
Ide 18.4 14.4 10.3 5.8
Brown trout 211 16.6 11.9 6.8
Burbot 18.6 15.1 11.2 6.8 - 16
Common barbel 19.1 14.8 10.3 5.6 7
Commonbream | 217 | 166 | 114 6.0 7
Common bleak 22.0 17.7 12.9 7.6 5 8-10 8-18
Common dace 19.7 15.5 11.1 6.3 7 9-11
Common roach 17.6 13.9 10.1 5.8 6 10-12
Common rudd 171 | 134 95 53 6 8-12
Eurasian ruffe 14.9 11.9 8.7 5.0 6
European chub 18.1 14.4 10.4 6.0 8
Europeanperch | 163 | 13.1 95 5.6 7
Gibel carp 12.9 9.9 6.8 3.6 6
Gudgeon 15.3 12.6 9.5 6.0 4 7 7-15
Pike 229 18.0 12.8 7.2
White bream 192 | 151 | 107 6.0 10
White-fined g. 16.4 13.6 10.4 6.7 7 7-15
Catfish 18.1 13.8 9.4 6.0
Zander 20.9 16.3 11.4 6.3
Zope 24.9 19.5 13.8 7.6

reliably protected by a screen with a clearance of <15 mm

reliably protected by a screen with a clearance of <10 mm

reliably protected by a screen with a clearance of <5 mm

not reliably protected even by a screen with a clearance of <5 mm
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Fig. 4.46 Frequency of lengths of migrating salmon smolts recorded by means of schokker catches
in the Weser near Drakenburg in the 2009 season indicating the size classes which would be prevented
from passing through bar screens of different clear widths (Schwevers et al. 2011a)

Accordingly, the requirements for mechanical barriers which are impassable to
Atlantic salmon smolts can be deduced from the frequency of lengths of descending
juveniles as described in the following chapters and the correlation between body
length (lgg) and thickness (thgg,) given in Table 4.1. The result is shown in Fig. 4.46:

A 20 mm screen can be passed by all descending specimens.

By installing a 15 mm screen, it would be possible to prevent the larger 2-year
smolts from passing.

A 10 mm screen can protect the vast majority of migrating salmon smolts. Only
exceptionally small individuals of less than 12 cm overall length would be able
to negotiate this screen as well. Those, however, make up no more than 10% of
the migrating smolts. Also, according to Leonhardt (1905) and Scheuring (1929),
in Europe the historic Rhine salmon smolts were at least 11-12 cm long during
migration, which is the same size that Schneider (1998) and Schwevers (1998) quoted
for the smolts descending from the reintroduction zones in the Rhine system. Thus,
a 10 mm screen can be assumed to have a protective effect of close to 100% for
salmon smolts. This is confirmed through telemetry studies by @kland et al. (2016)
at the German Unkelmiihle hydropower station on the river Sieg where not one of
the tagged smolts passed through the 10 mm screen (Fig. 4.15).

Sea trout smolts tend to be somewhat larger than salmon smolts (Fig. 2.2). This
results in slightly better protection rates (Fig. 4.47):

The largest specimens of at least 22 cm in length can be deflected by a 20 mm
screen.

A 15 mm screen will protect about half of the smolts.
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Fig. 4.47 Frequency of lengths of migrating sea trout smolts recorded by means of schokker catches
in the Weser near Drakenburg in the 2009 season indicating the size classes which would be prevented
from passing through bar screens of different clear widths (Schwevers et al. 2011a)

A 10 mm screen can prevent close to 100% of the smolts from passing.

In the case of river and sea lampreys, as well as anadromous populations of
European smelt and stickleback, migrating juveniles are so small in size and thickness
that they are even able to slip through a 10 mm screen without difficulty. This is
assumed to be true for maraena whitefish as well. However, detailed analyses such
as those quoted for salmon and sea trout cannot be conducted for these species
because there is no specific information available regarding their body proportions
and/or the frequency of lengths in migrating specimens in Europe.

The catadromous European eels constitute a special case because the migrating
individuals of this species will actively squeeze through screen bars with a clearance
that is considerably smaller than their own body width. Therefore, the specifications
in Table 4.1 are not relevant for this species. Instead, the critical clearance value of
impassable bar screens for silver eels is to be determined based on a value of keick =
0.03 (Schwevers 2004; DWA 2006). This is also confirmed through newer findings
by Subra et al. (2007), Calles et al. (2010) and Hanel et al. (2012). This means that
a 20 mm screen will only reliably prevent the passage of eels with a total length of
approximately 0.67-0.70 m or more; a 10 mm screen will deter specimens of 33 cm
and longer. Based on these values and the frequency of lengths presented in Fig. 2.5,
the following picture evolves regarding the protective effect which bar screens have
on eels (Fig. 4.48):

A 20 mm screen can only protect particularly large female eels. These make up
less than 50% of the total number of individuals.
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Fig. 4.48 Frequency of lengths of eels caught with schokkers in the Weser river near Landesbergen
in the 2008/2009 season indicating the size classes which would be prevented from passing through
bar screens of different clear widths (Schwevers et al. 2011b)

A 15 mm screen prevents all female eels from passing. Based on the frequency of
lengths determined at the Landesbergen site on the German river Weser (Fig. 2.5),
this amounts to approximately 90% of the total migration.

The remaining 10% consist of male animals. They can still pass a 15 mm screen,
but a 10 mm screen will reliably retain them.

Taking all these aspects into account, a 20 mm screen, which is specified as a
requirement in the fisheries regulations of most German states, will only protect
adult specimens, if any, of most local species. Most of the migrating developmental
stages of diadromous species remain largely unprotected as well.

A 15 mm screen, which is mandated in the fisheries regulations of Hesse, for
instance, constitutes an impassable barrier at least for female silver eels, the largest
of the migrating salmon smolts, and roughly 50% of sea trout smolts. The protective
effect would also be improved over that of a 20 mm screen for potamodromous
species.

Protecting male silver eels and smaller smolts would require a 10 mm screen.
However, even then, the protection of fish populations would still be largely incom-
plete because juvenile fish of the age group 0% of most species could slip through
unhindered, particularly the migratory stages of anadromous species such as Euro-
pean smelt, stickleback, maraena whitefish, and river and sea lamprey.
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4.2.3.4 Physically Passable Barriers

An absolute protective effect of mechanical barriers is based on the concept that the
clearance of openings is so low that the target fish are physically incapable of passing
through. However, the protective effect is not immediately lost altogether when the
clearance is greater because, besides the purely physical effect, the behavior of fish
facing a barrier plays a role as well. According to current insights, the following
mechanisms and parameters are involved:

Clear space: Basically, the protective effect of mechanical barriers is diminished
when the clearance increases. So far, however, no systematic studies are available
from which logical correlations could be derived. The following picture results from
the evaluation of specialist publications.

Screens that are impassable for migrating salmon smolts require a clearance of
10 mm. But French research has shown that screens with greater clearance may
also contribute to fish protection. Croze and Larinier (1999) quote 40 mm as the
maximum permissible clearance while Travade and Larinier (2006) are less specific,
stating that the clearance must come to no more than one quarter of the fish length,
which corresponds to about 40 mm for mid-sized salmon smolts. However, this
requires efficient bypasses which can be located with no or little delay (see below).
In their absence, salmon smolts will even pass through 20 mm screens (Blasel 2009).

Eels will perform the return reaction described in Sect. 4.2.5.1 not only at
physically impassable barriers, but sometimes also at screens with a clearance of
80—100 mm. This was observed by Behrmann-Godel and Eckmann (2003) at power
stations on the Moselle, and by Jansen et al. (2007) at Dutch hydropower plants on
the Maas, among others. However, it is unknown what percentage of animals actually
shows this reaction based on the clear space between bars, and what other parameters
are involved. In many studies, it also remains unclear whether escaping upstream is
actually a result of a return reaction at the screen, or whether it was already triggered
further upstream by hydraulic conditions, noises, or vibrations.

For other fish and potamodromous species in particular, no information is available
whatsoever regarding the minimum clear space at which mechanical barriers are
passed. Bos et al. (2016) suggest a clearance of 50 mm for hydropower stations
with a design capacity of up to 90 m?/s for purely economic reasons, while actually
expecting “diminished fish guiding efficiency.”

Approach velocity: Behavioral reactions to mechanical barriers are only possible
when a fish is capable of swimming against the current and maneuvering in front of
the barrier. As long as their sustained swimming speed exceeds the approach velocity,
at least Atlantic salmon smolts and many potamodromous species will linger in front
of the screen for some time and are thus given a chance to discover a bypass. The
more the approach velocity exceeds the sustained swimming speed of the fish, the
shorter the period of time for which it is able to remain in front of the screen, and the
more the screen will lose its barrier effect (Hiibner et al. 2011; Geiger et al. 2015).
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For silver eels, on the other hand, very different behavioral reactions are known
from ethohydraulic studies (Adam et al. 1999; Lehmann et al. 2016). With flow
velocities of more than 0.3 m/s, they will show the return reaction described in
Sect. 4.2.5.1 after colliding with the screen, and then escape upstream. Thus, the
mechanical barrier still fulfills its function to a certain degree even when it is phys-
ically passable. At lower approach velocities, however, eels will not flee, but move
along the screen, probe the spaces between bars with their heads or tails, and then
pass through if the clearance is sufficient. Studies by Gosset et al. (2005) at the
French Halsou hydropower station on the Nive support the assumption that the same
behavior occurs in the field. Here, at a arithmetic mean approach velocity of 0.3 m/s
and for a 30 mm screen, a significantly higher bypass passage rate was determined
for migrating eels than at 0.5 m/s.

Hydraulics: The stronger the hydraulic disruptions that are caused by the individ-
ual elements of a barrier, the more easily the barrier is perceived by migrating fish,
and the greater the deterring effect. In louvers, the lamellae are therefore positioned
at right angle to the current in order to influence the flow pattern to the maximum
extent possible (Bates and Visonhaler 1957).

A non uniform incoming flow at mechanical barriers proved to be extremely
disadvantageous. At a physically passable screen installed diagonally in a model
flume where the approach velocity increased towards the downstream end of the
screen surface, Kriewitz (2015) observed that common barbels would mostly pass
through the screen at the downstream end, e.g. in the zone where the approach velocity
was highest. Similar results were obtained through ethohydraulic studies by Adam
et al. (1999) with a louver installed diagonally to the flow where eels tended to pass
through its downstream end, just before they reached a bypass opening.

Combination with bypasses: The longer a fish lingers in front of a passable
mechanical barrier, the greater the probability that it will eventually pass through
it (Larinier and Travade 1999). Therefore, the passage rate is considerably reduced
for barriers that are combined with an easily traceable bypass that can be found by
migrating fish within a short period of time. At the Pointis and Camon hydropower
plants on the upper course of the Garonne in France, it has been possible to prevent
approximately 85% of descending salmon smolts from passing through the turbines
by means of a 40 mm screen because the easily traceable bypasses are installed
immediately next to the screen and supplied with 40-50% of the total discharge
(Fig. 4.8, Croze and Larinier 1999). At other sites, the percentage of turbine pas-
sages is considerably higher, even when the clear width of the screen bars is smaller.

Orientation of the screen bars: The screen bars of conventional intake screens
of hydropower stations are positioned vertically. There is, however, an increasing
tendency towards intake screens with horizontally arranged bars. From a technical
standpoint, this is a prerequisite for being able to clear the screen surface by means
of a horizontally movable screen cleaning system and passing on the screenings to
the tailwater via a flushing gate installed on the edge of the screen array without
removing them from the water body. This turned out to be beneficial in terms of
downstream passage of fish as well, provided that the screen has a low clearance
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Fig. 4.49 The smolt bypass (arrow) installed above the intake screen of the Auer Kotten power
station on the Wupper is protected against floating debris by a 40 mm screen (U. Schwevers)

and is arranged diagonally angled to the flow, and that the flushing gate meets the
requirements for bypasses as specified in Sect. 4.2.5.4. In the physical sense, the
same ratio requirements between the thickness of a fish and the clear space of the
screen that was described for vertical bars apply to this arrangement. Nevertheless,
this orientation evidently causes a decrease in passage rates. The 12 mm angled
screen with horizontal bars at the Auer Kotten hydropower station on the Wupper in
Germany, for instance, was not passed by descending salmon smolts although they
have a body width below 12 mm (Fig. 4.15, Engler and Adam 2014). The behavioral
component that comes into play here is probably based on the fact that the smolts do
not turn their bodies by 90° in order to be able to fit through the screen. However,
in the literature reviewed, no information is available regarding extent to which the
clear width of horizontally arranged screen bars of angled screens may exceed the
body thickness of the target fish while still maintaining an unlimited protective effect.

The clear width of screens also plays an important part in the opposite sense
when they are installed in front of bypasses in order to prevent clogging by floating
refuse. Again, this is relevant for the so-called smolt-bypass at the German Auer
Kotten hydropower station on the Wupper which is protected with a 40 mm screen
(Fig. 4.49). The marginal attractiveness of this bypass is probably largely due to the
fact that the screen, which smolts could actually easily pass, acts as a behavioral
barrier. No specifications regarding the required clearance of such screens could be
found in the relevant literature.
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Fig. 4.50 Measuring of the approach velocity (v,) in front of a screen

4.2.4 Incoming Flow at Mechanical Barriers

4.2.4.1 Basic Hydraulics

The approach velocity (v,) is defined as the average of several established flow
velocity values in a plane located in right angle immediately in front of the screen
(Fig. 4.50, Adam and Lehmann 2011). Its definition is independent of the screen’s
orientation (diagonal or inclined).

221:1 Vi

n

Vg =

where:

v, approach velocity (m/s)
vi spot speed measurement within the cross-section (m/s)
n total of all spot speed measurements (dimensionless)

Because determining the approach velocity is frequently not possible under
field conditions due access issues, the process can be simplified by calculating the
approach velocity from the ratio between flow rate (Qgp) and flow cross section area
(A):
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Fig. 4.51 Vectors of the approach velocity (v,) at a perpendicular and an inclined screen towards
the bottom at an angle o

where:

v,  approach velocity (m/s)
Qup flow rate (m3/s)
A perpendicular flow cross section area in front of a screen (m?)

However, with this simplified determination of the approach velocity, it must be
noted that, owing to structure-related detachments or flow constrictions, the incom-
ing flow is frequently non homogeneous. Therefore, it must be assumed that the
actual fish-relevant maximum velocity in the flow cross section area in front of a
screen is higher by approximately 30% than the mean value derived from the for-
mula described above (Turnpenny et al. 1998). Various prediction models exist for
the quantitative description of the relations between fish behavior, swimming speed,
and flow conditions; however, these are idealized depictions of biological-hydraulic
interdependencies. In order to incorporate flow conditions and directions, these mod-
els use vector decomposition of the approach velocity, both normal and tangential to
the plane of the screen (Fig. 4.51).

This concept is based on concordant observations by several authors who found
that, in front of angled screens, fish ready to migrate mainly orient themselves perpen-
dicular to the plane of the screen, and thus against the vector of the standard velocity
which is generated by the incoming flow (Bates and Vinsonhaler 1957; Rainey 1985;
Pavlov 1989; Haefner and Bowen 2002; O’Keeffe and Turnpenny 2005). However,
hydrometric measurements in laboratory and field settings showed that this theoreti-
cal vector decomposition of the flow does not physically exist in the areas of angled
screens where migrating fish will linger (Adam and Lehmann 201 1; Kriewitz-Byuen
2015; Lehmann et al. 2016; Schiitz and Henning 2017; Berger 2017). Therefore, Ebel
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(2013) concluded that the vector decomposition of the flow field at angled screens
alone does not suffice to explain the hydraulic-tactile protective and guiding effect.
In concordance with current publications he noted that the protective and guiding
effects of angled screens must be assessed completely independently, no matter or
not whether flow vectors with tangential or orthogonal orientation can be detected
at a short or long distance from the screen. Therefore, the only determining factor
with screens of any orientation is the approach velocity (v,).

The decomposition of the incoming flow into normal and tangential vectors only
becomes essential when the fish is located immediately on the surface of the screen, or
actually pressed against it by the current. In this case, the fish’s freedom of movement
is restricted because of the screen barrier. The current exerts a force on the screen and
the fish and, due to the orientation of the screen, the flow force is decomposed into
vectors that point normally and tangentially to the plane of the screen. Depending on
the size ratio between the two force vectors, as well as the friction force between the
fish’s body and the screen surface, the tangential component of the flow force may
then push the impinged fish across the surface of the screen. This basically results in
a forced transport of the fish along an angled or inclined screen, as is the case with
Eicher or modular inclined screens, for instance (Sect. 4.2.5.2).

The decomposition of the incoming flow into normal and tangential vectors also
plays a role in the structural design of the screen itself. This is important for being
able to dimension the screen bearings, for instance.

4.2.4.2 Relevant Swimming Performances of Fish

The ability of a migrating fish to perform swimming maneuvers in front of a mechan-
ical barrier and escape upstream as needed is a basic prerequisite for its protection.
This is possible only when the approach velocity (v,) in front of a screen is lower
than the swimming speed which a fish is able to maintain for a prolonged period of
time (Sect. 2.2). If the approach velocity is too high, the fish will drift towards the
barrier. If the clear space of the barrier is too large to retain the fish, then it will be
carried into the turbine; if the clearance is too small, the incoming flow will press the
fish against the impassable barrier. Unable to free itself from this impingement, the
fish will eventually perish from the contact pressure, through the mechanical impact
of a screen cleaner, or by suffocation in the trash container.

With regard to the dimensioning of fish protection and downstream passage facil-
ities, the most important flow velocity is that which must be maintained at mechani-
cal barriers in order to facilitate safe downstream migration for the respective target
species and stages. This flow velocity is defined as the critical speed (Vcritical)- In
international publications the determination of the critical speed is always based on
an optimum combination of fish protection facilities and fish passes so that, ideally,
the fish will only linger in the danger zone in front of the barrier for a short period
of time (Bainbridge 1960; Pavlov 1989; Larinier and Travade 2002b). Accordingly,
the critical flow velocity is derived from the sustained swimming speed of the fish
(lsn/s, Sect. 2.2).
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Veritical = Vsustained 1ﬁsh (m/S)

In adult individuals of species with a subcarangiform mode of locomotion, the
sustained speed (Vgystained) roughly corresponds to five times their body length (lggp).
In juveniles of these species, as well as small fish with lgg, < 10 cm, it is significantly
higher at approximately 7-15 lgq,. Fish can only escape the drift caused by the
incoming flow when v, is lower than their critical swimming speed Vitical.

Va < Vritical

In relation to the length of the fish, this requirement results for adult specimens
of species with a subcarangiform mode of locomotion:

Va < 5 Igsn/s (m/s)
The following is true for small and juvenile fish of less than 10 cm in length:
Vo < 710 15 lggh /s (m/s)

Lower values apply for species of the anguilliform type. To determine the per-
missible approach velocity at a mechanical barrier, it is therefore necessary to first
identify the length of the smallest fish which it is supposed to retain. Their body
length (l5s,) multiplied with their sustained swimming speed (Vgystained) results in the
permissible approach velocity v, (m/s). Exceedance of this value indicates a risk
of damage by impingement. The resulting mortality may significantly exceed the
mortality caused by passing the downstream facilities.

Eels constitute an exception because they generally do not increase their swim-
ming speed to avoid contact with the screen. They will not react at all until they have
collided with the screen and are pressed against its surface by the flow (Sect. 4.2.5.1).
They are unable to escape from this predicament unless the approach velocity is con-
siderably lower than the swimming speed they can achieve in the open water. This is
why, independent of the formula stated above, a permissible approach velocity (v,)
of < 0.5 m/s is set for eels. This value, which was determined by Adam et al. (1999)
in ethohydraulic tests, has been verified through field studies at the Gave de Pau in
south-west France, for instance, where no impingement on the screen was observed
with approach velocities of up to 0.45 m/s (Subra et al. 2008).

The values provided above are approximate threshold values. In reality, the sit-
uation is much more complicated because the swimming speed of a fish, as well
as its stamina, e.g. the time over which it is able to maintain this speed, is a result
of multifactorial interdependencies, with water temperature being a crucial factor.
Therefore the swimming speed of fish should ideally be determined experimentally
and precisely, under actually prevailing environmental conditions, for all the differ-
ent target species and stages (Turnpenny et al. 1998). Alternatively, these authors
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Fig. 4.52 The Wahnhausen hydropower station on the Fulda which was retrofitted with a 20 mm
screen in 1990 (U. Schwevers)

recommend decreasing the approach velocity at hydraulic engineering structures by
up to 50% as compared to the calculated critical swimming speed.

Conditions at the Wahnhausen hydropower station on the German river Fulda may
serve as an example to illustrate the problem of impingement when approach veloci-
ties are too high (Fig. 4.52). Due to the damage to migrating silver eels that occurred
during turbine passage, in 1990, the clearance of the screen was reduced to 20 mm
in order to prevent the fish from entering the turbine. Subsequently, in December,
1990, more than 1000 dead eels were found in the trash container (Fig. 4.53). All
the animals bore noticeable striation marks across their flanks (Fig. 4.54), mirroring
the 20 mm screen of the power station. They had obviously been pressed against
the screen by the current because the approach velocity exceeded their swimming
performance. The water pressure impinged them on the screen bars where they per-
ished and were then swept into the trash container by the screen cleaning system.
This mechanism of damage was confirmed through ethohydraulic studies where eels
were confronted with a sectional model featuring a 20 mm screen of the same type
at a scale of 1:1 (Fig. 4.55, Adam et al. 1999). In order to prevent such damage, the
Wahnhausen hydropower station has been operating in an eel-friendly mode ever
since (Pohler 2006; Thalmann 2015). Comparable damage to migrating eels has
also been documented for the German hydropower stations in Diez on the Lahn and
Raisdorf II on the Schwentine (Klein 2000; Hanel et al. 2012).

4.2.4.3 Species- and Size-Specific Requirements

The german guideline published values for the allowable approach velocity at
mechanical barriers for Atlantic salmon smolts and Euripean eels (DWA 2006).
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Fig. 4.53 Following modifications of the screen at Wahnhausen hydropower plant, more than 1,000
eels were dumped into the trash container by the screen cleaner during a single night in December,
1990 (K. Ebel)

20mm

Fig. 4.54 These eels showed prominent striation marks across their flanks, exactly mirroring the
bars of the power station’s 20 mm screen (K. Ebel)
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Fig. 4.55 Eel impinged on a 20 mm screen in an ethohydraulic test with v, > 0.5 m/s (B. Adam)

v, < 0.5 m/s was generally postulated for silver eels and has since proven to be valid
in practice. No further damage to eels through impingement has been recorded at the
German Wahnhausen hydropower station since the approach velocity was limited
to 0.5 m/s at this site (Pohler 2006; Thalmann 2015). Observations by Gosset et al.
(2005), Travade et al. (2010), Calles et al. (2010) at French and Swedish hydropower
stations also confirm that, with approach velocities of less than 0.5 m/s, impingement
of eels is not likely to occur.

DWA (2006) suggests a permissible approach velocity up to 0.6 m/s for Atlantic
salmon smolts as long as easily traceable bypasses are provided. This is based on
data gathered during extensive field studies in France involving physically passable
screens with clear widths between 25 and 40 mm (Croze and Larinier 1999; Croze
et al. 1999; Larinier 1998, 2008; Larinier and Travade 1999, 2002b; Larinier et al.
1993; Travade and Larinier 1992, 2006). Impingement on impassable barriers is
definitely precluded here because, according to ethohydraulic studies, salmon smolts
are able to linger in front of screens for long periods, even with approach velocities
of 1.0 m/s, without running a risk of being impinged (Lehmann et al. 2016). All in
all, this confirms that an impingement of silver eels and salmon smolts on impassable
mechanical barriers in Europe is reliably avoided by limiting the approach velocity
to 0.5 m/s. Because of their likeness to salmon, this applies to sea trout as well.

The situation is a lot more complicated for other species where migration occours
at, or is limited to, significantly smaller individuals. For them, limitation of the clear
space is also crucial in reliably preventing their passage, possibly even down to values
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Table 4.3 Passability of screens as a function of fish length, plus the corresponding critical swim-
ming speed

Column A Column B

Critical swimming speed Vecritical (M/s)
corresponding to the fish length
in column A

20 mm 15 mm ‘ 10 mm | 5 mm 20 mm 15 mm 10 mm | 5 mm
Anadromous species

Screen clearance
impassable from lish (cm)

Atlantic salmon 224 17.2 11.9 6.3 1.12 0.86 0.60 F
European smelt 13.9 9.4 0.70 0.66
Maraena whitefish 24.8 21.0 16.7 11.3 1.24 1.05 0.84 0.57
Sea trout 201 15.6 11.0 6.0 1.01 0.78 0.55
Stickleback 13.4 5.4 0.67
Potamodromous species
Asp 222 17.3 12.1 6.6 1.11 0.87 0.61 0.53
Brown trout 211 16.6 11.9 6.8 1.06 0.83 0.60 0.54
Burbot 18.6 15.1 11.2 6.8 0.93 0.76 0.56 0.54
Common barbel 19.1 14.8 10.3 5.6 0.96 0.74 0.52
Common bleak 22.0 17.7 12.9 7.6 1.10 0.89 0.65
Common bream 21.7 16.6 11.4 6.0 1.09 0.83 0.57
Common dace 19.7 15.5 11.1 6.3 0.99 0.78 0.56
Common roach 17.6 13.9 10.1 5.8 0.88 0.70 0.51
Common rudd 171 13.4 9.5 5.3 0.86 0.67 0.67
Eurasian ruffe 14.9 11.9 8.7 5.0 0.75 0.60 0.61
European chub 18.1 14.4 10.4 6.0 0.91 0.72 0.52
European perch 16.3 13.1 9.5 5.6 0.82 0.66 0.67
Gibel carp 12.9 9.9 6.8 3.6 0.65 0.69 0.54
Gudgeon 15.3 12.6 9.5 6.0 0.77 0.63 0.67
Ide 18.4 14.4 10.3 5.8 0.92 0.72 0.52
Northern pike 22.9 18.0 12.8 7.2 1.15 0.90 0.64
g‘;’;;:;: whitefin |46 4 136 10.4 6.7 0.82 0.68 052
Catfish 18.1 13.8 9.4 6.0 0.91 0.69 0.66
White bream 19.2 15.1 10.7 6.0 0.96 0.76 0.54
Zander 20.9 16.3 11.4 6.3 1.05 0.82 0.57
Zope 24.9 19.5 13.8 7.6 1.25 0.98 0.69 0.53
Veritical >0.6 m/s
Legend: Varitical = 0.5 —0.6 m/s
Veritical <0.5 m/s

of considerably less than 10 mm. If the approach velocity is not reduced at the same
time, massive losses through impingement may result.

For fish which are only just unable to pass a screen with a given clearance the
maximum approach velocity that prevents losses through impingement must be deter-
mined. To achieve this, the critical swimming speed of the weekest fish needs to be
considered (DWA 2006; Lehmann and Adam 2011; Lehmann et al. 2016). Based on
data provided by Schwevers and Adam (2019) size of different fish species retained
by screens with a clearance of 20, 15, 10 and 5 mm can be derived (Table 4.3).
The critical swimming speed has been added in this table in accordance with Pavlov
(1989). For species and sizes not covered by Pavlov, the relevant information was
extrapolated based on their sustained swimming speed as follows:
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For fish with a body length of less than 5 cm which achieve a sustained swimming
speed of 9—18 lsgn/s, a global value of 9 lgsn/s was assumed.

For fish with body lengths between 5 and 7 cm, the swimming performance was
reduced to between 8 and 9 1 /s, leading to a postulated value of 8 lgg/s.

For fish with body lengths between 7 and 10 cm, the value was further decreased
to 7 lgsn/s. For lengths of 10 cm and more, the value 5 lgq,/s was used which applies
to adult fish as described in Sect. 2.2.

Table 4.3 shows that the critical swimming speed (Vitica) Of all species signifi-
cantly exceeds 0.5 m/s for individuals with a body thickness of 20 or 15 mm. Thus,
with an approach velocity v, < 0.5 m/s, which is the recommended value for Atlantic
salmon smolts and European silver eels, no risk of impingement occours with 20 and
15 mm screens for all species listed.

Specimens of all species tested that are only just unable to pass a 10 mm screen
also have a critical swimming speed of < 0.5 m/s. However, because all calculations
were based on worst-case scenarios, one can safely assume that no impingement is
to be expected in these cases either. Nevertheless, to be on the safe side, all values
exceeding 0.5 m/s by no more than 0.1 m/s have been highlighted in yellow in
Table 4.3. If the clearance is reduced to 5 mm, then, in many species, the screen is
no longer passable even for specimens whose critical swimming speed is less than
0.5 m/s (highlighted in red). Thus, for screens with a clearance of 5 mm, the approach
velocity must definitely be reduced to values well below 0.5 m/s in order to prevent
impingement.

4.2.5 Arrangement of Mechanical Barriers

Irrespective of their design (Sect. 4.2.1) or clear width (Sect. 4.2.3), mechanical
barriers can be mounted in three different arrangements:

Perpendicular to the flow direction (3 = 90°) and nearly vertical (o = 80°),
as is typically the case in existing hydropower plants, especially in older stations
(Fig. 4.56, Sect. 4.2.5.1).

If the mechanical barrier is mounted perpendicular to the approaching flow, but
inclined towards the bottom at a flat angle <45°, it is referred to as an inclined screen
(Fig. 4.57, Sect. 4.2.5.2). Just like conventional screens, this type of mechanical
barrier usually features vertically arranged screen bars.

Screens that are installed diagonally to the flow are called angled screens
(Sect. 4.2.5.3). Especially in newer facilities with low bar spacing, the screen bars are
usually arranged horizontally (Fig. 4.58). To keep the nomenclature consistent and
to prevent confusion with the horizontally arranged screen of a shaft power plant,
the term “horizontal screen”, which is sometimes encountered in literature, shall not
be used here.
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Head water

Tail water

Fig. 4.56 Sectional view of a conventional power station screen with a &~ 80° and f = 90°

Bypass channel

Fig. 4.57 Sectional view of an inclined screen with o < 45° and &~ 90°
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Fig. 4.58 Top view of an angled screen with a &~ 90° and § < 45°

4.2.5.1 Mechanical Barriers Arranged Perpendicularly
to the Approaching Flow

A perpendicular arrangement of a screen towards the approaching flow is typically
found in older German hydropower plants, and is the most common screen arrange-
ment encountered in the field.

With the exception of eels, the reaction of migrating fish when approaching bar-
riers that are mounted perpendicularly to the flow (B = 90°) is largely independent
of the barrier’s inclination, e.g. the angle (o), from the bottom of the waterway. Fish
will increase their swimming speed until it corresponds to the approach velocity:

— — —
Voverground =Ve+ Vy=0

This way, the fish are able to hold their position in front of the barrier without touch-
ing it. This was observed for salmon smolts at the screen of the Soeix hydropower
station on the Gave d’Aspe in France (Fig. 5.6), for example. The smolts avoided
passing the screen even though the clear bar spacing significantly exceeded their body
width (Larinier et al. 1993). The same behavior was recorded by Rivinoja (2005) for
salmon and sea trout smolts approaching hydropower stations in the Swedish rivers
Umeilven and Piteélven.

Similarly, in a model flume, potamodromous species such as brown trout, grayling,
schneider, roach, chub, and dace will approach screens of different construction types
in the manner described above without touching the barrier (Fig. 4.59, Adam et al.
1999, 2001; Kriewitz 2015). Instead, they remain positively rheotactically aligned
at a constant distance of just a few centimeters in front of such migration obstacles.
Occasionally, if they touch the screen with their tail fin, they will accelerate slightly,
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Fig. 4.59 Individuals of different potamodromous species remain in place a few centimeters in
front of a vertica arranged mechanical barrier by precisely adjusting their swimming speed to the
flow velocity (B. Adam)

but only to resume their original position (Adam et al. 2001). For this behavior, it is
of no consequence whether the barrier is arranged vertically (o = 90°) or flat inclined
towards the bottom (a0 < 90°).

With low approach velocities, many fish will perform a few quick probing motions
in front of a screen, followed by swimming against the current over a short distance
of several centimeters. This simultaneously causes a nondirectional lateral drift of
the fish so that, sooner or later, they may chance upon a bypass located near the
screen. If no bypass is available or detectable, they will remain in this dead end
for several minutes, or even hours, before finally increasing their swimming speed
(vre1) and escaping upstream. This, however, requires an approach velocity (v,) that
is significantly lower than the critical swimming speed (Vritical)-

Ethohydraulic studies on European eel in model flumes showed that their reactions
to mechanical barriers are quite different from those of most other European species
(Adametal. 1999; Adam et al. 2001; Amaral et al. 2000; Russon et al. 2010; Kriewitz
2015). When approaching a mechanical barrier, they exhibit no avoidance response
even with approach velocities below 0.3 m/s. Eels do not usually increase their
swimming speed; instead, during migration, they will collide unchecked with any
obstacles or screens in their way. Therefore, the reciprocal effects between current,
barrier arrangement and fish behavior explained above do not apply to eels.

Instead, eels will always exhibit a uniform flight response following a collision
(Fig. 4.60). They perform a 180° turn and try to align their upper body against the
current in order to push off against the screen with their rear end and escape upstream
in the direction of the incoming flow. With approach velocities of up to 0.5 m/s, most
silver eels succeed in detaching themselves from the screen this way. However,
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stage 2

Fig. 4.60 Phases of an eel’s return reaction, phase 1: passive approach with screen contact, phase
2: return reaction, preparing to escape, phase 3: escape against the incoming flow (B. Adam)

with increasing approach velocity and the resulting higher contact pressure against
the screen, the flight response requires the fish to exert a greater physical effort, and
takes considerably longer. An increasing percentage of eels will fail to escape (Calles
et al. 2010). They end up being impinged on the surface of an impassable screen,
while barriers with sufficient clearance can be passed (Adam et al. 1999; Kriewitz
2015).

In various cases, however, eels react by escaping upstream even before they expe-
rience direct contact with a barrier. According to research conducted by Piper et al.
(2015), hydraulic conditions constitute an essential trigger for this, particularly an
acceleration of the flow velocity by more than 0.1 m/s. However, these authors
observed a habituation effect, with the response of eels to velocity gradients get-
ting weaker with repeated approaches. Also, there have suggested that sounds or
vibrations may trigger such a return reaction as well.

Field research has confirmed that the return reaction described above occurs
with impassable screens, such as the perpendicular 20 mm screen at the German
hydropower stations Wahnhausen on the river Fulda (Fig. 4.52, Adam et al. 2017)
and the flat inclined wedge wire screen at the hydropower station Floecksmiihle on
the river Nette (Adam and Schwevers 2003), as well as with barriers that are basi-
cally physically passable for eels (Behrmann-Godel and Eckmann 2003; Jansen et al.
2007, Calles et al. 2010).
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Fig. 4.61 Flat inclined screen at a small historic hydropower stations in Germany (U. Schwevers)

4.2.5.2 Flat Inclined Mechanical Barriers

For structural engineering reasons, screens which are arranged perpendicularly
within the cross section of an intake area are usually not installed vertically, but
at an angle of o &~ 80°. They may, however, be installed with a greater inclination as
well, and even horizontally in so-called shaft power plants (Rutschmann et al. 2011;
Geiger 2014). Besides these arrangements which are merely experimental to date,
historic German mill sites, for example, sometimes feature screens with very low
inclinations of less than 45° (Fig. 4.61).

Also, inclined screens have increasingly been installed over the last few years
for reasons of fish protection. One of the first instances in Germany was the minor
hydropower plant Floecksmiihle on the Nette where a wedge wire screen with a
clearance of 5 mm was mounted at a 24° angle in 2002 (Fig. 4.21, Dumont 2000;
Adam and Schwevers 2003). The following are currently the largest hydropower
stations in Germany which are equipped with an inclined screen:

e Unkelmiihle power station on the river Sieg; sg = 10 mm, inclination o0 = 27°,
total design capacity Qup = 28 m3/s with a maximum of 10 m>/s per each of the
three screen arrays (Fig. 4.17).

e Willstitt hydropower station on the German river Kinzig with a 10 mm screen
inclined at a = 30° and a design capacity Qup = 25 m?/s for one screen array
(Fig. 4.62). The length of the screen bars is 7.1 m (Hermens and Dumont 2013,
2017).
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Fig. 4.62 German hydropower station Willstitt on the river Kinzig with an inclined screen with ver-
tical bar orientation, sg = 10 mm, inclination a = 30°, Qup =25 m3/s (Ingenieurbiiro Floecksmiihle
GmbH)

In Sweden, inclined screens are in use at much larger hydropower plants. For
example at the Grané facility (Qup = 50 m%/s, 9.5 MW) an inclined 18 mm screen
with vertical bars is installed at a bridge in the headrace channel about 500 m upstream
of the turbine intake (Uniper 2016; Comprack 2016; Bardén 2016). Different opera-
tional conditions were tested here, such as variations of the inclination angle (o = 30°
and 45°). Results on the efficacy are not available at this time. The Atrafors power
plant on the Swedish river Atran, where an 18 mm screen with an inclination of 35°
is installed, is even larger with a total design capacity of 72 m*/s (Calles et al. 2013).
At this hydropower station, three screen arrays, each 5.4 m wide and 8.4 m high,
were installed in the intake channel approximately 400 m upstream of the turbine
intake. The upper third of each screen section features lateral openings which are
25 cm wide and 100 cm high, and end in fishing traps. These are emptied manually,
and the captured fish are transported to the tailwater.

An inclined screen reduces the risk of damage to migrating fish through impinge-
ment because, during direct contact with the screen, a higher portion of the flow force
is applied at a tangent reducing the normal vector and thus the contact pressure on
the screen. This is especially beneficial for eels (Fig. 4.63) where, generally, only
direct contact with the screen triggers an upstream flight response against the current.
However, it requires narrow bar clearance of the screens because eels in particular
tend to actively squeeze through the gaps in flat inclined screens (Fig. 4.64).

At an inclination angle of less than 45°, no impingement on the screen is observed
at all. Instead, unless the fish escapes upstream, it will drift across the impassable
screen surface up to the water surface. This supports the traceability of a bypass
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R
Fig. 4.63 Ethohydraulic tests on eels on an inclined wedge wire screen. With v, = 1 m/s, the flow
force vector acting perpendicularly to the plane of the screen is considerably reduced in comparison
to a vertical screen, effectively preventing impingement (B. Adam)

Fig. 4.64 An eel with a length of about 70 cm actively passes tail first the aluminium bars of an
inclined screen with a clearance of 12 mm in a model flume (O. Engler)
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channel which runs the length of the upper edge of the screen. Cuchet (2012) observed
the best guiding effect at an inclination of 20°.

If, with an angle of attack of less than 45°, the approach velocity is increased to the
point where it exceeds the swimming speed of fish, then the force of the flow acting
at a tangential to the plane of the screen will cause the animals to be transported
towards the screen’s upper edge. However, this is only possible when the tangential
component of the flow overrides the friction force between the fish and the screen.
The friction force depends on the roughness of the screen surface and the normal
force acting on the fish which, in turn, is conditional upon the approach velocity and
the pressure gradient at the screen.

This is the underlying mechanism for the effectiveness of inclined screens such as
the Eicher screen (see below) or the modular inclined screens that feature a bypass at
their downstream end which receives the fish. In contrast to other protective devices,
the principle of flat inclined, impassable screens is thus not just usable with high
approach velocities; its efficiency is actually increased when the approach velocity
exceeds the swimming performance of the fish, causing them to drift passively across
the screen surface and into a bypass. For wedge wire screens, mostly injury-free drift-
ing of Pacific salmon smolts was documented for approach velocities up to 3.0 m/s
(Amaral et al. 1994). Making use of this principle with high approach velocities
definitely requires a smooth screen surface, keeping the frictional resistance low and
thus preventing injury to fish during body contact with the screen.

Except for a study at the minor hydropower station on the German river Nette
(Dumont 2000; Adam and Schwevers 2003), no field observations in Europe are
available regarding the behavior of fish when confronted with such flat inclined
screens with low clearance. However, the following results from Sweden provide
some interesting insights. At the intake of the headrace channel of the Atrafors
hydropower station on the Atran with a design capacity of 72 m?/s an inclined screen
was initially installed. However, it did not meet the requirements stipulated above
because the inclination was steep (o = 63.5°), and the clearance of 20 mm allowed
smaller eels to slip through. With the prevailing approach velocities of 0.65-1.24 m/s,
no eels were found to drift across the surface of the screen. Instead, the animals
attempted to escape upstream. If they failed to escape, smaller eels could pass through
the screen while larger specimens perished through impingement (Calles et al. 2010).
The screen was then replaced with a new one featuring a clearance of 18 mm which
was mounted at a more acute inclination angle of a = 35°. In subsequent studies, no
impingement on the screen was observed at all and, although the approach velocity
remained unchanged, eels either succeeded at escaping following a return reaction,
or they entered the bypasses that were provided next to the screen. Compared to the
previously installed 20 mm screen, the risk of injury to silver eels was reduced from
more than 70% to less than 10% (Calles and Bergdahl 2009; Calles et al. 2013).

These results confirm the theoretical requirement that the angle of inclined screens
must be less than 45°. Generally, the guiding effect of inclined screens appears to
be better the flatter the inclination (Blasel 2009; Cuchet 2012). According to Rynal
et al. (2013a), the theoretical tangential component at the screen surface should be at
least twice the size of the normal component. Therefore, they postulate a necessary
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inclination angle of less than 25°. All in all, the use of flat inclined screens may thus
be considered an advisable fish protection measure, as long as the angle of inclination
is sufficiently flat. For large flow rates and correspondingly large areas, screens are
separated into multiple screen arrays with their own screen cleaning systems. In
terms of cleaning devices, such configuration pushes the limits of what is technically
feasible today (Sect. 4.2.2.1).

Two special variations of the inclined screen are described in American literature,
namely the Modular Inclined Screen (MIS) and the Eicher screen. The MIS is a
pivoting wedge wire screen, flat inclined towards the bottom at an angle of 10-20°
(Figs. 4.65 and 4.66). An underwater cover of the intake structure generates a pres-
sure flow which transports fish into a bypass across the flat inclined screen surface.
The cover prevents the use of conventional screen cleaning systems. Instead, the
screen surface is cleaned by backwashing. It is tilted around its axis and then flushed
from behind. This type of screen is extremely expensive. Taft et al. (1997) quote
specific investment costs of approximately € 60,000-153,000 per m?/s flow rate.
Despite positive experiences in laboratory experiments only a few pilot facilities
were installed in the USA (Amaral et al. 1994).

An Eicher screen, named after its inventor, is a modular inclined screen installed
in a pressure conduit (Figs. 4.67 and 4.68). It was specially developed for hydropower
plants with great drop heights which are supplied via a pressure conduit. Its principle
is based on filtering out fish that drifted into a pressure conduit with the current, and
letting them drift into a bypass instead. To this purpose, a pivoting elliptical wedge
wire screen is fitted into the conduit. This screen is also cleaned by backwashing and
tilted around its axis so that it can be flushed from behind.

So far, this protection system has only been implemented in the laboratory and at
a few American hydropower plants in order to protect Pacific salmon species (Adam
et al. 1991). Notwithstanding positive results in both laboratory and field tests (Taft
1986), this principle has also failed to establish itself. This is mostly due to extremely
high investment costs. Moreover, maintenance costs are also disproportionately high
because, in order to eliminate residual clogging, the entire facility needs to be disas-
sembled.

4.2.5.3 Bottom-Parallel Screen

A new hydraulic engineering concept was developed in Germany at the Technical
University of Munich named “shaft power plant”. This principle combines a sub-
mersible turbine with a horizontal shaft and a horizontally oriented bottom-aligned
screen. Fish protection is provided by means of a screen with low clear bar spacing,
e.g. 20 mm or less and an approach velocity of 0.5 m/s or less. Although the plane
of the screen runs parallel to the bottom, the incoming flow, which is redirected into
the shaft, hits the plane of the screen almost vertically. Therefore, essentially, the
fish protection aspects discussed in Sect. 4.2.5.1 for barriers with a perpendicular
approach flow. The capacity of the system is limited up to 20 m?/s. Still, in principle,
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Fig. 4.65 Schematic sketch of a modular inclined screen: longitudinal section (above) and top view
(below)

it can be employed at larger weir sites as well if several individual shafts are arranged
next to each other.

To examine fish-ecological compatibility, a 35 kW prototype facility was built at
the hydraulic laboratory in Obernach where migration behavior and damage rates of
fish were observed (Fig. 4.69, Geiger et al. 2014, 2016).

4.2.54 Mechanical Barriers Arranged Diagonally to the Approaching
Flow

Angled screens offer the possibility of passing debris on into the tailwater via a
flushing gate which is located at the downstream end of the screen. This saves both
effort and costs for the disposal of debris. Therefore, in Germany, angled screens
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Fig. 4.66 Experimental setup featuring a modular inclined screen at the hydraulic engineering
facility of the Alden Research Laboratory in Holden (USA) (U. Schwevers)
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Fig. 4.67 Longitudinal section of an Eicher screen

have been installed for two decades, at least at small hydropower stations, for purely
economic reasons (Fig. 4.70). Leaving driftwood, flotsame and other organic debris
in the water also offers hydro-ecological benefits because they play an important part
in terms of nutrient balance and hydromorphological dynamics (Heimerl and Kibele
2008).

Angled screens have long been used in North America for fish protection pur-
poses, with closely defined required specifications regarding angles, incoming flow,
clearance, etc. (Nettles and Gloss 1987; Anderson et al. 1988; Edwards et al. 1988;
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Fig. 4.68 Eicher screen testing station at the hydraulic engineering facility of the Alden Research
Laboratory in Holden (USA) (U. Schwevers)

LT

Fig. 4.69 Prototype of a shaft power plant at the hydraulic field laboratorium at Obernach (P.
Rutschmann)



4.2 Mechanical Barriers 153

Fig. 4.70 Angled screen with a flushing gate at its downstream end on the German river Dollbach
(U. Schwevers)

Matousek et al. 1988; Simmons 2000; Amaral et al. 2003; Raynal et al. 2013b).
Target fish are usually Pacific salmonid smolts.

The concept of a combined fish and debris deflecting system for hydropower
plants was realized on the French river Nive in the late 1990s (Fig. 4.71). Several
more angled screens have since been installed in this state, with design capacities
up to 100 m*/s. By now, comparable facilities with a wide variety of slant angles,
clearances, screen bar orientations, and bypass constructions (Fig. 4.72) have been
implemented in Germany as well, for example in front of the the hydropower stations
Auer Kotten on the Wupper (Fig. 4.15, Wollecke et al. 2016) and Planena on the river
Saale (Gluch 2007).

In the relevant literature, angled screens are sometimes called “guiding screens”
(Ebel 2013; Ebel et al. 2015, 2017; Heiss and Abele 2016, among others). This is to
be considered a misnomer because a guiding effect is only observed for species with
a subcarangiform type of locomotion, but not with anguilliform species. Therefore,
the term “guiding screen” is not going to be used hereafter. Based on the current state
of the art, angled screens with a clear bar width of 20 mm are technically feasible up
to a process water volume of 100 m?/s per screen array.

According to the available information, the largest European hydropower station
featuring an angled screen, with a design capacity of Qup = 90 m?/s, is situated in
Baigts on the Gave de Pau in France (Subra et al. 2005, 2007, 2008). An angled screen
was installed there upstream of the original screen, closing off the entire intake bay
of the power station (Fig. 4.73).
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Fig. 4.71 Angled barr rack
at Halsou hydropower
station on the French Nive
(U. Schwevers)

At the Riichlig hydropower station on the Swiss river Aare, a horizontal screen
with a depth of 7.7 m was installed at the weir turbine (Qgp = 40 m3/s). According
to the manufacturer, this construction depth is considered to represent the maximum
size which is currently technically feasible, particularly because the screen cleaning
system is pushing its limits as well.

In terms of hydraulics, there are no basic differences between a flat screen inclined
towards the bottom at an angle of o < 45° and a vertical screen installed diagonally
to the flow at an angle of § < 45°. Here, too, the normal component of the flow force
which acts on the fish upon contact with the screen is reduced in comparison to a
screen with an orthogonal approach flow (Fig. 4.74). Moreover, Bates and Visonhaler
(1957) already observed that migrating salmon smolts will travel downstream along
the surface of a diagonally mounted barrier. This effect is utilized in combined
downstream fish passes (Sect. 4.2.5.4) where louvers, drum screens, stationary or
rotating shields etc. are installed diagonally to the flow and equipped with bypasses
at their downstream end. This type of fish pass can be very effective, especially for
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Fig. 4.72 Bypass with a swing gate at the Planena hydropower station

Fig. 4.73 Angled screen (right) stretching across the former intake bay of the Baigts hydropower
station on the Gave de Pau in France, as seen from the turbine intake (U. Schwevers)
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Fig. 4.74 Pattern of fish movement in front a screen mounted diagonally to the flow (adapted
from Bates and Visonhaler 1957), blue arrays = water, orange arrays = fish, where: v, = approach
velocity, v, = theoretical normal speed at the barrier, vi = theoretical tangential speed at the barrier,
Vrel = swimming speed of the fish relative to the water, vy, = transport speed of the fish over bottom,
B = angle of the barrier towards the incoming flow (v,)

the smolts of migrating salmonids. This is why such facilities are routinely installed
particularly in the USA, but also increasingly in European countries (Taft 1986;
Pavlov 1989; Turnpenny et al. 1998; Larinier and Travade 1999, among others).
While fish will linger for many minutes, or even hours, in front of barriers which are
installed perpendicularly to the flow, they usually spend no more than a few seconds
in front of angled barriers with optimally traceable bypasses before identifying and
entering the migration path. This explains the movement along a diagonally mounted
barrier with the fact that fish will align themselves in parallel with the incoming flow
in order to minimize the risk of uncontrollable drifting. When they swim against the
current with the value of the theoretical normal speed (v,), they keep their distance
from the screen, but drift off in parallel to the barrier due to the tangential component
of the flow force.

Haefner and Bowen (2002) added some additional considerations. They postulated
that the movement of fish alongside diagonally mounted mechanical barriers results
from a complex sequence of motions, causing the fish to be guided along the screen
surface towards a bypass at the downstream end in wavelike maneuvers. The authors
even created a mathematical model based on this concept, in order to calculate the
efficiency of mechanical barriers; however, this was not substantiated by biological
observations.

Pavlov (1989), on the other hand, conducted behavioral observations on fish and
rendered the model from Bates and Visonhaler (1957) more specific by suggesting
that migrating fish at a diagonally installed mechanical barrier react not only to the
current, but also to the screen. This means that they do not swim exactly against the
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Fig. 4.75 Fish movement pattern close to a barrier (adapted from Pavlov 1989); blue arrays =
water; orange arrays = fish, where: v, = approach velocity, v, = theoretical normal speed at the
barrier, v; = theoretical tangential speed at the barrier, vq = drifting speed of the fish, vy =
avoidance speed of the fish relative to the water, 6 = angle of the barrier to the incoming flow, o =
angle of the barrier towards the incoming flow (v,), x = angle of the fish to the barrier = (6 + ),
[Veell < vyl

incoming flow and, moreover, do not flee from the barrier precisely at a right angle.
Instead, their movement, direction and speed result from a combination of these two
reactions (Fig. 4.75).

According to Pavlov (1989), the swimming speed (v,) of a fish thus avoiding
contact with a diagonal screen can be calculated using the following formula:

Vrel = Vp(sin(6 + 0‘))_]

where:

v, normal speed in front of a barrier
a angle of the fish’s body to the flow direction
6 angle of the barrier to the flow direction

He also provides a formula for calculating the drifting speed (vq4) at which the fish
will then move alongside the barrier.

_ /.2
Vg = \/vrel + V2 — 2V, - v CO8Q

As far as we are aware, the validity of these postulated formulas and their applica-
bility in practice have never been verified. Nevertheless, the basic biological mech-
anism described by Pavlov (1989) has been confirmed though recent ethohydraulic
studies by Lehmann et al. (2016). They observed that individuals of all species using



158 4 Fish-Protection Facilities

Flow direction W —_

Bypass

Fig. 4.76 Principle of yawing in fish

the subcarangiform locomotion type will align themselves positively rheotactically
in front of a screen installed at an angle to the flow so that their distance from the bar-
rier remains more or less constant. However, by shifting their body axis very slightly
diagonally to the flow, they will move downstream in parallel to the screen surface
in a slow, gliding process with no discernible active swimming motions (Fig. 4.76).

For this mechanism, Lehmann et al. (2016) introduced the term of “yawing”
which, coming from aeronautic and hydraulic engineering, describes comparable
rotary motions of a body around its vertical axis. Between the body side exposed to
the approaching flow and the opposite lee side, yawing generates a hydrodynamic
pressure difference which exerts a force on the body itself perpendicular to its longi-
tudinal axis, and thus causes drifting in this direction. One technical example of this
effect is the course of ships and airplanes being shifted laterally through yawing and
the related water or air flows which act diagonally to their longitudinal axis. This must
be counteracted through the rudder in order to stay on course. The hydrodynamic
pressure difference in pressure generated by yawing is also utilized in so-called reac-
tion ferries. These vessels are affixed to a rope and travel to the opposite bank of
the river without any engine power, just by setting the rudder diagonally against the
current.

So-called “Scherbretthamen” used in river fishing in Germany employ the same
principle (Fig. 4.77, Klust 1956; Kothke and Klust 1956). A conical net is stretched
between the bank and a float in the current. The float is equipped with a rudder which
is controlled from the bank via a pilot rope. Depending on the rudder’s position, the
float will yaw towards the middle of the river, stretching out the net, or move back
towards the bank where the net can be hauled in and emptied.

The yawing effect in fish was discovered when no current running tangentially
to the screen surface could be demonstrated through measurements at screens with
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Fig. 4.77 Fishing with a German “Scherbretthamen”. Its net is exposed into the current of a river
by a yawing float with rudder

horizontal bars and diagonal approach flow with either a simple filament harp or
high-resolution acoustic-doppler-velocimeter (Fig. 4.78, Lehmann et al. 2016). When
water flows through such a screen, the current in front of the barrier is actually not
divided or diverted at all. Therefore, a flow force acting in parallel to the screen
surface that could affect the body of a fish is not present in this location. And yet,
even in this case, fish would move downstream along the plane of the screen in the
same way as in front of angled screens or louvers with bars oriented at acute or
right angles to the incoming flow. Kriewitz (2015) also observed that fish will move
along an angled screen even when the screen bars are parallel to the incoming flow
so that, de facto, the approach velocity is not divided into a normal and a transport
component. This once more confirms that the “guiding effect” of screens is not
based on the generation of a flow vector which acts tangentially to the screen, but on
the yawing behavior. In retrospect, field observations by Blasel (2009) and Wagner
(2016, 2017) regarding the behavior of fish in front of angled screens can also only
be plausibly explained by this yawing behavior.

So far, it has not been established under which hydraulic conditions and over what
distances fish will yaw. This means that the currently available knowledge is yet not
sufficient for formulating concrete design specifications for efficient combinations of
angled screens and bypasses. However, the models suggested by several authors are
based on demonstrably incorrect notions involving a tangential speed, and therefore
probably not very applicable.
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Fig. 4.78 The strings of a filament harp in front of an angled screen are not deflected tangentially
(B. Lehmann)

One essential prerequisite for the yawing of a fish alongside a diagonal barrier is
that it must swim against the current upstream of the barrier. However, this behavior
is only exhibited by subcarangiform fish whose mode of propulsion involves beating
their caudal fins, such as salmon smolts, for example, and many potamodromous
species. Eels, on the other hand, will collide with both diagonally and orthogonally
mounted barriers (Sect. 4.2.5.1), and this collision is followed by a turning and an
escape reaction towards the incoming flow. Thus, because the behavioral prerequi-
sites for yawing along the screen surface are not fulfilled in eels, this kind of behavior
cannot be observed in ethohydraulic studies. The same applies to species such as
catfish who, even though they possess a small caudal fin, also generate propulsion
primarily through undulating movements of their bodies which are equipped with a
fin fimbris (Adam and Lehmann 2011; Lehmann et al. 2016). Moreover, this type of
behavior in species with an anguilliform type of propulsion has not been documented
through field observations.

Still, eels have been recorded, sometimes in great numbers, in bypasses at the
downstream ends of screens oriented diagonally to the flow (Ebel et al. 2015, 2017).
The mechanism which ensures traceability seems to be quite different here. With
moderate flow velocities, migrating eels will repeat their approach to the screen,
which ends in a collision and return reaction. This happens at random in various
areas of the screen, and at some point their downstream movement will take them
close to the bypass (Adam et al. 1999). Thus, their eventual migration through the
bypass does not result from a guiding effect of the angled screen, but from the number
of attempted approaches (Adam and Lehmann 2011).

Field observations at the Auer Kotten hydropower station on the Wupper
(Fig. 4.15) also confirmed that the desired “guiding” effect does not occur in species
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Fig. 4.79 Angled screen of the German Auer Kotten hydropower station on the river Wupper with
three bypasses and a spill, resp. flushing gate at the downstream end of the screen (left) and the
entrance of the fish pass at the upstream end (right) (Ingenieurbiiroe Floeckmiihle GmbH)

with anguilliform locomotion. Here, 83% of pit-tagged salmon smolts descended via
the bypasses provided at the downstream end of the screen and through the flushing
gate located there (Fig. 4.79), while no more than 17% chose to travel through the
fish pass at the upstream end of the screen (Engler and Adam 2014; Wollecke et al.
2016). PIT-tagged eels, on the other hand, were distributed almost evenly between
different migration corridors at the upstream and downstream ends of the screen.
A guiding effect of the screen was thus observed in salmon smolts, but not in eels,
supporting the ethohydraulic findings of Lehmann et al. (2016) and Berger (2017).

Notwithstanding the limitations described above, an impassable angled screen
mounted diagonally to the flow is without doubt superior to a conventional screen
installed orthogonal to the flow in terms of fish protection. However, as stated by
Rynal et al. (2013b), the screen needs to be mounted at an angle of less than 45° to
the incoming flow. The actual angle between the screen and the flow direction, which
may differ considerably from the longitudinal axis of the river bed, is relevant here.

More detailed specifications regarding optimal installation and maximal feasible
lengths cannot be provided at this point.

4.3 Guidance Systems

Guidance systems are compact impermeable structures that are arranged diagonally
to the flow in order to guide fish towards bypasses. Due to their impermeability,
they can only cover a part of the flow cross section. This means they either reach
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downwards into the water from above (baffle, Sect. 4.3.1), or they rest on the river
bottom (bottom overlay, Sect. 4.3.2).

4.3.1 Baffle

Baffles are planar structures that are arranged in front of intake buildings and extend
into the water body from the surface to varying degrees (Fig. 4.80). They are perma-
nently installed structures made of concrete, steel, or wood, stretched out between
river banks or built like bridges. They may also be attached to floats. Baffles are
frequently used to keep debris away from intake structures. The idea of also using
such constructions to guide fish migrating near the surface into bypasses is based on
the experience that bypasses next to screens which are installed orthogonally to the
flow, especially at larger hydropower stations, only achieve limited efficiency.

In order to achieve a guiding effect, a current needs to be generated that runs
parallel to the baffle and can be perceived by fish. To this purpose, baffles are installed
at an angle of no more than 45° to the incoming flow. The immersion depth should be
atleast2 m. In their studies at the Bellows Falls hydropower station on the Connecticut
River (USA) (Figs. 4.81 and 4.82), in compliance with these requirements, Odeh and
Orvis (1998) demonstrated 84% efficiency in deflecting Atlantic salmon smolts.

So far, in Europe, baffles have been used for fish protection purposes mostly in
Sweden. By 2010, in accordance with the American experience described above,
baffles of 2 m in depth and up to 130 m in length, leading to a fish pass or to the
weir overfall, were installed in hydropower stations e.g. on the large rivers Umeil-
ven/Vindelilven (Q = 480 m?/s) and Piteilven (Q = 180 m?/s) as initial fish protec-
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Fig. 4.80 Schematic sectional sketch of a baffle
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Fig. 4.81 Alignment of the baffle at the Bellows Falls hydropower station on the Connecticut River
(USA), with a bypass at the downstream end

Fig. 4.82 Baffle in front of the intake of the Bellows Falls hydropower station guides descending
salmon smolts towards a bypass (Ingenieurbiiro Floecksmiihle GmbH)

tion measures. The design of the baffles is self-cleaning; upon contact with floating
refuse, the guiding wall elements swivel around their longitudinal axis, thus passing
on the debris. The guiding effect of these facilities has not been thoroughly exam-
ined so far, but a pilot study showed that, following the installation, more sea trout
and salmon smolts were guided towards the weir overfall than before (Calles et al.
2013). Vikstrom (2016), for one, reported actual, positive experiences with the 2 m
deep baffle at the Skifors power station on the river Piteédlven, which guided 85%
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Fig. 4.83 Scematic of a baffle element such as the ones that were installed at the Swedish
hydropower stations in Sikfors on the Piteédlven and Norrfors on the Umeédlven

of the migrating salmonid smolts away from the turbine intake to the overshot weir
(Fig. 4.83). Before the baffle was installed, only 10% of smolts opted for this migra-
tion corridor (Rivinoja et al. 2005). Because baffles only cover a part of the flow cross
section, they can only have a limited effect. The studies mentioned above suggest
that, in the case of surface-oriented migrating salmon smolts, relatively high deflec-
tion rates can be achieved. For pelagic and bottom-oriented species, on the other
hand, which mostly, or always, migrate in water depths that are not covered by the
baffle, the effect is probably negligible. However, no research has been conducted
so far in this direction.

4.3.2 Bottom Overlay

A bottom overlay is a structure that rises from the bottom of a waterway and is
arranged diagonally to the flow in order to guide fish migrating close to the bottom,
particularly eels, towards a bypass. Halsband and Halsband (1989) suggested to
combine electric deflection systems with diagonal concrete half shells to form an
“electro-mechanical fish bypass” and improved the deterrent effect of the electric
barrier. Lately, the concrete base on which the intake screen of a hydropower station
is installed has also sometimes been designated as a bottom overlay, particularly in
the case of angled screens (Ebel 2013). However, the screen is normally placed in
this position above the bottom primarily for technical reasons. That is to say, the
concrete base serves as a sediment barrier in order to prevent debris from entering
the turbine (Giesecke et al. 2014).
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Laboratory experiments appear to confirm the efficiency of bottom overlays.
Fiedler and Gohl (2006), for example, reported that eels, “guided by their instinctive
orientation on structures, usually followed the direction suggested by the ground
sills”. Hiibner (2009) also observed that eels do not swim over ground sills right
away, but that they initially move along the sill before they decide to cross it. Amaral
et al. (2003) also observed that the percentage of American eels who were able to
find a bypass at the end of an angled screen was higher when a bottom overlay had
been installed. The authors therefore suggested that eels are guided into the bypass
by the overlay.

Adam et al. (1999), however, determined that European eels will not be guided
by such structures, but instead exhibit the same return reaction they would show
at a screen without a bottom overlay (Sect. 4.2.5.1). A joint evaluation of the video
material showed that American eels behaved in the same way in the studies conducted
by Amaral et al. (2003), and that their success in discovering the bypass was solely
based on the number of downstream swimming maneuvers which they undertook
during the test, not on any kind of guiding effect (Adam and Lehmann 2011).

As a result of laboratory tests on grayling, Kriewitz (2015) also described an
improved guiding effect of angled screens in combination with bottom overlays.
However, he, too, merely counted the instances of entry into the simulated bypass, or
passages through the screen, while failing to closely observe the animals behavior.
Moreover, the limited water depth in his experimental setup needs to be taken into
account. After all, grayling are pelagic fish, roaming the free water body and mostly
foraging at the water’s surface (Dujmic 1997; Ebel 2000; Baars et al. 2001). So,
naturally, this species does not usually come into contact with the bed of the waterway,
or any structure situated near the bottom. When fish of this species stayed near
the floor of a laboratory flume and used a bottom structure for guidance, this was
obviously non-natural behavior which does not occur under field conditions, and
was probably due to the low water depth in the flume of 0.6 m. Kriewitz (2015)
therefore remarked: “The applicability of these results to natural conditions needs
to be regarded with skepticism.” Fliigel et al. (2015) arrived at the same conclusion
in their fish-ecological report regarding the same project.

The only known field study regarding the effectiveness of bottom overlays in
Germany was conducted in 2005 at the hydropower station in Dettelbach on the Main.
There a bypass with two openings was installed in the bank, approximately 25 m
upstream from the screen in front of the turbine intake, as well as two bottom overlays
at an angle of 45° which both led towards these bypass entrances (Gohl and Strobl
2005; Fiedler and Gohl 2006; Fiedler and Ache 2008). One overlay was designed
to deflect eels migrating downstream with the current and guide them towards the
bypass; the other was supposed to head off specimens escaping upstream following
their return reaction at the screen (Gohl and Strobl 2005; Fiedler and Gohl 2006).
However, these bypasses were only used by 4.8% of descending eels; in other species,
the percentage was as low as 1.1% (Fiedler and Ache 2008). These values do not
indicate any guiding effect resulting from the bottom overlays. Moreover, it remains
unclear whether the bypasses would not have achieved the same, nearly negligible
effect without them.
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None of the studies mentioned above suggests a mechanism on which the alleged
guiding effect of bottom overlays could be based. There is just one instance where
Fiedler and Gohl (2006) stated that the height of the wall is of no consequence because
the eels oriented themselves on the bottom in their escape attempts. However, the
behavior of fish as a function of the geometry and hydraulics of bottom overlays has
not been described any where, and there is no information provided at all regarding
permissible angles or required hydraulic conditions.

According to the current state of knowledge and without additional, specific field
studies, it is thus impossible to formulate any design criteria for bottom overlays,
and it remains doubtful whether they can noticeably contribute to fish protection and
safe downstream passage.
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Fishways for Downstream Migration e

In order to ensure the downstream migration of fish, it is not enough to prevent them
from entering the potentially hazardous parts of facilities; they must also be provided
with an alternative path that will enable them to travel, actively or passively, from
the headwater of a barrage to the tailwater without loss of time or risk of injury. In
order to conserve their strength, fish migrating downstream usually yield themselves
more or less passively to the transport force of the flowing water by drifting with the
main current. Locations without hydropower utilization can thus be negotiated, as
long as the water depth in the tailwater is sufficient and no bafflers or other dangerous
structures are present in the stilling basin.

For barrages that are equipped with hydropower stations, it is essential that migrat-
ing fish are provided with alternative corridors that afford them with safe passage
to the tailrace and avoid the turbines of the power station. Whenever flow-through
pipes or flumes, usually duct-like and open to light, are installed and operated specif-
ically for this purpose, they are designated as fish ways for downstream migrators or
bypasses. Besides those, other permanently or temporarily open connections between
headwater and tailwater may essentially function as downstream migration corridors,
including:

e partially or completely opened diversion gates at a weir,
e overtopping weirs,

e bottom outlets,

e sluice gates, flood and ice gates,

o flushing gates for debris,

e upstream fish passes,

e locks for shipping purposes.

Frequently, multiple flow paths exist at any location that fish can use as migration
corridors or bypasses (Fig. 5.1). To what extent they actually contribute to successful
fish migration depends on various factors:

Traceability: Generally, dimensions and protortion of total flow that is used in
a bypass are in relation to the design capacity of a hydropower station of no great
significance. However. to be effective a bypass must be able to be found without loss
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Fig. 5.1 Example of the intake situation at the Auer Kotten hydropower station on the German river
Wupper (emptied headrace channel): a 12 mm screen and various migration corridors, b flushing
gate, ¢ exit of the fish pass for upstream migrators, d downstream bypass near the water surface,
e downstream bypass near the bottom, and f separate smolt bypass (Ingenieurbiiro Floecksmiihle
GmbH)

of time (Sect. 5.1). This means that bypasses need to be positioned in an area where
migrating fish naturally assemble.

Acceptance: Once a fish has found the bypass and is located directly in front
of its access opening, the entrance’s dimensions, cubature and prevailing hydraulic
conditions will determine whether it is going to head into the bypass, or shun it and
flee. It must therefore be ensured through flow characteristics and the design of the
bypass entrance that fish will accept the bypass as swiftly and readily as possible
(Sect. 5.2).

Passability: The routing of a bypass must be laid out in such a way that passage
bears no risk of injury. Furthermore, care must be taken that, once they have entered
the bypass, the fish are unlikely to turn back and escape to the headwater (Sect. 5.3). In
this context, it is of no consequence whether their downstream passage is a voluntary
act, or whether they are transported downstream against their will, so to speak. Thus,
the following is true for the functionality of bypasses:

functionality = traceability - acceptance - passability
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Based on the current state of knowledge, different species-specific requirements
must be taken into account in bypass design. These are described in detail in French
and American literature, particularly with regard to migrating salmonid smolts (Taft
1986; Edwards et al. 1988; Matousek et al. 1988; Larinier and Boyer-Bernard 1991a;
Haro and Castro-Santos 1997; Odeh and Orvis 1998; Larinier and Travade 1999).
Some information is available on the behavior of eels as well. In contrast, the behavior
of other species at and in bypasses is almost completely unknown. This applies not
only to potamodromous fish, but also to anadromous species such as river and sea
lamprey, allis shad, sturgeon, maraena whitefish and others. Also, there have been no
documented attempts to adapt bypasses to the special requirements of these species.
Therefore, the following remarks are mostly limited to the behavior of migrating
salmonid smolts and silver eels.

In Germany, bypasses typically deviate more or less from the requirements
explained hereafter and the basic principles that have already been described. The
reason for a deviation from the specified conditions is partially due to the technical
restrictions that are encountered when retrofitting bypasses in existing hydropower
plants. Frequently, however, such deviations result from an effort to minimize con-
struction and operating costs, or because requirements based on fish behavior were
simply ignored. As a consequence, the results of efficiency checks are often sobering.
For instance, the bypass at the Liitzschena hydropower station on the river Weifle
Elster is only accepted by 20% of fish (Wagner 2016, 2017), while the bypass near
the bottom at the Débritschen hydropower station on the river Saale is only used by
1.4-10% (Schmalz 2012). For the bypass at the Grafenmiihle facility on the river
Vils, Schnell and Ache (2012) determined an efficiency of 8.5%, and at the Auer
Kotten hydropower station on the Wupper, the bypass near the bottom is frequently
blocked and can therefore only be used by migrating eels in rare exceptional cases
(Engler and Adam 2014).

5.1 Traceability of Bypasses

Generally, fish will approach migration obstacles from a distance. If, besides the tur-
bine intake, additional well-supplied migration corridors are available, then migrating
fish are likely to use them. At the hydropower station in Linne on the Moselle in the
Netherlands, for example, eels were distributed between the power station and the
overflow weir roughly in the same ratio as the proportion of water flowing into each
structure (Jansen et al. 2007). Similarly the Pointis and Camon hydropower stations
on the upper course of the French Garonne, around 85% of migrating salmon smolts
used the bypasses that are supplied with up to 50% of the overall discharge (Croze
and Larinier 1999). In telemetry studies conducted by Weibel (2016) at a hydropower
station in Bad Rotenfels on the river Murg in Germany, around 50% of tagged eels
and 90% of salmon smolts used a bypass that almost always received more water
than the power plant. In this case, however, it remains unclear whether, and to what
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Fig. 5.2 Simulated view of the flow profile behind a power station intake with both bypasses beside
the screen. The massive main current of the turbine intake exceeds the partial discharges through
the both bypass openings. No velocity gradient is generated to the bypasses that fish are able to
detect (B. Lehmann)

extent, an electric deterrent system installed downstream of the bypass influenced
the choice of passage route.

Usually, however, alternative migration corridors receive a much lower supply of
water than the intake of a hydropower station, particularly as long as the prevailing
total discharge falls short of its design capacity. Figure 5.2 shows an example of a
simulation of the flow conditions in such situations. In this example, the flow through
each of the two lateral positions bypasses were roughly 10% of the discharge through
the screen in the middle. Under these conditions, no suction flow into the bypass is
formed because the relatively low partial discharge of the bypasses is completely
overwhelmed by the larger mass of the main current through the power station. A
bypass flow with a rather small volume cannot emit a hydraulic signal that is strong
enough to overcome or even influence the competing main current, and no flow path
toward the bypass that could detected by fish is generated. On the contrary, hydraulic
conditions in front of the power station intake always dominate those in the bypass
zone, thus masking or eliminating any guiding effect that a flow directed into the
bypass might generate.

However, attempts made by Rathcke (1987) at the Wahnhausen hydropower sta-
tion on the Fulda river in Germany did not result in the desired effect, and Hoffmann
et al. (2010) as well as Bockmann et al. (2013) never got past the stage of laboratory
testing. In reality, the portion of the flow provided in bypasses is usually considerably
smaller than that assumed in the example simulated by Lehman et al. (2016). These



5.1 Traceability of Bypasses 171

conditions make the existence of a headwater current which may serve as an orienta-
tion aid towards a bypass entrance for migrating fish even less likely. Bypasses where
traceability is not enhanced by a mechanical barrier or guidance system therefore
prove to be almost completely inefficient, because migrating fish will only discover
them by chance, or not at all.

Thus, the efficiency of a bypass installed 6 m upstream of the screen in the head-
race channel of the French Soeix power station on the river Gave d‘Aspe (Fig. 5.6)
amounted to no more than 22% of migrating Atlantic salmon smolts. While it was not
possible to increase the passage rate by either augmenting the endowment or adding
lights, a substitute bypass installed only 1.5 m upstream of the screen was used by
50-80% of smolts (Larinier and Travade 1999). Likewise, at the Halsou power sta-
tion on the river Nive in France, the lack of efficiency of a surface bypass branching
off approximately 50 m upstream of the station could not be significantly improved
either through illumination or by installing an electric deterrent system (Gosset and
Travade 1999), while a bypass located immediately by the Halsou power station
intake was found by up to 95% of the smolts (Larinier and Boyer-Bernard 1991a).

Normally, when no more than a small portion of the overall discharge is available
as a water supply for a bypass, its traceability can only be assured when it is installed
at the exact location where migrating fish naturally assemble based on their species-
specific behavior and the hydraulic and construction-related conditions. Traceability
can be crucially influenced by the position of the screen in relation to the bypass, and
through the optional addition of suitable guidance systems. In the case of salmon
at least, illumination may also improve traceability (Larinier and Boyer-Bernard
1991b), while behavioral barriers often prove to be quite inefficient.

5.1.1 Position in the Water Column

Ideally, bypasses will stretch from the bottom of the river all the way to the surface
(Ebel et al. 2015, 2017; Wagner 2016). This ensures traceability, no matter at what
water depth the migrating fish are moving. However, if requirements of acceptance
(Sect. 5.2) to be met as well, this type of bypass design will call for considerable
outflows that are frequently not available. Therefore, such bypasses have only been
installed at a few sites to date, and there is currently no information available regard-
ing fish behavior under these conditions. Bypasses are usually installed near the sur-
face and/or close to the bottom. With anadromous salmonids as a target species, the
bypasses used are always located near the surface and, in combination with mechan-
ical barriers, achieve an efficiency of more than 80 or even 90% (Ducharme 1972;
Taft 1986; Edwards et al. 1988; Matousek et al. 1988; Larinier and Boyer-Bernard
1991a; Odeh and Orvis 1998).

However, this type of bypass is rarely accepted by eels. Therefore, to facilitate
the downstream migration of salmonid smolts as well as silver eels at the same
location, two different bypass openings are generally required. Haro and Castro-
Santos (1997), for example, documented that, at the Cabot Station hydropower plant
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on the Connecticut River (USA), the surface bypass is much frequented by Atlantic
salmon smolts, but was not accepted by any of the tagged American eels although they
were searching for a migration corridor at all water depths (Fig. 2.16). Comparable
results were obtained from the Halsou hydropower station on the river Nive in France.
At this site, a second bypass was installed near the bottom in the same location and
in addition to the surface bypass that has been optimized for salmon smolts. Of the
European eels found to be migrating downstream, Durif et al. (2002) recorded 94%
in the bottom bypass, but only 6% in the bypass close to the surface. Similarly, the
screen at the hydropower station in Roermond on the Rur in the Netherlands has been
equipped with both a surface and a bottom bypass (Fig. 5.3, Dumont and Hermens
2012, 2017). Monitoring results showed that here, too, eels would only accept the
bottom bypass and salmonid smolts almost exclusively used the bypass near the
surface. Other species showed different patterns of distribution but, at this location,
even species such as bleak who usually stay close to the surface seemed to prefer the
bypass near the bottom (Fig. 5.4, Gubbels et al. 2016; Gubbels 2016).

However, placement near the surface alone is not enough to ensure traceability for
salmonid smolts. Functionality checks in France, for instance, sometimes showed
descent rates in bypasses well below 50% (Travade and Larinier 2006). Likewise,
placement near the bottom alone is no guarantee that a bypass will be accepted by
eels. At the Baigts hydropower station on the Gave de Pau (Fig. 4.74), for example,
no more than 20% of eels descended via the surface bypass. The entrance was
then lowered to a depth of 7 m. However, this failed to increase the efficiency

Fig. 5.3 Bottom (orange arrow) and surface bypass (blue arrow) at the Netherlands hydropower
station Roermond on the Rur (Ingenieurbiiro Floecksmiihle GmbH)
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Fig. 5.4 Distribution of several migrating species between the bottom and the surface bypasses at
the hydropower station Roermond (modified by data from Gubbels 2016)

(Subra et al. 2008; Travade et al. 2010). The authors assume this was due to the fact
that the new entrance was still situated 5 m above the river bottom.

5.1.2 Bypasses at Vertical Screens Arranged Perpendiculary
to the Flow

All in all, approximately 7300 hydropower plants are found in Germany
(Floecksmiihle 2015), and new constructions are relatively rare. Less than 100
new facilities commence operation per year, e.g. roughly 1% of those in existence.
Typically, bypasses are thus retrofitted at existing plants which are almost always
equipped with conventional, more or less vertical screens arranged perpendiculary
to the approaching flow. Even in new constructions, such as the German hydropower
stations in Kostheim on the Main and Hemelingen on the Weser which went into
operation in 2009 and 2011 respectively, the screens were designed primarily based
on technical criteria, and mounted at a right angle to the flow (Wasserkraftwerk Bre-
men 2006). From a fish’s point of view, this is the worst conceivable arrangement
because the current flows through the screen perpendiculary.
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When confronted with this type of physical barrier, fish, with the exception of eels,
will swim against the current for extended periods of time while avoiding contact
with the screen. Unless the approach velocity is too high, they will also perform
lateral searching movements. If the bypass entrance is spatially separated from the
screen and protrudes into the headwater, the main current will carry the fish to the
screen, and thus into a dead end (Fig. 5.5). Fish can only find their way out of the
intake and into the bypass by first swimming upstream and then moving over to the
bypass and swimming back downstream with the current. Negotiating such a detour
is a complex task that fish are hardly able to master. Therefore, a bypass entrance
positions some distance from the turbine intake will only be found by individuals
who happen to be moving straight towards it while migrating with the current. Other
fish will only find this migration corridor after a long period, or not at all. Field
studies like those by Larinier and Travade (1999) show that a distance of just a few
meters between screen and bypass significantly limits the latter’s traceability.

From the description above it can be concluded that the entrance must be directly
integrated into the surface of the screen, or located immediately next to it. However,
the surface of the bypass opening is generally much smaller than the surface of the
screen. Consequently, the probability of a migrating fish hitting the screen first is
much larger than the likelihood of making it to the bypass zone right away. Thus, in
order to be able to find a bypass while traveling downstream, a fish must be capable
of performing swimming maneuvers that will lead it away from the screen surface
and towards the bypass. This is supported by a low approach velocity enabling the
fish to stay in front of the screen and move around at will. Also, a low clear space is
required that prevents the fish from passing the screen.

Because the search for a bypass is not a systematic, purposeful process, fish will
not be able to locate a possible migration corridor if positioned some distance from

Bypass
G
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Trash =

rack =

Fig. 5.5 Bypasses situated upstream in front of the screen can only be found by chance (top view)
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the screen. At least one bypass entrance per 10 m screen width is therefore required
for larger intake structures (Larinier 1996); while to Odeh and Orvis (1998) state
that intervals of 11-15 m would still be acceptable. If screen arrays are separated by
pillars, then at least one bypass must be integrated into each zone.

Site-specific hydraulic conditions may play a crucial part as well. Larinier and
Travade (1999), for instance, determined that bypasses of very similar dimensions and
positions could show great differences in their efficiency. Hydraulic measurements
have shown that the volume and direction of flows onto screens are quite variable.
Due to fluctuating flow signatures or asymmetric water flows into the intake, and the
spin of the turbines, the flow vector generated at the screen runs across the surface
from one bank to the other, then down to the bottom, across again to the first bank,
and back to the surface. At the surface, salmon smolts will follow this circular current
so that bypasses can reliably be found if they are located where the flow meets the
bank. Traceability can be additionally improved by installing horizontal panels below
the bypass as flow deflectors. Figure 5.6 shows such an arrangement at the Soeix
hydropower station on the Gave d’Aspe in France as an example.

In the intake area of hydropower stations, eels generally behave quite differently
from salmon smolts and other European species. They usually do not deviate their
course in order to prevent a collision with the screen, but only react after impact.
Only then will they try to align themselves with the current, push off from the screen
and escape upstream while seeking contact with the bottom (Sect. 4.2.5.2, Fig. 4.60).
Field studies on the rivers Moselle in the Netherlands and Fulda in Germany, among
other places (Jansen et al. 2007; Adam et al. 2017), confirmed that this return reaction
occurs in the river as well and is not limited to impenetrable barriers. The design
principles of the so-called Bottom Gallery™ (Adam et al. 2002) and the zigzag
pipe (Hassinger and Hiibner 2009) are based on the idea of taking this behavior into
account and offering bypass openings upstream from the screen (Sect. 5.1.5).

German experiences involving bypasses next to perpendicular screens arranged
perpendiculary to the incoming flow show that their functionality is often severely
limited. In Kostheim on the river Main, bypass openings, 2 m high and 0.8 m wide,
were provided for migrating eels next to the screens, in the central pillar between

Former bypass at
the water surface Bypass
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Fig. 5.6 Bypass layout at Soeix hydropower station on the Gave d’ Aspe (France) and photo of the
arrangement taken while the headrace channel was dewatered (U. Schwevers)
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the two screen arrays, roughly in the middle of the water column. Additional bypass
openings for descending salmonids smolts especially, 0.3 m wide and 0.2 m high,
were integrated into the screen itself near the surface. Monitorings indicated that these
eel bypasses were “not accepted as downstream migration corridors by either eels or
other species of fish under normal operating conditions [...]”, and that “the salmonid
bypass [...] cannot function due to the lack of a guiding current and extreme main-
tenance problems” (Schneider et al. 2012). On the German river Weser in Bremen-
Hemelingen, a total of 24 “windows”, each 0.15 m high and 0.7 m wide, were inte-
grated into the surface of the screen. In addition, the 25 mm screen is tilted near the
surface in the direction of the flow and is to be permanently overtopped by 0.2 m of
water so that descending fish can make their way into the tailrace via the transverse
flushing channel (Wasserkraftwerk Bremen 2006). However, to date, the required
function checks of fish passage efficiency have not been performed (Weserkraftwerk
Bremen 2016).

In both cases, the bypasses markedly differ from the requirements specified not
only here, but also in the DWA guideline which was published more than 10 years
ago. This could explain the negative monitoring results found by Schneider et al.
(2012) at the Kostheim site on the Main.

In earlier years, in Germany so-called “eel pipes” were sometimes built into the
wall next to the screen, or “escape pipes” were installed in the bottom in front of
a screen (Lecour 2006; Lecour and Rathcke 2006). During various studies on the
rivers Emmer, Else, Lippe and Weser, an average of 0.3—17.5 migrating eels per
day were recorded in such constructions (Bartmann and Spdh 1998; Rathcke 1997,
2004). Unfortunately, the total number of migrating eels was not determined in these
studies, making it impossible to calculate the efficiency of such bypasses. However,
given the size of these waters (Q approximately 5—114 m?/s), it must be assumed
that it was rather low.

On the other hand, monitoring checks at various French sites has shown that
bypasses at conventional screens can be accepted by as many as 80% of individuals
and more, at least with salmonid smolts. To archive such high results the following
requirements must be met:

e Ample dimensions of the bypass opening, with a width of 0.5-1 m and a water
depth of 0.4 m as an absolute minimum,

e located near the surface and within the screen area, or immediately next to it,

e aratio of at least one bypass per 10 m of screen width,

e and favourable hydraulic conditions, with at least 5-10% of the total discharge
flowing through the bypass, but depending on the location, as much as 40-50%
may be necessary.
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5.1.3 Bypasses at Flat Inclined Screens

The traceability of bypasses can be enhanced through a flat inclined installation of
the screen. If such screens are mounted at an angle of less than 45°, the tangential
component of the flow force which runs parallel to the plane of the screen is higher
than the normal component that acts perpendicular to the plane. Descending fish
which come into direct contact with the screen will thus passively drift across the
screen’s surface. If the screen’s upper edge is overtopped, with a transverse bypass
channel installed behind it, fish will thus be guided into the bypass (Fig. 5.7). This
arrangement with a catching device instead of a bypass is used for the construction
of traditional stationary eel traps e.g. in Germany.

The behavior of fish when confronted with this type of configuration was examined
in ethohydraulic tests with screens inclined towards the bottom at angles of 15°-18°
and different flow velocities (Fig. 5.8, Adam et al. 1999).

At physically impassable flat inclined screens, it was observed in ethohydraulic
tests that salmon smolts and other fish remained in front of the screen some time,
avoiding collision with the barrier by swimming against the incoming flow. Eels
performed their well-known return reaction; not uncommonly, they only reacted
after touching the flat inclined screen surface, following it against the current and
then escaping upstream (Adam et al. 2002). Just as frequently, fish first drifted across
the surface of the screen for variable distances before reacting as described above.
Some of them were transported as far as the upper edge of the screen and then
proceeded to enter the bypass channel. The higher the approach velocity, the less
time remains for the fish to react following contact with the screen. Accordingly,
the efficiency of the bypass channel increased with the approach velocity (Fig. 5.9).

Inclined
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Fig. 5.7 Screen flat inclined in flow direction with bypass channel (top view)
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Fig. 5.8 Inclined 5 mm wedge wire screen at an angle of 15° with bypass channel at his edge in a
model flume (B. Adam)

This means that such a configuration of screen and bypass can reach an efficiency of
100% when the incoming flow exceeds the darting speed of the fish. In terms of fish
protection, it is irrelevant whether migrating fish are given an opportunity to decide
whether they want to accept the bypass or not. Rather, ethohydraulic test show that it
is best to attempt to sweep the animals into the bypass channel even against their will.
However, it is important to use screens with a smooth surface in order to minimize
the risk of injury. This approach is the underlying principle of the modular inclined
screen and the Eicher screen (Sect. 4.2.5.2).

To validate the findings from ethohydraulic observation, an impassable flat
inclined screen with a bypass channel was tested in the field (Adam and Schwevers
2003). To this purpose, a wedge wire screen with a clear width of 5.3 mm and
inclined at an angle of 24° was installed in front of the intake of the mini hydropower
station Floecksmiihle on the German river Nette, with an intake capacity of 1.7 m3/s
(Fig. 4.20). The upper edge of the screen was submerged by just a few centimeters
in order to conduct debris and fish, if applicable, into a transverse bypass channel.
For monitoring purposes, 98 eels were released into the headwater of this facility;
19% of them migrated downstream via the screen and the bypass channel within the
next two days. No injuries or damage were found on any specimen. Moreover, in
the early hours of the evening on the day they were released, the behavior of eight
individuals could be observed on and in front of the screen (Fig. 5.10). They reached
the screen by drifting at various depths of the water body, but never immediately at
the surface. Also, despite the illumination of the intake structure, they showed no
avoidance or flight behavior whatsoever. Just like in the laboratory, each specimen
only showed reactions following direct contact with the mechanical barrier. None
of them were impinged on the screen surface at any point. Several eels showed the
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Fig. 5.9 Dirift phases of an eel with an approach velocity of 1 m/s across the upper edge of an
impassable wedge wire screen into a bypass channel (B. Adam)

same return reaction that has already been observed in the laboratory and escaped
upstream. The specimens remaining in front of the power station intake moved
across the screen towards the water’s surface where the debris accumulated as well.
As soon as the screen’s upper edge was even minimally submerged, the eels would
pass it and enter the bypass channel All in all, field testing confirmed the general
applicability of the laboratory results. On a flat inclined screen, fish are not impinged
and do not suffer any damage. Unless they choose to escape, they will follow the
screen surface and are thus reliably guided into a transverse bypass channel.

Meanwhile, reports from Sweden confirm these results for a much larger
hydropower station with a design capacity of 72 m?/s. There, an 18 mm screen
with an inclination angle of 35° was installed at the intake of the headrace channel of
the Atrafors hydropower station on the river Atran, and equipped on both sides with
simulated bypasses in the form of fish traps with openings that were 0.25 m wide and
1.0 m high. Their efficiency was tested using tagged eels which were 0.51-1.06 m
long and thus unable to pass through the screen. 18% of these specimens escaped to
the headwater; the other 82% swam into the bypasses, with 65% of them succeeding
to do so during their first approach. On average, this took the animals around 3 min,
and less than 1 min in 48% of the cases (Calles et al. 2013).

A third study at the Unkelmiihle hydropower station on the river Sieg in Germany
(Fig. 5.11) revealed a high efficiency for salmon smolts as well. In that study, 83-95%
of smolts descended via the bypasses at the upper edge of the screen even though
it is only partially overtopped, e.g. not across its entire width (@kland et al. 2016).
This suggests that, with this configuration of screen and bypass, species-specific
requirements and behavior obviously constitute a less crucial factor than is the case
with other layouts.
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Fig. 5.10 Eel during passage, and another in front of the barely submerged edge of the screen
(U. Schwevers)

Inclined screen
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Fig. 5.11 Inclined 10 mm screen at the Unkelmiihle hydropower station on the German river Sieg
with only partially submerged upper edge (photo taken when the headrace channel was dewatered)
(Ingenieurbiiro Floecksmiihle GmbH)
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However, @kland et al. (2016) determined a significant mortality rate of at least
9.9-12.8%, which they ascribe at least partially to injuries incurred on the screen.
This emphasizes that maximum smoothness of the screen surface is of the essence in
this case in order to prevent damage to fish. However, the exact angle that will result
in optimum efficiency has not been determined so far. While the inclination angles
at Atrafors and Unkelmiihle were 35° and 27°; respectively, Cuchet (2012) achieved
the best results at 20° under laboratory conditions.

Thus, in principle, even for relatively large hydropower plants, the combination
of a flat inclined screen with the smallest possible clearance with bypasses close
to the surface would be suitable for ensuring both fish protection and downstream
migration. Preferably, the bypass should consist of a bypass channel at the end of a
screen that has it’s upper edge across the entire width. Nevertheless bypass entrances
on either side of the screen’s edge may achieve high efficiency as well. In these cases,
however, the requirement stated should be met by installing at least one bypass per
10 m of screen width.

5.1.4 Bypasses on Angled Screens

Angled screens represent a fish protection method that has proven itself many times
over, particularly in the USA. In past decades, they were mostly louvers whose
slats, mounted at a right angle to the incoming flow, provided maximum flow deflec-
tion. Experience shows that salmon smolts in particular largely follow the plane
of the screen and can thus be guided into a bypass installed at the downstream end
(Sect. 4.2.1.6). Because louvers are not physically impassable to fish, their efficiency,
and that of the accompanying bypasses, will always be limited. The best results of
sometimes more than 90% were achieved by Taft (1986) and Ruggles (1990) with
Pacific and Atlantic salmon smolts. Generally, however, success rates were no higher
than 50-80% (Bates and Vinsonhaler 1957; Bates and Jewett 1961; Ducharme 1972;
Karp et al. 1995). With other species, especially with regard to smaller specimens, the
efficiency of bypasses at louvers is sometimes even lower (Skinner 1974; Karp et al.
1995). Therefore, in the USA and elsewhere, louvers have largely been replaced by
physically impassable angled screens in order to prevent salmon smolts from passing
through the water intake and guiding them towards a bypass (Anderson et al. 1988;
Edwards et al. 1988; Matousek et al. 1988; Simmons 2000). The same applies to
other species, especially eels (Amaral et al. 2000).

A configuration of migration barrier and bypass opening that is considered espe-
cially effective involves more or less impassable fine screens, mounted perpendicular
to the bottom and arranged diagonally to the flow at an angle of about 30°, accompa-
nied by a bypass at their downstream end (Amaral et al. 2003; Ebel 2013; Peter 2015;
Kriewitz 2015a, b). Generally, conventional screens and fine screens with vertical
or, preferably, horizontal bars may be employed as diagonal barriers. Fish with a
subcarangiform type of locomotion will yaw downstream along the plane of such
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Fig. 5.12 Bypass entrance at the downstream end of a screen mounted diagonally to the flow

diagonal screens and are thus guided towards a bypass that must be connected to the
downstream end of the barrier (Fig. 5.12, Sect. 4.2.5.3, Lehmann et al. 2016).

In Germany, the use of angled screens with low clearance and a bypass at their
downstream end is becoming more and more popular, especially at small and mid-
sized hydropower stations. Examples for this are found on the rivers Saale, Mulde
(Ebel 2010), and Wupper (Wollecke et al. 2016).

So far, no critical values have been determined regarding the screen angle at which
yawing is triggered. This behavior is activated independently of the existence of a
flow vector running parallel to the plane of the screen (theoretical tangential speed).
However, yawing at the screen only occurs when a fish lingers in front of the screen
at a short distance, swimming against the current. Because this does not apply to
anguilliforme species, fish of this locomotion type do not show yawing behavior and
do not follow the surface of the screen in the direction of a bypass. Whenever eels
manage to locate a bypass that is positioned downstream of an angled screen, this
must be ascribed to the fact that they approach the screen multiple times until, during
one of these attempts, they randomly end up at the bypass entrance. According to
ethohydraulic findings by Lehmann et al. (2016), this behavior applies not only to
eels, but also to other species such as catfish.

5.1.5 Special Eel Bypasses

Migrating eels usually collide with the intake screen of a hydropower station before
they perform a return reaction and escape upstream (Sect. 4.2.5.1). Therefore, with
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eels, one must expect lower efficiency of bypasses positioned next to conventional
screens or at the downstream end of angled screens than with other species.

Based on this information, the so-called Bottom Gallery™ was developed as an
eel-specific type of bypass. It consists of a chamber, installed on the bottom of the
inlet channel across its entire width, that is closed on three sides and thus sheltered
from the current, with its open longitudinal side facing the mechanical barrier (Adam
et al. 2002). The operating principle of this bypass type consists in intercepting eels
who turn around at the barrier and try to escape upstream near the bottom (Fig. 5.13).
In order to test the functionality of the Bottom Gallery™, ethohydraulic studies were
conducted using a simple rectangular box that was open towards a 20 mm screen
situated downstream. Insofar as the approach velocity permitted, eels would show the
typical return reaction following their contact with the mechanical barrier, orienting
them selves towards the bottom of the flume, and then escape upstream near the
bottom and thus congregating in the sheltered space within a short time (Fig. 5.14,
Adam et al. 1999).

Thus, in principle, the Bottom Gallery™ proved to be a suitable bypass system for
ensuring the downstream migration of eels. However, the eels showed little enthu-
siasm when it came to leaving their shelter voluntarily to continue their migration
via a bypass branching off to the side, for example. This problem can be solved by
shutting and emptying the Bottom Gallery™ episodically, transporting the enclosed
eels to the tailwater passively via a bypass pipe. Bottom Galleries™ are currently
installed at the German hydropower stations Unkelmiihle on the river Sieg (Fig. 5.15)
and Gerlachshausen on the river Main. However, reliable monitoring results are not
available as yet.

_ D

\ ﬁ\ = G Approach of eels
&

Screen Shelter

Fig. 5.13 Operating principle of the Bottom Gallery™
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Fig. 5.14 Eels escaping upstream following a return reaction on a screen (left) find shelter in the
prototype of a Bottom Gallery ™ (right) (B. Adam)

Fig. 5.15 Bottom Gallery™ at the hydropower station Unkelmiihle on the German river Sieg
(Ingenieurbiiro Floeckmiihle GmbH)
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Fig. 5.16 Zigzag pipe in combination with bristle bundles installed in a model flume transversely
to the screen (www.klawa-gmbh.de; accessed October 01, 2015)

The so-called “zigzag pipe” constitutes a variation of the Bottom Gallery™. It is
supposed to offer eels a migration corridor into the tailwater, no matter whether they
approach it from upstream, or from downstream following a return reaction at the
screen. To this purpose, a pipe with multiple angles is installed on the bottom of the
waterway transversely in front of the screen. Eels are expected to enter the construc-
tion through holes of just a few centimeters in diameter that are mostly placed in the
bends of the pipe, and then be guided down towards the tailwater. In order to extend
the time the eels spend in the vicinity of the pipe, and thus augment the probability
of passing through the openings, Hiibner (2009) recommends a combination of the
zigzag pipe with bundles of bristles (Fig. 5.16). This system was installed in 2012 at
the German hydropower plants in Limbach and Rothenfels on the Main. The length
of the pipes amounted to 27 m, and the flow rate inside to 0.036 m?/s. Other such
facilities are located on the Saale in Bad Kissingen and the river Enz (Klawa 2013).
While, according to Hiibner (2009) 90% of animals tested accepted this eel-specific
bypass under laboratory conditions, not a single one of the 1323 eels in front of the
15 mm screen of the power station in Bad Kissingen used the zigzag pipe that was
located in the immediate vicinity (Egg et al. 2017).

5.2 Acceptance of Bypasses

Acceptance is a crucial parameter for the efficiency of bypasses. Fish will only
perceive bypasses as flowed-through openings without grasping their significance.
Therefore, it is often observed that they hesitate, or even balk at entering a bypass
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because they evidently consider this structure a potential hazard. As a consequence,
as demonstrated by the findings of Engler and Adam (2014) and @kland et al. (2016)
bypasses are often not accepted by migrating fish even when they are already located
immediately close to the turbine entrance. They will not swim into the bypass, but
rather ignore it or even show a flight response. The efficiency of bypasses can thus be
restricted by a lack of acceptance. The reasons for this are explained in the upcoming
sections.

Haro et al. (1998) recommend visually adapting the entrances of salmon bypasses
to the environment by painting them gray, for example. However, the behavior of a
fish evidently depends even more on the size and geometry of a bypass opening, and
particularly on the hydraulic conditions in front of it. There is not a lot of detailed
information available how to increase the acceptance. This lack of insights is due
to the fact that, in field studies and laboratory experiments, the focus often lies
exclusively on successful instances of entry or passage (Amaral et al. 2003; Peter
2015; Kriewitz 2015a, b), but the overall behavior when approaching or avoiding
a bypass is not observed or analyzed. It is therefore not possible to differentiate
between traceability and acceptance.

Increasingly, behavior analysis is performed in field studies as well, in the form
of direct observation (Blasel 2009), telemetry with acoustic and radio transmitters
(Brown et al. 2007; Mast et al. 2016) or pit-tag transponders (Engler and Adam
2014; Wollecke et al. 2016), as well as image recordings with a DIDSON™ gonar,
for instance (Wagner 2016; Rosenfellner and Adam 2016). However, the results of
such studies will only be fully usable when, at the same time, detailed measurements
are taken of the dimensions and geometry of the bypasses, with an emphasis on the
prevalent hydraulic conditions in front of the entrances. Therefore, the major part of
the findings presented below based on ethohydraulic studies regarding the orientation
and searching behavior of migrating in front of hydropower plants (Adam et al. 1999,
2002; Lehman et al. 2016). These observations still need to be validated through field
studies.

5.2.1 Orientation of the Entrance

Earlier behavioral observations regarding the orientation of fish at bypass entrances
has already shown relatively high acceptance of bypasses installed next to the screen
and parallel to the flow. In contrast openings arranged perpendiculary to the flow
were accepted to a much lesser extent (Fig. 5.17, Adam et al. 2002).

These findings were confirmed by Lehmann et al. (2016); in combination with
the hydraulic conditions, the behavior of fish can be explained as follows.

e Generally, the reaction of fish to a current is positively rheotactic, e.g. they will
align themselves with the flow and swim against it (Sect. 2.3). They also show this
behavior in front of screens, aligning themselves in parallel with the flow direction
(Sect. 4.5.2.1) and perhaps yawing slightly (Sect. 4.2.5.3). If the bypass is parallel
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Fig. 5.17 Bypass opening next to a screen parallel (left) and orthogonal (right) to the flow

to the flow that approaches the screen, fish may let themselves drift into the bypass
without having to modify the alignment of their body’s longitudinal axis. At low
approach velocities, high-performance fish, such as salmon smolts, in particular,
will swim into the bypass, frequently even actively and head first.

e A bypass installed perpendiculary to the incoming flow has no influence on the
dominant flow at the screen, and in this hydraulic situation the partial flow towards
the bypass entrance is not perceived by fish. Therefore, in this configuration as
well, fish will align themselves in parallel with the screen flow and thus right angled
to the bypass (Fig. 5.18). In order to swim into the bypass, a fish would have to
turn its body’s longitudinal axis by almost 90° towards the flow, thus exposing its
flank to the impact of the current. The fish would try to avoid the resulting drift,
not least because it would risk being pressed against the screen by the current. It
is therefore unlikely to turn itself towards the bypass entrance; a fact that severely
restricts the traceability of perpendicular orientated bypasses.

e While the above fully applies to fish with subcarangiform swimming behavior,
species which employ the anguilliform type of propulsion, such as eel and cat-
fish, do not generally practice such strict positive rheotactic alignment. Therefore,
they will accept perpendicularly arranged bypasses more willingly so long as the
approach velocity is less than 0.5 m/s. However, with all species examined so far,
the acceptance of a perpendicularly positions bypass was much lower than with
an arrangement parallel to the flow, and the passage time was considerably higher.
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Fig. 5.18 Top view of an angled screen (bottom left) with a perpendicular bypass entrance (right):
Despite the immediate presence of the bypass opening, the fish will linger in front of the screen
(O. Engler)

5.2.2 Size and Shape of the Bypass Entrance

Generally, the larger the dimensions of bypasses, the more traceable and better
accepted they will be. However, in order to minimize the flow attributed to the
bypass and thus production losses of the hydropower station, bypass entrances are
usually designed as small as possible. Thus, in practice, compromises need to be
found where the dimensions and water use of bypasses are limited as far as possible
without impairing their function.

In the literature, recommended sizes for bypass openings are frequently derived
from the dimensions of existing facilities that have been tested for efficiency. In
France, based on studies conducted on the rivers Nive and Gave d’ Aspe, a width of
0.5-1 m and a water depth of 0.4 m are considered absolute minimum dimensions
(Bomassi and Travade 1987; Travade and Larinier 1992; Larinier 1998). From his
behavioral observations in the field, Blasel (2009) arrived at a water depth of 0.3 m
and a width of 0.4 m as minimum requirements. According to this author, bypasses
with low water depth, e.g. 25 cm are only acceptable when a larger width of e.g.
1.3 m compensates for shallow depth.

With regard to silver eels, DWA (2006) and Ebel (2013) consider a round open-
ing with a diameter of 0.3 m to be sufficient. Generally, eels in particular show a
high propensity to seek shelter in ducts and cavities within rockfills, that are only
just large enough for them to enter (Tesch 1983). It is therefore hardly surprising
that, under laboratory conditions, eels will use holes with a diameter of as small
as 6.5 cm and will swim into pipes at the bottom of the flume (Fig. 5.16, Hiibner
2009). However, this cannot lead to conclusions regarding the minimum entrance size
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for bypasses because, besides acceptance, traceability must also be ensured through
ample dimensioning.

So far, only Lehmann et al. (2016) have conducted systematic research regarding
the size and shape of bypasses. For a bypass opening, they postulate a minimum area
of 0.1 m? for salmon smolts as well as silver eels and potamodromous species, thus
confirming existing recommendations. For species with anguilliform propulsion, e.g.
eels and catfish, the shape of the opening proved to be of no significance, while most
other species preferred an angular entrance to a round one with the same area.

The explanation for this lies in the hydraulic conditions in the zone around a bypass
entrance (Fig. 5.19): The redirection of the flow paths in the contour of the opening
results in the constriction of the flow, the so-called vena contracta, where the velocity
isincreased. The smaller the opening’s circumference, the more significant the impact
of this constriction. Therefore, the flow gradient is smaller with a rectangular opening
than it is with a circular one with the same area, which has a circumference that is
smaller by roughly 1/3. In consequence round bypass openings must thus have a
considerably larger area than angular ones to achieve comparable velocity gradients
at the entrance.

However, the advantage of an angular bypass shape is quickly lost inside the migra-
tion corridor because fish will use the zones of lower flow velocity that develop in

Circular bypass entrance

Vena contracta
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Fig. 5.19 Comparison of the vena contracta downstream of bypass entrances of circular and square
shape (B. Lehmann)
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Fig. 5.20 Numerical analysis of the flow signatures within a confusor transitioning from a rectan-
gular bypass opening to a pipe with a diameter of 300 mm (adapted from Lehmann et al. 2016)

the corners and along the edges to interrupt their descent to the tailwater and possi-
bly return to the headwater. As far as acceptance is concerned, a rectangular bypass
opening followed by a pipe with axially symmetric flow, lacking any corners or edges
where slow-flow zones could develop, would constitute an optimal configuration. At
the transition a adapter which serves to distort the rectangular contour into a round
one is recommendes (Fig. 5.20). Such a confusor increases moderately but constant
the velocity of flow, reduces turbulences and eddies. The fish are thus carried along
with the flow, which is a desired effect especially in view of high-performing species.

However, closed pipes are more susceptible to log jams than open flumes and
thus require higher maintenance. To minimize the problems resulting from this, the
diameters of the pipes should be as large as possible.

5.2.3 Water Supply, Flow Velocity and Flow Gradient

According to Larinier and Travade (1999), bypasses at perpendicular screens installed
at a right angle to the incoming flow should be supplied with 5—10% of the total dis-
charge, while Odeh and Orvis (1998) consider approximately 2% to be sufficient
for angled screens. Ferguson et al. (1998) state that the flow provision of bypasses
for Pacific salmon smolts should amount 5 to 10% of the design capacity of the
hydropower plant. These figures do not constitute design specifications; they merely
represent empirical values (DWA 2006, Larinier and Travade 1999). After all, effi-
ciency cannot be improved by simply increasing the discharge; rather it is a combina-
tion of position, dimensions, and hydraulic conditions that determines the traceability
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and acceptance of a bypass. The required flow is thus the product of size prerequi-
site and hydraulic condition that result at the bypass opening (Sect. 5.2). However,
the literature does not yield much information in this context because, usually, only
geometrical conditions, not hydraulic conditions, are examined and described. Some
specifications regarding flow and/or velocity are found on occasion, but they tend to
vary wildly and contradict each other.

Ebel (2013), for one, suggested the following: “For salmonids, eels, and other
species groups, a bypass can be assumed to be generally usable, and perhaps highly
efficient, when the bypass entry speed amounts to 1-2 times the approach velocity of
the barrier and, at the same time, reaches values of 0.3—1.5 m/s.” He thus considered
the flow velocity requirements in the bypass to be dependent on the incoming flow
at the screen. This is based on the concept of a guide or attraction flow that is in
effect along the surface of the screen and will steer fish towards the bypass. Due to
hydraulic reasons, however, such a flow cannot even develop (Sect. 5.1).

Hydraulic measurements by Lehmann et al. (2016) at an actual power station
site, as well as ethohydraulic studies by the same authors, proved this notion to
be inadmissible. In reality, the acceptance of a bypass is solely influenced by the
hydraulic conditions in the immediate vicinity of its entrance, independent of the
situation encountered at the screen. Therefore, the requirements in accordance with
Sect. 5.1 need to be met at the screen and, independently, the necessary hydraulic
conditions must be established around the bypass opening. This may call for a higher,
but also for a lower flow velocity at the bypass.

Moreover, it is definitely not true that the acceptance of a bypass is generally
determined by a high flow velocity near its entrance. Instead, flow velocities near
the opening that are either too high or too low will have equally negative effects.
For one thing, a minimum flow velocity is necessary to ensure that fish will align
with the current and perhaps allow themselves to drift with the flow. Findings by
Pavlov (1989), Adam and Schwevers (1997), Adam et al. (1999), Adam and Lehmann
(2011), and Lehmann et al. (2016) indicate a minimum speed of 0.3 m/s for eels,
and 0.5 m/s for salmon smolts. The requirements of potamodromous species also lie
within this range. If, on the other hand, the flow velocity exceeds 0.5 m/s, this will
not augment the appeal of the bypass opening. Instead, fish will hesitate more and
more to let the drift carry them into the bypass, and may increasingly even react by
escaping against the current.

These ethohydraulic findings were confirmed through field studies. From his
observations in German Rhine tributaries, Blasel (2009) reported that, with high
bypass flows, salmon smolts would sometimes linger in front of the opening for
hours without entering it, and that strong turbulences, reverse currents, detached
water bodies, etc. could additionally delay or even completely prevent the entry.
By means of a DIDSON™ sonar, Wagner (2016, 2017) observed at hydropower
stations on the German river Weille Elster that, while a significant percentage of
migrating potamodromous fish would follow the plane of the angular or inclined
screens installed at these sites up to a distance of 0.5 m from the surface and bottom
bypasses, only a few individuals would actually enter them. Flow velocities in the
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bypass entrances were as high as 1.4-5.5 m/s, several times the values determined
by Lehmann et al. (2016).

Fish tend to shy away from abrupt changes in flow direction and velocity, as well as
strong turbulences, and escape against the current. They show this behavior not only
in bypass openings, but also further down the line. Using RFID technology, Engler
and Adam (2014) observed at the Auer Kotten hydropower station on the Wupper
that migrating salmon generally only needed a few minutes to complete the journey
from a surface bypass to an intermediated control basin, and from there through
the lower section of the fish pass and into the tailrace. However, many specimens
took considerably longer because they interrupted their descent, sometimes reversing
their direction to swim upstream. In one extreme case, an individual was found in the
bypass line for 18 days in a row, repeatedly ascending back up to the intake opening
of the bypass. Only after swimming back and forth ten times did this salmon smolt
continue on its way downstream, taking no more than four minutes for the remainder
of its passage into the tailwater.

Thus, in terms of optimum efficiency, it would be advisable to prevent fish from
turning back towards the headwater not only at the entrance, but over the entire course
of the bypass line. This goal can only be reliably attained when the flow velocity
within the bypass is higher than the burst speed of the fish (Sect. 2.2). In terms of
construction, the problem lies in how to trick the fish so that the flow velocity will
be increased continuously, but as moderately as possible, from the entrance onwards
(Haro et al. 1998).

At the Poutes barrage in the upper course of the Allier in France, this requirement
was fulfilled by providing a funnel-shaped entrance to the bypass where the flow
velocity is continuously increased (Fig. 5.21). There is no information available
at this point regarding the hydraulics, particularly in terms of flow velocities and
acceleration.

The entrance for salmon smolts at the Netherlands hydropower site on the Rur
was modeled after this (Fig. 5.3). Here, the intake was first constructed from wood
in order to be able to implement corrections later and develop the most expedient
shape (Fig. 5.22).

Aside from some North American rules of thumb criteria which limited the accel-
eration to 1 m/s?, no standards are available to date for the optimization of the flow
gradient over the course of bypasses to ensure their acceptance (Haro et al. 1998;
Enders, Fisheries and Oceans Canada, oral communication). This currently consti-
tutes a significant element of uncertainty in the conception of measures to ensure
safe downstream fish passage.

5.2.4 Operating Periods

For bypasses which are intended to ensure the safe migration of the entire range of
species, year-round operation is definitely required. Only when bypasses are designed
to accommodate particular target species can operating periods be limited to their
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Fig. 5.21 Schematic sketch of the funnel-shaped bypass entrance design at the Poutés barrage on
the Allier (France) (left, adapted from Larinier and Boyer-Bernard 1991b) and on site (right);
outside of the migration season for salmon smolts, the funnel is raised above the water level
(U. Schwevers)

Fig. 5.22 Entrance of the salmon bypass at the hydropower plant on the Rur (Netherlands) with
temporary inserts for optimizing the flow conditions (Ingenieurbiiro Floecksmiihle GmbH)
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specific migration times. It is thus common practice in France and the USA, for
example, to shut down bypasses that were primarily installed for salmon smolts
outside of their migration season (Croze and Larinier 1999; Croze et al. 1999).

A limitation to certain times of the day is not standard procedure, and would not
make much sense anyway. While the migration activity of most species is defined by
certain peaks and lows over the course of the day, it will rarely ever cease completely.
The migration of salmon smolts and silver eels in particular, which usually takes place
during the night, will also continue throughout the day during major migration events
(Sect. 2.7.1).

Opening bypasses only in connection with the screen cleaning cycle in power sta-
tions with screenings transfer, for example, is even less advisable. After all, migrating
fish do not assemble in front of the bypass, waiting for the shutter mechanism to open,
because they have no way of knowing that, and when, a flowed-through migration
corridor is going to be provided. Moreover, fish will often hesitate for many hours
before actually using a bypass (Sect. 5.2.3). If the hydraulic conditions change due
to the cleaning process, then salmon smolts at least will react with a flight response.
Thus, an intermittently opened bypass can only reach marginal efficiency (Larinier
and Boyer-Bernard 1991b; Blasel 2009; Engler and Adam 2014).

5.3 Passability of the Bypass Line

The main prerequisite for ensuring safe passability is that the conditions in the migra-
tion corridor must not pose any risk of damage or injury to the fish. Possible hazards
include rapid pressure changes and flow retardations, shear forces, turbulences and
impact forces. Also, scratches and abrasions as well as bruising may be caused by
contact with rough surfaces and protruding edges. Therefore, no obstructions or
rough spots may be present in the bypass line, and any abrupt redirection of the
current must be avoided. To ensure this, the curve radius must not be less than 3 m
(Turnpenny et al. 1998). Furthermore, to prevent injury as much as possible, the flow
velocity in the bypass should not exceed 12 m/s (Travade and Larinier 1992).

A heavily increased risk of injury may result when debris and fish are transported
to the tailwater via the same path (@kland et al. 2016). Bypasses should therefore be
protected against clogging by an additional trash rack. However, the clear width of
the rack must be as large as possible in order to minimize or completely avoid the
possibility that it might act as a behavioral barrier.

The outlet of the bypass towards the tailwater should be located above the water
surface because fish that negotiate a difference in height in free fall have a higher
survival rate than those who are accelerated within the water body and then abruptly
decelerated, which exposes them to strong shear forces (Fig. 5.23, Taft 1986). The
outlet should be arranged horizontally, if possible, and located no more than 2.4 m
above the water level in the tailrace (Odeh and Orvis 1998).

With the drop heights usually encountered at run-of-river power stations in Ger-
many, particularly along federal waterways, the impact of fish that hit the surface of
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Fig. 5.23 The outlet of the bypass at the Bellows Falls hydropower station on the Connecticut
River (USA) is located approximately 9 m above the tailwater level (U. Schwevers)

the tailwater is considered noncritical. Laboratory tests showed that fish can survive
such an impact at speeds of up to 16 m/s (Taft 1986), but in order to reliably preclude
injuries, American agencies recommend not exceeding 7-8 m/s (ASCE 1995).

Predation on fish that arrive in the tailwater dazed and disoriented can be prevented
through suitable measures. For instance, the outlet of the bypass line can be positioned
a long way downstream from the weir or the hydropower station as a protective
measure against predatory fish, and sprayed by a water fountain in order to repel fish
predating birds.

As a matter of principle, every bypass line should be equipped, or eligible to
be retrofitted, with installation fixtures and safely accessible monitoring facilities in
order to be able to study the downstream migration of fish and the efficiency of the
whole construction.

5.4 Bypass Construction Types

5.4.1 Upstream Fish Passes

DWA (20006) devised the principle that separate facilities are necessary in order to
ensure both upstream and downstream fish migration because, as a rule, it is not
possible to meet the requirements of both groups with the same construction. This
principle is not contested by the fact that, at least in smaller bodies of water, not
insignificant numbers of descending fish use upstream fish passes installed at weirs
and hydropower plants for instance, for potamodromous species (Pander et al. 2013).
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Table 5.1 Downstream migration rates of salmon smolts and silver eels via upstream fish passes
(Engler and Adam 2014; Heiss 2015; @kland et al. 2016)

Species Site/river (country) Bypass location
Hydropower station (%) | Diversion weir
(%)
Salmon smolts Herting/Atran (Sweden) - 44
Unkelmiihle/Sieg 1-5 3-12
(Germany)
Gengenbach/Kinzig 4 -
(Germany)
Kuhlemiihle/Diemel 8 142
(Germany)
Auer Kotten/Wupper 15
Silver eel (Germany) 40

4Immediately next to a hydrodynamic screw

A compilation of the information available in Europe regarding diadromous species
using combined upstream and downstream passage is provided in Table 5.1.

The likelihood of descent via an upstream fish pass is highest when other migration
corridors are not available, or blocked by screens. This is the case at the Herting
barrage in the lower course of the Atran river in Sweden. The turbine intakes of the
two hydropower stations located there are equipped with screens with a respective
clearance of 22 and 15 mm, and descending fish must pass a 40 mm screen in the
headrace channel in order to reach the bypass at one of the stations. At these sites,
Heiss (2015) recorded not a single turbine passage in his telemetry studies on salmon
smolts, while 56% of the animals tested used the bypass to descend and as much as
44% traveled downstream through the upstream fish pass.

Downstream passages are further encouraged when the upstream fish pass is
located immediately next to the intake structure of the hydropower station. This
is the case at the Kuhlemiihle station on the German river Diemel where 14% of
salmon smolts used the upstream fish pass situated directly beside, and parallel to, a
hydrodynamic screw at the diversion weir (Jkland et al. 2016). At the Auer Kotten
hydropower station on the Wupper in Germany, 15% of salmon smolts and as many
as 40% of tagged silver eels descended via the vertical slot pass, which is accessible
through an entrance located immediately next to the intake screen (Engler and Adam
2014). In contrast, at the Unkelmiihle hydropower station on the Sieg, the entrance to
the vertical slot pass is located about 10 m upstream of the turbine intake screen; at
this site, the share of passages by descending salmon smolts comes to no more than
1-5%. According to fields studies conducted at the Dobritschen hydropower station
on the river Saale in Germany, upstream fish passes away from the main current are
usually only found by just a few descending specimen (Schmalz and Schmalz 2007).
The same observation was made by @kland et al. (2016) regarding the rough channel
at the diversion weir of the Unkelmiihle station (Fig. 4.16). However, the fact that



5.4 Bypass Construction Types 197

this upstream fish pass was used by 3% of descending smolts in one year, but by
12% in others indicates that outflow-related flow conditions within the ponded area
may significantly influence the traceability.

Nonetheless, in all the studies mentioned above, the major part of salmon smolts
and silver eels did not descend into the tailwater via the upstream fish passes, but opted
for other corridors. This is not only due to the limited traceability depending on the
more or less favorable position of the entrance. The hydraulic conditions at the intake
and within an upstream fish pass affect the acceptance as well. At the Auer Kotten
hydropower station on the Wupper, for example, a significant number of migrating
salmon smolts were observed almost permanently around the entrance to the vertical
slot pass for two, three, or even six days before they actually swam through it (Engler
and Adam 2014). The hydraulic conditions and structures within upstream fish passes
may have a negative impact on acceptance fiir descending fish as well. One essential
feature is the relatively low flow velocity in an upstream fish pass, which make
descending fish abort their passage and swim back to the headrace. Additionally, the
abortion of a downstream passage is encouraged by turbulences which occur near
apertures in upstream fish passes that alternate with usually spacious low-flow zones.

In principle, salmon smolts are able to swim through the vertical slot pass at
the hydropower station Auer Kotten on the German Wupper in less than 10 min.
However, most specimens took a lot longer and in some case more than five days.

All in all, it appears that, even though upstream fish passes may significantly
contribute to the downstream passage of fish, they cannot generally replace facilities
that have been specially designed for this purpose.

5.4.2 Combinations with Screenings Transfer

Debris and flotsam which accumulate at hydropower stations are increasingly no
longer removed, but instead left in the water and transferred downstream into the
tailrace. This requires special flushing constructions that are essentially also open to
ascending fish.

5.4.2.1 Overtopped Screens

In newer hydropower plants, the upper edge of the screen does not quite reach the
water’s surface, but is overflowed by several centimeters. A transverse channel in
which trash is fed by the screen cleaning system is installed downstream of the screen.
By opening a flushing gate, the flume is cleared and the debris is transported into the
tailrace with the flow.

Such flotsam handling solutions are not only found at small hydropower stations,
but also in Germany at major plants such as in Hannover-Herrenhausen on the river
Leine (Fig. 5.24) or Bremen-Hemelingen on the Weser. With an appropriate design,
they may be used by downstream migrating fish, much like bypass channels that have
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Fig. 5.24 Conventional bar rack at the Herrenhausen hydropower station on the German river
Leine, with a submerged edge of the screen and a transverse flushing, resp. bypass channel
(U. Schwevers)

been specially designed for them (Sect. 5.1.3). In this context, it is of no consequence
whether screens are cleaned by means of special screen cleaning systems or, in the
case of so-called circulating rakes, through their own rotating motion (Fig. 4.32).
Itis, however, crucial that the hydraulic and geometrical requirements of bypasses
described in Sect. 5.2 are met and, most of all, that the edge of the screen is not
just overtopped episodically, whenever clogging occurs, but permanently. Moreover,
it goes without saying that such flushing systems must also fulfill the passability
requirements stipulated in Sect 5.3. In particular, the tailrace must be deep enough to
ensure that fish will not come to harm when they plunge in from above. Furthermore,
transporting flotsame and fish together results in a higher risk of injury and death.

5.4.2.2 Flushing Gates

Frequently, flushing gates, ice gates, or similar elements are installed at hydropower
plants in order to transfer solid materials to the tailrace, or to drain the whole head-
race as needed. Flushing gates also serve to pass on debris at angled screens into the
tailrace. In these cases, the screen bars are usually arranged horizontally and kept free
of flotsam by a horizontally operating screen cleaning system. At the downstream
end of the screen, a flushing gate will open periodically to discarde the debris to
the tailwater. In principle, flushing gates can be used by downstream migrating fish.
However, these migration corridors are opened only episodically. At the German
Auer Kotten hydropower station on the Wupper, for example, the flushing gate
will open only once or, at most, twice a day at times when screenings are scarce,
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but up to 100 times in the fall when the amount of floating debris reaches its peak
(Fig. 4.80, Engler and Adam 2014). Accordingly, the silver eels migrating down-
stream in the fall definitely benefit from the flushing gate’s regular operating periods
at this location; unfortunately, the same is not true for salmon smolts migrating in
the spring.

If the criteria regarding traceability and acceptance as described in Sects. 5.1 and
5.2 are fulfilled and a permanent flow is guaranteed, then flushing gates may fully
assume the function of a bypass.

5.4.3 Ship Locks

In principle, it has been known for more than 100 years that ship locks are used by
fish as migration corridors (Gerhardt 1912; Anonymus 1924). However, in the past,
observations were made almost exclusively in the context of upstream migration. In
regular lock operation, numbers of ascending fish are usually low, and far behind
those from upstream fish passes at the same location (Schmassmann 1924). Even
with additional flow provisions, their efficiency remains marginal, or at least very
species-selective (Jolimaitre 1992; Klinge 1994; Schwevers and Adam 1996, 1997,
Schwevers and Gumpinger 1998; Schubert et al. 1999; Roche et al. 2007).

The only available study regarding the downstream migration of fish via ship locks
is a telemetric observation at the barrages in Miihlheim and Offenbach on the river
Main in Germany (Schwevers and Adam 2016a). The major part of tagged silver
eels at these sites descended via the hydropower station or the weir, while only 1%
passed through the ship lock. Therefore, it should not be assumed that ship locks can
be used as efficient downstream migration corridors for fish.

5.4.4 Spilling Weirs

At barrages with hydropower utilization, the weir is generally only supplied with
water when the total discharge exceeds the design capacity of the power station. In
Germany, hydropower stations are usually designed based on the mean discharge, so
that a weir outflow occurs on about 80-120 days per year, depending on the discharge
regime. During these periods, the weir is thus available as a migration corridor.

As arule, the windows of time where this is the case can be enlarged by increasing
the weir discharge at the cost of the turbine flow rate. This is done at the hydropower
plants on the Columbia River in the Pacific Northwest of the USA, for example, in
order to support the downstream migration of Pacific salmon smolts (Fig. 5.25).

However, this practice causes enormous production losses, and mortality rates due
to mechanical injuries can be significant (Bell and Delacy 1972; Steig and Ransom
1991; Iverson et al. 1999; Ogden et al. 2007). Moreover, increased predation by
piscivorous fish and birds may occur and, finally, gas supersaturation in the tailwater
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Fig. 5.25 An additional weir discharge via sluice gates shaped like ski jumps supports the down-
stream migration of Pacific salmon smolts at the Bonneville Dam on the Columbia River (USA)
(U. Schwevers)

can lead to the gas bubble disease (Sect. 3.4.1.6). At some sites in Germany, additional
weir discharges are released to ensure a safe descent for eels. During eel migration,
the operation of hydropower stations on the rivers Main, Regnitz, Fulda, Werra, is
restricted, or shut down completely, in order to facilitate the descent across the weirs
(Pohler 2006; Thalmann 2015; Seifert 2014, 2015).

Fish migration definitely takes place across the weir whenever a hydropower sta-
tion is shut off completely. However, whenever multiple migration paths are available
because only part of the overall flow is discharged over the weir, migrating fish will
distribute themselves over the various corridors. It cannot be predicted, though, what
percentage of fish will opt for each of the paths, because this decision is greatly
influenced by local boundary conditions. Unfortunately, the passage across weirs is
not per se a safe endeavor for fish; depending on constructive and hydraulic charac-
teristics, it may involve a variety of hazards (Sect. 3.3).

5.5 Maintenance of Bypasses

One major problem encountered in the operation of bypasses is the occurrence of log
jams or clogging in both the intake and the bypass line caused by debris and floating
refuse. This may restrict their function or even suppress it completely (Fig. 5.26)
and pose a risk of injury to migrating fish. Regular upkeep is therefore essential for
maintaining the functionality.
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Fig. 5.26 Clogging of the surface bypass opening at the Auer Kotten hydropower station on the
‘Wupper through branches and leaves (O. Engler)

Maintenance must already be taken into account during the planning phase. For
one thing, clogging must be prevented by making the cross sections of the intake
and the bypass line, as well as the curve radius, as large as possible, and perhaps
installing a trash rack upstream. Furthermore, it is of the essence that, in case of
clogging, bypasses will be freely accessible and easy to clean. To this purpose, an
automatic flushing fixture is recommended for bottom bypasses in particular. Gener-
ally, channel-like constructions, open to the light, are less susceptible to log jams than
closed, pipe-like bypasses. On the other hand, they may come with disadvantages in
terms of acceptance and passability of the bypass (Sects. 5.2 and 5.3).



Chapter 6 ®)
Fish-Friendly Turbines oo

If turbine passage posed no danger to migrating fish, then all other measures in con-
nection with fish protection and downstream passage would be rendered superfluous.
Therefore, the development of fish-friendly turbines is to be considered a top priority.
Ajmire et al. (2017), for instance, provide an overview of current efforts regarding
the design of fish-friendly turbines.

6.1 Mechanisms

In turbine design, the focus still lies on technical and economical considerations.
Therefore, complex modeling efforts are currently made, primarily attempting to
optimize engine efficiency in all operational modes, or to augment the life span
of a turbine by avoiding material damage due to cavitation (Riedelbauch 2017).
Moreover, the development of fish-friendly turbines is hampered by the fact that
the available knowledge regarding causes and mechanisms of mortality is rather
limited. So far, it is completely unclear, for instance, whether and to what extent the
decompression caused by sudden pressure release behind the runner (Sect. 3.4.1.5),
as well as shear forces and abrasions due to rough surfaces (Sect. 3.4.1.6) actually
increase the mortality risk during turbine passage at run-of-river power stations.

On the other hand, it is clear that direct injuries through collision with runners
(Sect. 3.4.1) and cuts suffered in gaps (Sect. 3.4.1.4) significantly contribute to the
overall mortality risk. The damage mechanisms involved here vary greatly, and there-
fore different measures are required for eliminating the underlying causes.

6.1.1 Avoiding Impact Induced Injuries

To date, when considering how injuries caused by impact could be avoided, the
main focus would always lie on reducing the collision probability with the runner
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blades. Therefore, a three-blade Kaplan turbine is generally thought to be more fish-
friendly per se than a four-blade turbine, and attempts are made to diminish the
collision probability further through stepwise changes to other parameters, such as
rotational speed and runner diameter. However, effectively, this can only result in a
small reduction of the mortality risk at best.

The mortality risk during collision has a much greater influence on the overall
mortality risk due to impact: if the runners’ front edges are thick in comparison to
the fish, and if the impact velocity does not exceed a certain critical value which,
according to Raben (1957c), should be just short of 11 m/s for eels, the risk of
lethal injury will be minimal, making the frequency of such collisions irrelevant
(Sects. 3.4.1.2and 3.4.1.3). Thus, evidently, reducing the mortality risk involved in a
collision offers a much higher potential for preventing damage than decreasing the
collision probability. This leads to the necessity of increasing the thickness of the
runners’ front edges as much as possible in future turbine design and, most of all,
reducing the impact velocity at the point of contact.

6.1.2 Avoiding Cuts

According to the unanimous assessments of numerous authors, next to impact-
induced injuries, the risk of incurring cuts constitutes the greatest danger that fish
face during turbine passage. In order to reduce mortality, it is therefore of the essence
to eliminate any gaps in turbines and other hydropower machines, or to reduce them
to a safe minimum. In this context, Amaral (2014) quotes a maximum permitted gap
width of 3 mm. Various studies show that this actually bears a considerable potential
for optimization (Sect. 3.4.1.1):

e For well-maintained hydrodynamic screws, mortality rates are minimal; however,
they will rise considerably when the dimensions of the gaps between the screw
and its housing are enlarged due to wear and tear and inadequate maintenance
(Schmalz 2010, 2011). Permanently low mortality rates can thus be achieved with
hydrodynamic screws where the casing is firmly attached and rotates along with
the screw during operation.

e According to studies conducted by Lagarrigue et al. (2008a, b, c¢) and Lagarrigue
and Frey (2011), it was possible to reduce the mortality rate of silver eels during
the passage of a Very-Low-Head turbine from 7.7 to 0% just by minimizing the
gap between the turbine housing and the runner (Juhrig 2011).

e In propeller turbines, the runner blades need to be firmly attached to the hub with
no gaps in between. Thanks to this construction, the risk of cuts is completely
eliminated. If, at the same time, the rotational speed is also reduced to a point where
collisions with the runner blades no longer pose a danger, then the mortality rate
will be lowered to 1-2%, as shown by Winbeck (2017) and Winbeck and Winkler
(2017). This opens the perspective of minimizing turbine-related mortality in the
future through the use of propeller turbines with low rotational speeds.
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6.2 Types of Fish Friendly Turbines

The development of fish-friendly turbines is based on the requirement to eliminate
the causes of damage as described in Sect. 3.4 as much as possible. This means that a
fish-friendly turbine should be virtually gap-free. The space between guide wheel and
runner should be large, with few runner blades, in order to decrease the collision prob-
ability. Moreover, the turbine should be designed for relatively low rotational speeds.
The requirement to keep the pressure change rate to a minimum necessitates rela-
tively long runner blades. Reduced rotational speed and significantly decreased flow
velocities diminish the danger of cavitation as compared to conventional turbines.
Thick front edges on the runner blades lower the risk of damage during collision.
Also, the surface of all parts of the construction should be as smooth as possible
(Odeh 1999). In recent years, high-resolution hydrodynamic numerical flow models
have been increasingly employed in order to optimize turbines hydraulically, and
particularly with an eye to decreasing the mortality of passing fish (i.e. Lietal. 2011;
Murtha et al. 2011; Nelson and Freeman 2011; Carlson and Richmond 2011; Cook
et al. 2003).

In the following, we will present a selection of turbine construction types that are
currently available or in development; based on the modifications described above,
it is hoped that mortality rates are going to be significantly lowered.

6.2.1 Fish-Friendly Kaplan Turbines

Many efforts are made to reduce the mortality that is caused by Kaplan turbines
(Carlson and Richmond 2011; Medina and Shutters 2011). Quite frequently, exist-
ing runners undergo detailed modifications in the course of revisions; sometimes,
older runners are replaced with new ones, or turbines that have been optimized in
accordance with the criteria described above are installed in newly constructed power
plants. For instance, the existing hub and cylinder barrel may be designed spheri-
cal in order to eliminate gaps, and thereby lower the risk of cuts. The number of
runner blades and the rotational speed are reduced to lower the collision probabil-
ity (Turnpenny et al. 2000). By means of computer-assisted flow calculations, the
runner blades are devised in such a way that the negative pressure, and thus the pres-
sure change rate, is minimized behind the runner. Also, the runner edges are made
thicker in order to soften the impact (Amaral et al. 2011). Because these measures
are largely modifications to existing hydropower plants, it is often not feasible to
fulfill all criteria. Also proof for the verification of fish-friendly properties is usually
lacking.

The German hydropower station at the lowest barrage of the river Main in Kos-
theim, built in 2009, may serve as an example for the use of modified Kaplan turbines
in a newly constructed power station. At this site, two horizontal Kaplan Pit turbines
with three-blade runners were installed, operating at relatively low rotational speeds
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of no more than U = 85 rpm. Thus, they comply with some of the criteria for fish-
friendly turbines mentioned above. However, in studies conducted by Schneider et al.
(2012), their fish-friendly properties could not be confirmed. The average mortality
rate during turbine passage came to 20-30%. The mortality rate of eels which were
recaptured after turbine passage as part of a survey amounted to 32%, owing to com-
pletely or partially severed bodies, spinal fractures, and severe bruising, and was thus
twice as high as with the conventional Kaplan pipe turbines at the Kesselstadt power
station also on the Main, which is comparable in drop height and design capacity
(Sonny et al. 2016). At the Kostheim power station, a particularly high mortality rate
of 31.2% was determined for cyprinids and percids as well, affecting mostly smaller
specimens (Schneider et al. 2012; Schneider and Hiibner 2014, 2017).

This example illustrates the fact that, to date, it is not possible to derive fish-
friendlier properties of turbines from design specifications and statistical modeling
alone, and that it is definitely necessary to back such efforts with reliable proof gained
through field studies. However, so far, no such evidence is available for Kaplan
turbines that were modified based on the criteria described above.

6.2.2 Minimum Gap Runner

In the context of the “Advanced Hydropower Turbine Systems Program” that was
launched by the US Department of Energy in the 1990s, the so-called Minimum
Gap Runner was developed (Cada 1998; Fisher et al. 2000). The goal was to reduce
the mortality rate of Pacific salmon smolts in particular during the turbine passage
at hydropower stations in American Pacific Ocean tributaries such as the Columbia
River. In this type of Kaplan turbine, both the hub and the turbine chamber have a
spherical shape so that the gap between the runner blades and the walls is minimized,
independent of the pitch angle (Figs. 3.8, 6.1 and 6.2).

Since then, Minimum Gap Runner technology has been implemented in several
major hydropower plants in the USA, including those at the Bonneville Dam and
the Wanapum Dam (Fisher et al. 2000; Albayrak et al. 2014). Two new variants of

-

Fig. 6.1 Spherical design of
a Minimum Gap Runner
(VOITH)
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Conventional Kaplan runner Minimal Gap runner

Turbine casing Sphaerical turbine casing
Conventional Sphaerical
Runner vane hub Runner vane

Fig. 6.2 Comparison between a conventional runner (left) and a Minimum Gap Runner (right):
Gaps are minimized by adjusting the turbine’s geometry, particularly by installing a spherical hub
and an expanded profile ring

the design were tested as well, so that an improved turbine could be installed at the
Ice Harbor Dam. For the target fish, e.g. smolts of Pacific salmon species, survival
rates of more than 95% were documented for the passage of Minimum Gap Runners
(Voith 2014). As a positive side effect, the manufacturer also noted a higher degree
of efficiency of the turbines, due to the reduced dimensions of the gaps. According to
the manufacturer, the Minimum Gap Runner is designed to operate at a drop height
of 10-40 m with a capacity of 25-400 MW. Therefore, in this layout, it is unsuitable
for the vast majority of run-of-river power stations on European rivers.
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6.2.3 Alden Turbine

Since the 1990s, an innovative runner concept for water turbines has been under
development in the Alden Research Laboratory in Holden (USA) (Dixon and Perkins
2011; Li et al. 2011; Murtha et al. 2011; Allen et al. 2015; Dixon and Hogan 2015).
The so-called Alden turbine features a lower rotational speed and has only three
runner blades which are wrapped around the turbine shaft, similar to an Archimedean
screw (Figs. 3.8c and 6.3). This shape of the blades reduces shear forces, pressure
fluctuations and cavitation. Moreover, the leading blade has a wide front edge, which
increases the probability of survival in case of a collision. The fish-friendly design
makes it possible to lower the overall mortality rate considerably. Based on statistical
modeling, the manufacturers claim that the survival rate amounts to 98% for fish up
to 20 cm in length, and 99% for eel and sturgeon.

In cooperation with Voith Hydro GmbH & Co. KG, the output curve of the proto-
type was improved without renouncing its fish-friendly properties. The concept was
tested in Voith’s hydraulic laboratory in Pennsylvania; its degree of efficiency is said
to be 94%. Alden turbines are designed for drop heights between 6 and 36 m, and flow
rates of 14-70 m3/s (EPRI 2011). The runner diameter of an Alden turbine is about
1.5 times larger than that of a Kaplan turbine with the same output. The additional
space requirements considerably impede the integration into existing structures, so
that the installation of this turbine only seems to be practicable for new construc-
tions or extensive renovations (Kriewitz et al. 2012). The turbine is currently being
prepared for market introduction. In the research programs of the Electric Power
Research Institute, the field development and testing phase of a prototype and its
continued development had already been scheduled for the years 2013 and 2014.

6.2.4 Additional Developments

In 2011, one of four existing Kaplan turbines of the hydropower station in Doérverden
on the Weser in Germany with a design capacity of 180 m?/s had to be replaced

Fig. 6.3 Alden turbine (S.
Amaral)
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due to a broken shaft. In cooperation with the German turbine manufacturer a fish-
friendly turbine was developed as a replacement. The turbine was expected to meet
the following requirements:

e The dimensions of the new turbine must not necessitate any reconstruction work
on the powerhouse or the screen and/or the screen cleaning system.

e The energy production must be at least as high as it was with the old turbine.

e The turbine must be fish-friendly.

Based on research conducted by the United States Department of Energy (Idaho
National Engineering and Environmental Laboratory, Odeh 1999), the turbine manu-
facturer specified the following criteria as fish-friendly properties: Peripheral speed,
minimum pressure within the turbine, maximum pressure change rate, maximum
velocity gradient, and maximum runner gaps. Figure 6.4 shows the new turbine run-
ner which features a fixed rim, among other things. According to the manufacturer, its
maximum degree of efficiency lies above 92%. Its expected fish-friendly properties
are defined in compliance with the criteria listed above. The relatively high number
of seven runner blades stands out in comparison to other fish-friendly turbines. The
first turbine of this type is now in continuous operation at the hydropower plant in
Dorverden on the Weser. The operator is planning to conduct studies to determine
the fish mortality rate.

Many other additional developments are designed for the small-scale water sector,
with turbine flow rates of far less than 50 m>/s and/or low head drops. Even though
very low mortality rates have been verified, or at least are to be expected in future
studies, none of these technologies are suitable for application in run-of-river power
stations at major rivers. This category includes, for example, water wheels, hydro-
dynamic screws, the Very-Low-Head turbine (Fig. 3.8), speed-controlled propeller
turbines e.g. such as the so-called DIVE™ turbine, and more recent developments of
turbines that do not require damming in order to operate (BMWI 2014).

For example, in the Netherlands a manufacturer has developed a fish-friendly low
pressure turbine in cooperation with “Fish Flow Innovations”. Similar to the Alden
turbine, the Pentair Fairbanks Nijhuis turbine only has two or three elongated, helical

Fig. 6.4 Fish-friendly
turbine of the hydropower
plant Dorverden an the
German river Weser (Stellba
Hydro GmbH & Co KG)
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Fig. 6.5 Runner of the
Pentair Fairbanks Nijhuis
turbine (adapted from
Pentair Cooperation)

Fig. 6.6 Gap reduced
runner of a Very-Low-Head
turbine (M2J Technologies
S.AR.L)

blades with very rounded front edges (Fig. 6.5). This turbine also has an even pressure
profile and thus is cavitation-proof across its entire operating range. The turbine can
be installed vertically or horizontally and the available construction sizes are suitable
for drop heights between 1.5 and 8 m, and flow rates of 1.5-150 m>/s. The turbine’s
efficiency is approximately 92-94% (Meijnen and Griinig 2013). Initial tests of the
Netherlands University of Wageningen were conducted by using a smaller turbine at
a scale of 1:5 and with eels of a mean length of 40.3—42.8 cm (+standard deviation).
Damage rates were found to be extremely low even with 0-1.2, 96 h after the turbine
passage (IMARES 2012); however, no reliable results from field studies under real
and natural environmental conditions are available to date.

As a consequence of the mortality rates of the prototype runner of the Very-Low-
Head turbine with 7.7% for silver eels and 3.1% for salmon smolts (Sect. 3.4.1.2,
Lagarrigue et al. 2008a, b, c) the design the runner was modified by reducing the
gaps between runner blade and turbine housing to just a few millimeters (Fig. 6.6).
In subsequent tests on eels in Frouard on the river Moselle in France, all 177 animals
tested survived. Only 4 individuals, or 2%, incurred sublethal injuries (Lagarrigue
and Frey 2011). Thus, despite the high number of 8 runner blades, collisions did not
result in lethal damages to fish.



Chapter 7 ®)
Fish-Friendly Operational Management e

The term “fish-friendly operational management” designates a mode of operation
where operators of hydropower plants react to a high density of fish in the river, or to
migration events. If the fish density in front of an intake structure is especially high, or
if certain species are migrating, the power station enters a mode which is designed to
cause minimum damage to fish, or none at all. This operating status is kept up until the
fish density is reduced in the zones that pose a hazard, or until the migration activity
has receded. At this point, the power station switches back to normal operation.
However, this procedure assumes that high fish density, or a migration event, occurs
within a limited window of time and can be implemented before significant impacts
take place. The advantages of fish-friendly facility management as opposed to the
installation of technical protection fixtures and fishways for downstream migration
are low investment costs and generally fast implementation of measures. On the other
hand, there may be significant economic deficits due to lost production. Fish-friendly
operational management basically consists of two complementary components:

e First of all, it is necessary to determine the times when large numbers of fish are
present so that the power plant should be run in a fish-friendly mode of operation
instead of the regular mode. This can be achieved based on empirical values, early
warning systems, or real-time observations, among other things.

e Specific measures then need to be taken in order to minimize the mortality risk in
accordance with operating regulations.

The possibilities of fish-friendly operational management are different for pota-
modromous, anadromous, and catadromous species.

7.1 Fish-Friendly Operational Management
for Potamodromous Species

According to the current state of knowledge, coordinated and synchronous large-scale
migration events do not occur in potamodromous species. However, it is typical for
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this ecological groups that, towards the end of the summer, juvenile fish will give
up their habit of staying close to the banks, and move into the open water body.
Accordingly, schools of juvenile fish will be particularly abundant in late summer
and early autumn, and will be prone to winding up in water intake structures or the
turbines of hydropower stations.

At the pumped-storage power plant in Geesthacht on the Elbe in Germany
(Fig. 7.1) monitoring studies revealed that the density of fish populations in front of
the intake structure of the pumps is not very high over the course of the year, and
that fish migrating upstream or downstream in the Elbe hardly run a risk of being
sucked into the pumps and damaged (Adam et al. 2014, 2017; Schwevers and Lenser
2016). Towards the end of the summer, however, large schools of juvenile cyprinids
are observed, mainly comprised of the ubiquitous species bleak, common bream,
and white bream (Mast and Adam 2016). Owing to the low swimming performance
of these young fish, they are in great danger of being overcome by the pull of the
pumps (Rosenfellner and Adam 2016). This situation mostly occurs during the pump
operation of the power station. During combined operation, when both pumps and
turbines run simultaneously, fish will avoid the tailwater zone of the power station so
that the number of specimens that are drawn in and damaged is much lower at these
times. Given these circumstances, fish-friendly facility management has been prac-
ticed at this site since 2014 in order to reduce the risk of damage to potamodromous
fish. For six weeks in late summer, at the peak of the density of juvenile fish, pure
pump operation is suspended and the pumped-storage power plant only operates in
the combined mode in order to stabilize the electric power supply system (Kiihne
and Schwevers 2016). This, however, is the only known case where fish-friendly
operational management is implemented especially for potamodromous species.

7.2 Fish-Friendly Operational Management
for Anadromous Species

Because different anadromous species migrate at different times and the synchro-
nization is controlled via species-specific triggers, facility management that is limited
to a certain period of time can usually only implemented in the context of protecting
certain target species which migrate within a narrow window of time.

But even when the start of migration is synchronized, this does not necessarily
mean that fish of a given species will only travel within a short span of time. It is
known that the downstream migration of salmon smolts from their juvenile growth
habitats is mainly induced and synchronized in time through increasing outflow in
the spring (Jonsson 1991; Schwevers, 1998, 1999). While Schwevers (1999) was
able to demonstrate a connection between increasing discharge and salmon smolt
migration downstream from the juvenile growth biotopes at the confluence of Lahn
and Rhine (Fig. 7.2), this is apparently not the case in the lower stretches of the
rivers (Schwevers et al. 2011b). For instance, salmon smolts in the German Weser
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Fig. 7.1 The pumped-storage power plant in Geesthacht on the river Elbe in Germany is the only
known location where fish-friendly operational management is practiced for the protection of pota-
modromous species (U. Schwevers)

40 40

=== Atlantic salmon smolts
35 (Salmo salar)

+35
30 { —# Discharge [m3/s]

25
20 A

15

Percentage [%]
Discharge [m3/s]

10 1

T T T T T T T T T T T T T T T T T T T T T T T T T T 10
2526272829301 2 3 4 5 6 7 8 9 1011121314 151617 18 19 20 21 22 23 24 25 26 27
P Apr 25,1996 May 27,1996 «

Fig. 7.2 Correlation between the discharge of the German river Lahn and the migration of salmon
smolts between April 25 and May 27, 1996 (adapted from Schwevers 1998)

will migrate more or less continuously from April until the end of May (Fig. 7.3).
Identical migration dynamics were evident here in the case of sea trout. In the lower
course of the Swedish river Atran, Heiss (2015) also established largely continuos
migration activity for salmon and sea trout smolts between mid-April and mid-May.

Operational management which quickly reacts to discharge peaks for the protec-
tion of migrating salmonid smolts would therefore only be an option in the upper
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Fig. 7.3 Catch figures for salmonid smolts in the period between April 10 and May 31, 2009, and
discharge of the Weser at the Drakenburg gauge; times where no monitoring was conducted are
grayed out (adapted from Schwevers et al. 2010a)

reaches of rivers close to the juvenile growth habitats, if at all; for the middle and
lower stretches, it is not expected to achieve much. In these locations, the only
feasible option is to maintain protective measures continuously over approximately
2-2.5 months in the spring. This is practiced on the Atran, for example, where during
the smolt migration season an additional bar rack with 22 mm clearance is installed
in front of the 40 mm screen of the Herting II power station (Heiss 2015). Similar
measures are taken in France where bypasses that serve to ensure safe smolt migra-
tion only operate during the migration season in spring, and remain closed outside
of this window (Croze and Larinier 1999; Croze et al. 1999).

Knowledge about the migration dynamics of other anadromous species is very
limited. At least, studies showed that on the Upper Rhine, the downstream migration
of juvenile river and sea lampreys lasted during the entire winter e.g. from October
to March (Weibel et al. 1999). This is obviously another situation where short-term
operational management as a reaction to species-specific migration peaks appears
to be impossible. According to findings from Leonhardt (1905) and Nyqvist et al.
(2015), the same is true for kelts, e.g. salmon and sea trout returning to the sea
post-spawning.

The only form of fish-friendly operational management for the protection of
anadromous species that is actually put into practice is thus the temporary oper-
ation of bypasses, or screens with narrow clearance, during the migration season of
salmonid smolts in France and Sweden, for example.
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7.3 Fish-Friendly Operational Management
for the Catadromous Eel

The catadromous eel is the only European species for which it is definitely known
that the migration of numerous individuals occurs in concentrated waves within a
narrow window of time (Sect. 2.7.2). Therefore, the eel is also the only species for
which fish-friendly facility management of run-of-river power stations is employed
in Germany at this time. To this purpose, migration times of silver eels must first be
determined before suitable measures can be timed and implemented accordingly.

7.3.1 Determining Migration Times of Silver Eels

Because fish-friendly operational management is accompanied by energy loss, efforts
are made to keep implementation as short as possible. The key issue here is deter-
mining the beginning and end of migration activities in the target species.

In recent years, various attempts were made to monitor migration action in real
time using semi- or fully automated devices, so operational management could be
based on the results. Becker et al. (2009), for instance, developed the so-called detec-
tor fyke, Bockmann et al. (2013) conducted experiments on automated monitoring of
the turbine intake at the German hydropower station in Hamm-Uentrop on the Ger-
man river Lippe by means of DIDSON™ sonar technology, and Schmidt et al. (2018)
succeeded in illustrating the daily distribution of eel detections with a DIDSON™
sonar through automated evaluation in real time. Also, Sonny and Brunet (2015)
tried to monitor the passage of eels in a bypass.

However, in any such studies, problems arose from the facts that it is impossi-
ble to establish a clear distinction between eels and other fish, or even flotsam so.
The results, therefor, did not necessarily represent the overall conditions, and only
the present situation could be recorded without permitting any predictions for the
future. These migration events also can only be registered once eels are already
well underway. Therefore, even under optimal conditions, the resulting operational
management will always be delayed. This applies especially to the method that is
practiced on the German Moselle where fyke catches by commercial fishermen dur-
ing the previous night are assessed for evidence of an imminent migration event
(Klopries et al. 2016).

The goal of operational management is to predict migration events early enough
so that a hydropower station can be switched to fish-friendly operation before eels
start to arrive at the screen and turbine intake. This necessitates the use of early
warning systems, like the ones developed by Oberwahrenbrock (1999), Durif and
Elie (2008), Acou (2011) and Trancart et al. (2013), for example. In all these cases,
time series over several years of catches of eels in stationary trapping facilities or by
commercial fishermen, which represented the actual migration activities as closely
as possible, were used as based data. In combination with various environmental
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Fig. 7.4 MIGROMAT™ at the Wahnhausen hydropower station on the river Fulda (Germany) with
the turbine intake in the background (a). Two green tanks with eels (b) are watered by submersible
pumps on a crossbar (¢) (U. Schwevers)

parameters such as discharge, water temperature, turbidity, lunar phase etc., corre-
lation models were then created to show the dependence of eel migration on certain
measured parameters. Projected into the future, these correlation models are sup-
posed to indicate impending migration events. So far, however, no publications are
available regarding the practical use of these forecast models and the verification of
their reliability.

In contrast to such statistical approaches, the MIGROMAT™, the only system
that has been developed to full implementation, is based on biomonitoring (Adam
1999, 2000; Adam and Schwevers 1999, 2000, 2006, 2007; Bakken 2011; Irmscher
2016; Irmscher et al. 2016). This early warning system is grounded on the principle
that, from the behavior of eels in holding tanks, it is possible to draw conclusions with
regard to the migration of wild eels in the river. A MIGROMAT™ consists of two
large water tanks that are supplied with river water by means of submersible pumps
(Fig. 7.4). Inside these holding tanks, the behavior of 60 European eels is monitored
using the RFID technology (radio frequency identification) (Fig. 7.5). To this purpose,
the eels are individually marked with PIT-tags (passive integrated transponder), so
that antennas installed inside the tanks are able to record their movement patterns.
A computer is constantly analyzing the data thus obtained; if certain typical changes
to the behavior of the fish are recorded, one can predict that, within the next few
hours, a migration event of wild eels is going to follow. In this case, the power plant
operator is informed through an automatically generated alarm notification, and can
perform the switch to eel-friendly operation. In accordance with the main migration
season of silver eels the MIGROMAT™ is operative from August through end of
February.
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Fig. 7.5 Schematic layout of a MIGROMAT™

7.3.2 Eel-Friendly Operation Options

In principle, several strategies are available for eel-friendly operational management;
their applicability essentially depends on the local conditions at each site.

Temporary shutdown of the entire hydropower station: The most efficient form of
fish-friendly operational management is the temporary shutdown of the entire power
plant, and the discharge of the entire outflow over the weir. Turbine-related damage
to fish is thus precluded; if the weir passage is safe as well, then any damage to
migrating eels is effectively prevented. This type of eel-friendly operational man-
agement is practiced at the Kesselstadt and Offenbach power stations on the river
Main in Germany (Schwevers and Adam 2016b).

Optimized opening angles of runner blades: A complete shutdown of hydropower
station results in considerable losses of production. Therefore, operators strive to
develop other, similarly effective forms of eel-friendly operation that do not require
deactivation of power stations. These efforts are based on the knowledge, already
postulated by Raben (1957a) and Monten (1985) that the turbine-related damage
rate generally changes as a function of the pressurization. This means that in Kaplan
turbines, it is reduced when the turbine flow rate increases, because the opening angle
of the runner blades is then enlarged, which lowers the collision probability.

For power stations with multiple generator sets, this creates the possibility of
operating some of the turbines at the flow rate where the lowest mortality rate can be
expected, switching off the others, and discharging the excess flow over the weir. As
a trial run, the Kesselstadt and Offenbach power stations on the Main were managed
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Fig. 7.6 Distribution of flow paths at the Miihlheim barrage at the German riverMain during regular
operation of the hydropower plant; absolute discharge (cut off at Q = 500 m>/s). The fact that, with
very high overall discharge, the turbine outflow decreases due to the rising tailwater level, has not
been taken in consideration in this schematic illustration

this way in the 2014/2015 season (Schwevers and adam 2016b). In regular mode, their
operation depends largely on the water supply: The discharge is equally distributed
between the two turbines, both designed for a maximum of Qpp = 90 m3/s. Any flows
that exceed the design capacity are discharged over the weir; the water requirements
of the lock and the fish pass at the weir in Offenbach are negligible in this context.
Figure 7.6 shows this distribution of flow paths based on the flow duration curve of
the Frankfurt-Ost gauge (Blu 2006). In eel-friendly operation, however, the power
stations were switched to one of the following modes of operation, depending on the
water supply (Fig. 7.7).

With discharges of less than 90 m?3/s, one of the two turbines was shut down.
The other one was reduced to 30 m?/s as far as technically possible to ensure power
could still be supplied to the power station, weir, and ships lock. The surplus flow
was discharged over the weir.

With discharges of more than 90 m?/s, one of the two turbines was run at full
load, e.g. with maximum opening angles, in order to minimize the mortality risk of
fish during passage. The other turbine was shut down, and any flow that exceeded
90 m3/s was spilled over the weir.

The fact that the mortality rate of eels depends on the turbine flow rate was
confirmed at the Linne hydropower station on the river Maas in the Netherlands
(Bruijs et al. 2003). At this site, the mortality rate came to about 25% with minimum
discharge and opening angle, but was reduced to less than 10% with a maximum
opening angle (Fig. 7.8). The situation is similar at the hydropower stations on the
German river Weser (Thalmann 2015). At the Kesselstadt power station on the Main,
on the other hand, the difference is much less significant. With the minimum turbine
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Fig. 7.8 Mortality rate of silver eels at the Linne hydropower station on the Maas (Netherlands)
as a function of the turbine flow rate (based on data from Bruijs et al. 2003)

flow rate of 30 m%/s, Sonny et al. (2016) determined an average mortality rate of
16.5%; with the maximum turbine flow rate of 90 m?/s, it was only marginally lower
at an average of 13.3%. In consequence the entirely hydropower plant is shut down
in case of an alert of the early warning system MIGROMAT™,

Thus, all in all, this type of eel-friendly operational management only makes sense
when the mortality rate strongly depends on the turbine flow rate and can at least be
lowered to considerably less than 10%. However, it is important to consider the fact
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that the mortality according to Ebel (2008) is not necessarily lowest with a maximum
opening angle; with large angles it may actually increase again due to turbulences
and cavitation, for example. This needs to be factored in during the conceptual design
of operational management. According to the current state of the art, actual mortality
rates can only be reliably determined through on-site field studies.

Reduction of the approach velocity at the screen: Where the mortality of migrating
eels is not caused by the turbine, but by impingement on the screen, eel-friendly
operation may consist of a reduction of the turbine flow rate. This decreases the
approach velocity at the screen and enables fish to perceive the screen and escape,
or detach themselves from it. This method is currently applied in Wahnhausen on
the German river Fulda. During eel-friendly operation, the approach velocity at the
20 mm screen installed there is reduced to 0.5 m/s, and the spillway next to the power
station is opened up as a migration corridor (Stendera 2016).

7.3.3 Experiences with Eel-Friendly Operation
of Hydropower Stations

According to current information, eel-friendly operation of hydropower plants in
Europe is practiced on only a few bodies of water. On the German Moselle, the
catches of commercial fishermen in the previous night, the lunar phase and rising out-
flows are used as indicators for initiating eel-friendly operation. However, it remains
unknown to what extent these phases coincide with the actual migration activity, and
whether this kind of turbine management really reduces the mortality rate (Klopries
et al. 2016). Generally, information regarding the concurrence between eel-friendly
operation and migration action is only available from sites where relevant monitor-
ing studies were conducted. Currently, this applies exclusively to sites in various
water systems where eel-friendly operation is based on prognoses provided by the
MIGROMAT™ early warning system (Table 7.1).

Following successful tests of prototypes on the rivers Lahn (Germany), the Nether-
lands part of the river Moselle, the Wahnhausen hydropower station became the
first to operate in an eel-friendly mode, depending on alarm messages from a
MIGROMAT™ | in the season of 2002/2003. Following an alarm, the approach
velocity is limited to a maximum of 0.5 m/s by restricting the power station, which
enables eels to detach themselves from the screen and descend via the adjacent weir
field, thus preventing the type of losses through impingement that were observed
before (Chap. 4.2.5.1, Figs. 4.54 and 4.55).

Based on this positive experience, a MIGROMAT™ was employed for sev-
eral years at the Rosport hydropower station on the river Sauer in Luxembourg.
Hehenkamp (2006, 2007) demonstrated here that the concurrence between the alarm
and the actual eel migration lay between 77 and 98%. In the meantime, additional
MIGROMATs™ were installed and operated on the German rivers Werra, Weser,
Main and Regnitz as well as in the Netherlands part of the Moselle and the river
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Table 7.1 Time periods, locations, methods and results of monitoring studies regarding the eel-

friendly operation of hydropower stations

Time period | Hydropower site/River Method Result (Author)
(Country)
1999-2000 Dorlar/Lahn (Germany) | Correlation of catches at | Proof of premigratory
a stationary eel trapping | restlessness and the
facility with the activity | ability of the
of eels in the holding Migromat™ to detect it
tanks of a (adam and Schwevers
MIGROMAT™ 2006)
prototype
2002-2003 University of Toulouse Tests in an experimental | Proof of premigratory
(France) setup based on the restlessness and the
MIGROMAT™ possibility to use it for
the prediction of eel
migration (Durif 2003)
2002-2003 Linne and Correlation of 73% of eels in Linne
Alphen/Moselle MIGROMAT™ and 66% in Alphen
(Netherlands) predictions with migrated downstream in
downstream migration the windows of time
in the river, as recorded | predicted by the
via NEDAP™ MIGROMAT™
transponders (BRUIJS et al. 2003)
2004-2006 Rosport/Sauer Correlation of 77-98% of catches were
(Luxembourg) MIGROMAT™ made during the alarm
predictions with the phases indicated by the
stow net catches of a MIGROMAT™
commercial fisherman (Hehenkamp 2006,
2007)
2008-2010 Killaloe/Shannon Correlation of The MIGROMAT™
(Treland) MIGROMAT™ alarms matched the
predictions with the migration action quite
stow net catches of a well, albeit with a delay
stationary trapping of a day or two
facility (McCarthy and
MacNamara 2008,
McCarthy 2011)
2003-2017 Wahnhausen/Fulda Surveying the residue at | In 13 years, with
(Germany) the power station’s 2481 days in operation,

20 mm screen

the MIGROMAT™
failed on 9 days in all
(Ifoe 2016)

(continued)
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Table 7.1 (continued)
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Time period

Hydropower site/River
(Country)

Method

Result (Author)

2011-2013 Petershagen/ Weser Correlation of 90-95% of the catches
(Germany) eel-friendly operation were made during
with the schokker eel-friendly operation
catches of a commercial | (Thalmann 2015)
fisherman
2012-2015 Garstadt and Correlation of 97.5-99.8% of the
Erlabrunn/Main eel-friendly operation catches were made
(Germany) with the schokker during eel-friendly
catches of a commercial | operation (Seifert 2013,
fisherman 2014, 2015)
2014-2016 Offenbach and Determination of the The concurrence came
Kesselstadt/Main downstream migration to 72 bis 81%; this rate
(Germany) time of eels through was diminished by 3%
acoustic telemetry, and due to a technical defect
correlation with (Schwevers and Adam
eel-friendly operation 2016a, Gorlach 2016)
times
20162017 Wahnhausen/Fulda Observation of the 76% of eels at the
(Germany) migration action of eels | turbine intake were

in front of a turbine
intake in the river Fulda
using a DIDSON™
sonar device to assess
the concurrence with
eel-friendly operation

recorded during
eel-friendly operation.
An additional number of
eels descended over the
lowered weir field at the
same time, but could not
be documented due to
the methods used
(Goepfert and Adam

et al. 2017)

Lek, and monitoring studies were conducted in most of these facilities. In all cases,
the alarms of the early warning system covered more than 70%, sometimes even far
more than 90% of eel migrations that were verified through various methods. In the
context of a recently completed project, a DIDSON™ sonar monitored the turbine
intake and the weir field next to it at the Wahnhausen hydropower station on the
Fulda in November and December of 2016. For one thing, this served to verify the
concurrence of migration predictions from the early warning system with the arrival
of eels in front of the power station. Another goal was to gain insights about fish
behavior through direct observation of underwater activities. These were the results
regarding the concurrence of MIGROMAT™ alarms and subsequent eel-friendly
operation with eel sightings in front of the turbine intake:

e 76% of eel sightings occurred during the hours after a MIGROMAT™ alarm had
been issued and the power station was running in its eel-friendly mode of operation.
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At the same time, the following malfunctions of the MIGROMAT™ were iden-
tified:

e About 2% of eel sightings occurred between 16:00 and 17:00 o’clock (4 and 5 pm),
shortly before the switch to the eel-friendly mode. As a consequence, as of the
2017/2018 season, eel-friendly operation now starts earlier at 16:00 o’clock (4 pm)
in the winter.

e Approximately 17.5% of eel sightings took place on days with no MIGROMAT™
alarm, and therefore no eel-friendly operation. In at least 10% of the cases, this
was due to the threshold value of the MIGROMAT™ alarm software which had
evidently been set slightly too high. Based on these findings, threshold values were
adjusted accordingly.

The remaining 4 to 5% of eel sightings by the DIDSON™ mirror the basic
potamodromous activity of eels roaming the river without showing a catadromous
disposition to migrate. Such activities cannot be predicted and, owing to the nature
of the system, not indicated by the MIGROMAT™. It is therefore not possible to
react to them by means of eel-friendly operational management.

The concordance rate of 76% between periods of eel-friendly operation and eel
sightings on the screen, however, is not necessarily a measure for the efficiency of
eel-friendly operation. It is to be considered that only eel sightings that occurred near
the screen could be factored into the evaluation. Downstream migration over the weir
gate which is lowered during eel-friendly operation, on the other hand, could not be
recorded. We may therefore assume that the concordance between alarm times and
actual migration action is significantly higher than the 76% quoted above; however,
a more precise quantification is not possible based on the available data (Goepfert
and Adam 2017).

Results turned out to be unsatisfactory in just one individual case: In 2008, a
MIGROMAT™ was installed on the Shannon river close to the city of Killaloe in
Ireland (Fig. 7.9) and operated during the seasons 2008/2009 and 2009/2010. With
the aid of stow nets that were mounted on a bridge a few hundred meters downstream
(Fig. 7.10), biologists from the National University of Ireland Galway found a cor-
relation of less than 30% between the migration action in the river and the alarms
that were triggered (McCARTHY & MacNAMARA 2008; McCARTHY 2011). A
systematic, reproducible mistake appeared to be the cause. The earlywarning system
did not send alarm notifications several hours before the start of a migration wave, as
in other locations, but more or less regularly one or two days later and thus usually
after the migration event had already run its course. This was very obviously caused
by the fact that the MIGROMAT™ was positioned on the outlet of Lough Derg,
a lake-like natural enlargement of the Shannon that is more than 100 km long and
up to 30 km wide. At the location where the early warning system was installed,
the Shannon was still several hundred meters wide, with minimum flow velocity.
Therefore, any messenger substances contained in the main current reached the bank
with considerable delay so that the eels held in the MIGROMAT™ were unable to
react in good time. Evidently, in this case, the conditions on site were unsuitable.
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Fig. 7.10 Stow nets for catching eels installed at the bridge of Killaloe on the river Shannon (U.
Schwevers)

7.4 Catch and Transport

Hydropower-related damage can also be prevented by catching migrating fish
upstream from, or at, a hydropower station and transporting them downstream past
the last barrier. Various terms are used for this procedure, including “trap and truck”,

“catch and carry”, “eels on wheels” and even “eel taxi”. Fish are caught with com-
mercial fishing gear, in fish passes, or through special trapping facilities. Afterwards,
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they are hauled downstream using transport systems such as trucks or boats. Below
the power station or the chain of barrages, they are released back into the water so
that they can continue their journey downstream unimpeded. Utmost care must be
taken to prevent damage to the fish in the catching, holding, transporting and release
procedures. If the fish are caught by commercial fishermen, then implementing the
measure will not require any physical operational alterations to hydropower utiliza-
tion, and no production losses are incurred. When using special trapping facilities or
fish passes, they are only needed in a few locations, or just one.

Catch and transport is a viable option particularly in the case of chains of bar-
rages, and as an interim solution as long as fish protection facilities and fish passes
have not yet been installed, or are still under construction. Depending on the effort
involved, running costs may be substantial. This type of solution is implemented for
diadromous species exclusively, namely salmon smolts and silver eels.

7.4.1 Catch and Transport of Salmon Smolts

While the catch and transport of salmon smolts has been practiced with great effort
for many years in North American Pacific Ocean tributaries, particularly in the
Columbia River (Raymond 1979; Park and Farr 1972; Ebel 1980), the only place
where this method is used in Europe, according to currently available information,
is on the French Garonne. Salmon had disappeared from this water system decades
ago because the spawning grounds in the headwaters had no longer been acces-
sible owing to a large number of impassable artificial structures. While only two
barrages Golfech and Le Bazacle exist in the lower course on 230 km of river, the
middle stretch is interrupted by no less than 15 barrages over a length of 60 km. The
declared long-term goal is to reestablish the upstream and downstream passability
of the entire system. In order to reintroduce a salmon population in this river area
in the short term, a transport system was set up in 1999, consisting of the following
components:

e Juvenile salmon are released into suitable stretches of water in the upper reaches
of the Garonne and its tributaries.

e Spawners migrating upstream are caught at the lowest barrage in Golfech and at
the beginning of the chain of barrages on the Middle Garonne in Carbonne, moved
to the upper course in trucks, and released there in areas potentially suitable for
spawning.

e The two uppermost hydropower plants in the chain of barrages in the middle
stretch, Pointis and Camon, are both equipped with a trapping facility downstream
of the bypass. The smolts caught there are transported approximately 200 km
downstream on trucks, and then released into the tailwater of the lowest barrage.

Simultaneously, the planning and construction of fish protection facilities plus
upstream and downstream fish passes is proceeding; the salmon populations that are
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now established are used to support this endeavor through function tests as part of
monitoring studies (Croze et al. 1999; Croze and Larinier 1999; Bau et al. 2006;
Demouly et al. 2007).

7.4.2 Catch and Transport of European Silver Eels

For silver eels, this procedure has been carried out as well for many years by commer-
cial fishermen on the German rivers Saar and Moselle (Kroll 2013, 2015; Klopries
et al. 2016) and on the Main since 2009 (Stmelf 2016). Eels have also sporadically
been transported from the upper course of the river Lahn to the Rhine (Schwarz 2016).
As part of the eel protection initiative “Aalschutz-Initiative Rheinland-Pfalz/RWE”,
silver eels in the Moselle have been systematically caught by commercial fishermen
since 1997. The eels are captured between June and November when, according to
the empirical values of professional fishers, environmental conditions seem to be
suitable for migration activities. Currently, eel migration events are predicted by
fishermen based on certain environmental conditions and increased catches of eels
within a short period of time, as well as their long-standing experience.

The fishers catch eels by means of fyke traps that are placed on the bed of the
waterway, close to the embankment upstream of the intake of the hydropower plants.
4-10 parallel chains are equipped with approximately 10 traps each. The traps are
set up in such a way that their openings point towards the tailwater. Because the clear
space between the bars of the screens at the intake of the hydropower plants is much
wider than 20 mm, with approach velocities of more than 0.5 m/s, the screens cannot
function as eel protection devices. Still, for some eels, they constitute a behavioral
barrier and may trigger a return reaction, especially when the animals bump into the
bars. Therefore, the first set of fyke traps is positioned as closely as possible to the
turbine intake, with their openings towards the screens.

Eels captured in front of the power stations are weighed and collected in tanks.
Catches amount to 4 and 6 metric tons per year, or 7000—-10,000 silver eels. So far, it
has not been determined what percentage of the total of migrating eels this represents.
Estimates suggest a rate of around 10% at each of the ten participating hydropower
plants (Kroll 2015). About once a week, the eels are taken by truck to the free-flowing
Rhine in containers, which enables them to migrate downstream all the way to the
North Sea without encountering any insurmountable migration barriers.

For the protection of descending silver eels at 34 hydropower plants on the German
river Main, the Franconian Saale, and the Tauber to the Rhine, an agreement was
concluded with the fishery association and the Bavarian State Ministry of Food,
Agriculture and Forestry that governs the catch and transport measures (Stmelf2013).
Since 2009, silver eels have been trapped in the Main by commercial fishermen,
briefly kept in holding tanks, and then released into the Rhine. Eel migration events
are predicted by the MIGROMAT™ early warning system, and eel schokkers are
used to capture the fish. The catch figures for eels, the number of transports performed,
and the cost are listed in Table 7.2.
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Table 7.2 Catch figures, number of transports and costs for the catch and transport of eels in the
Main region (Stmelf 2013)

Catching Caught eels (t) | Number of Costs for the eels | Transport costs
season transports 15 €/kg (€) 0.5 €/km (€)
2009/2010 5.7 11 85,500 2850
2010/2011 4.7 10 70,500 2350
2011/2012 6.6 12 99,000 3300

Fig. 7.11 Injuries sustained by eels through fishing techniques (M. Thalmann)

On both Moselle and Main, fishermen are reimbursed not only for materials and
transport, but also for the market value of the captured eels. The costs thus incurred
are rather high. This procedure is also affected by various disadvantages and impon-
derabilities.

e Only the use of stow nets, schokkers or stationary trapping facilities can ensure that
the captured eels are actually silver eels ready to migrate. However, this is at least
questionable when eels are caught in fyke traps, as on the Moselle, or through
electrofishing, as is sometimes practiced on the Lahn, even more so because it
is not possible to identify a disposition to migrate with any certainty based on
coloration and other phenotypical characteristics (Stein et al. 2015).

e The traditional commercial fishing techniques used for catching eels have been
optimized for efficiency. They may therefore result in damages that would be
considered irrelevant from a commercial point of view. This particularly applies
to catches in schokkers and stow nets where pressures may occur that bear a
significant potential of damage (HAMMRICH et al. 2012). Thus, captured eels
often bear imprints or cuts caused by the mesh of the fishing tool (Fig. 7.11).
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Because it is next to impossible to monitor the success of catch-and-transport
projects, one cannot estimate to what extent it is impaired by such side effects. In
mark-and-recapture studies with eels from the catch-and-transport program on the
Moselle, Klein Breteler et al. (2007) determined a migration rate of 0.2% over the
further course of the Rhine. Extrapolating these data suggests that, in relation to
the entirety of eels migrating downstream from the Rhine system, the two current
catch-and-transport measures in the Rhine tributaries Main and Moselle account for
a contribution of 0.5-1.0%.



Chapter 8 ®)
Species- and Development-Specific oo
Requirements for Fish Protection

and Downstream Passage

Different species of fish are not only distinct in their size and physical performance
capacity, but also in terms of the sensitivity of their sensory organs, and their behav-
ior in response to environmental stimuli. Moreover, in the various ecological col-
lectives and different age groups are predominantly involved in the migration action
(Chap. 2.4). As aresult, individual species and developmental stages require different
approaches in terms of fish protection and downstream passage facilities. In order
to render such facilities effective, their layout and hydraulic conditions, the clear
space of mechanical barriers and, last but not least, the associated bypasses must be
tailored to the behavior, the swimming performance, the body dimensions and the
proportions of the fish which are to be protected. Accordingly, the fish-ecological
and structural requirements introduced in Chaps. 4 and 5 are presented with regard to
various migrating groups, species and developmental stages, where this is necessary
and information is available.

Thus, the first step in designing a new fish protection facility and downstream fish
pass must always involve identifying the species and developmental stages which are
to benefit from the construction. These species on which the planning is focused are
called target species. On an international scale, target species are usually diadromous,
mostly anadromous because, in order to preserve their populations, they are obliged
to migrate between inland waters and the ocean, and the passibility of watercourses
therefore constitutes an essential necessity for them. In German-speaking countries,
on the other hand, where most anadromous species have been extinct for decades,
or pushed back to just a few estuaries and lower reaches of rivers, this is usually
not the general strategy. Here, the premise is that all fish, including potamodromous
species, must generally be considered in the conceptual design of fish protection
measures. In terms of the constructive layout of fish protection and downstream
passage facilities, planners, builders and licensing authorities need to consider design
specifications for a wide range of very different species, from the smallest with the
weakest performance to the largest individuals which may possibly be encountered.
Accordingly, the species on which the constructive planning is focused are called
design species.
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8.1 Target Species

The first modern fish protection and downstream passage facilities were developed
in the USA in the 1950s, following the construction of barrages and hydropower
plants in the Columbia River and other major Pacific ocean water courses. It soon
became apparent that upstream fish passes, specially designed for the size and per-
formance capacity of local anadromous salmonid species of the genus Oxyrhynchus,
in combination with extensive breeding programs for restocking purposes, would not
suffice to preserve the populations of these species. Consequently, local measures
for protecting fish and ensuring their safe downstream migration past the barrages
now focus on the smolts of these salmonids. Basically, this pragmatic approach has
barely changed over the years. While, on the west coast of the USA and Canada,
smolts of Pacific salmon and rainbow trout species are considered target species
(Bates 2000; NMFS 2011), on the American east coast efforts are similarly focused
on the migrating stages of Atlantic salmon (Boubee and Haro 2003; Koenig and
Craig 2006, among others).

In many European countries, particularly in France, Scandinavia, and the British
Isles where the Atlantic salmon had never been completely extinct, the dimensioning
of fish protection and downstream passage facilities is also based on this species
(Larinier and Travade 2002a; Sluis et al. 2004), and the operating periods of such
facilities are often limited to the migration season of salmon smolts (Larinier 2008).
Meanwhile, Belgium and the Netherlands have also defined the Atlantic salmon as
a target species for certain bodies of water, demanding a species-specific survival
rate for salmon over the entire course of rivers, including at all hydropower plants.
For instance, the hydropower-related mortality of salmon smolts over the course of
the river Moselle in the Netherlands must not exceed 10% (IMK 2011). The same
percentage is indicated for the cumulative mortality at nine hydropower plants which
are planned in Belgium between Namur and Hastiere.

So far, in Germany, only a few states such as North Rhine-Westphalia, Rhineland-
Palatinate, and Saxony have identified priority water zones for salmon as represen-
tatives of the anadromous group of fish (Dumont et al. 2005), and defined species-
specific fish protection and migration requirements for these rivers (MUNLV 2009;
Anderer et al. 2012; SdchsFischVO 2013). Other anadromous species are hardly
ever considered as target species. On the American east coast, studies were con-
ducted regarding the downstream migration behavior and the turbine-related mor-
tality of local species of shad. So far, however, no criteria have been set for their
protection and safe passage downstream (Gloss et al. 1982; Desrochers et al. 1993;
Dubois and Gloss 1993; Kynard and O’leary 1993; Mathur et al. 1994; Haro et al.
1998; Haro 2006). Likewise, in France, no specially designed facilities exist for
allis shad or other anadromous species (Travade and Larinier 1992, 2006). This also
applies to European and American sturgeon migrating towards the Atlantic Ocean.
Extensive national conservation programs for these species do not even touch on
the issues of ensuring the downstream migration of juvenile fish or post-spawning
adults (Waldmann 2011; Williot et al. 2011; Verreault and Trencia 2011; Gessner
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et al. 2011; Kolman et al. 2011). This means that parameters for efficient protection
and downstream migration facilities have not been specified at all. Migrating stages
of anadromous coregonids such as maraena whitefish, as well as European smelt,
three-spined stickleback, and river and sea lamprey, are also disregarded.

In Germany, for the catadromous European eel, demands were issued more than
100 year ago to protect migrating silver eels from death or injury through hydropower
stations, not least because of their significance in the fishing industry. Therefore, the
clearance of screens in front of turbine intakes were limited to 20 mm in order to
prevent fish from entering the dangerous zones and turbines. As already stipulated
in the Prussian Fisheries Act of May 11, 1916, the fishery laws of all German states
with relevant hydropower utilization allow the option to require “furbine owners to
install and maintain fixtures which prevent the intrusion of fish into the turbines at
their own cost.” These demands have not been met to date at many power plant
sites, and currently the European eel has been explicitly named a target species
only in the German states of North Rhine-Westphalia and Rhineland-Palatinate for
certain so-called “catadromous priority water zones” and “eel development zones”
(Dumont et al. 2005; Anderer et al. 2012) where species-specific requirements of fish
protection facilities and downstream fish passes apply (MUNLV 2009). In Belgium
and the Netherlands, the European eel is a designated target species of fish protection
in certain watercourses. They have stipulated eel-specific survival rates for the entire
course of rivers including at all hydropower plants. The total hydropower-related
mortality of silver eels over the course of the Moselle in the Netherlands, for example,
must come to no more than 10% (IMK 2011).

Studies are now increasingly being conducted in the USA, Canada, France, Ire-
land, and the United Kingdom regarding the migration behavior of eels and their
requirements in terms of protective measures and migration corridors (Feunteun
et al. 2000; Durif et al. 2002; Haro 2003, 2006; ELTZ 2006; McCarthy et al. 2008,
among others). So far, however, no concrete guidelines for the practical application
in fish protection and downstream passage facilities have been derived.

According to the results of this literature study, potamodromous species have
only been named as target species for the design of fish protection measures in
one single case so far, namely at the pumped-storage power plant in Geesthacht
on the Elbe in Germany. Extensive monitoring tests at this site (Adam et al. 2014;
Schwevers and Lenser 2016) documented that the fish density in front of the pump
intake structure is mostly low over the course of the year, and that fish migrating
upstream or downstream in the Elbe are rarely in danger of being captured and
damaged through the suction action of the pumps (Mast et al. 2016). Major problems
do not arise until the end of summer when large schools of juvenile cyprinids arrive,
consisting mostly of ubiquists such as common bleak, common bream, and white
bream (Mast and Adam 2016). Due to their low swimming capacity, these juvenile
fish are particularly at risk of being caught and killed by the suction action of the
pumps (Rosenfellner and Adam 2016). Therefore, at this power station, fish-friendly
management measures have been practiced since 2014, specifically for the reduction
of the damage risk to these potamodromous target species (Chap. 7.2, Kiihne and
Schwevers 2016). In contrast, a study released by the World Commission on Dams
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explicitly limits the description of risks to fish populations as a consequence of
damage to migrating specimens to diadromous species (Larinier 2000). According to
the available information, this also applies to Russia and successor states of the former
USSR, although comprehensive studies concerning the downstream migration of
potamodromous species and the damage they incur in hydropower stations and water
extraction plants have been conducted there e.g. by Pavlov (1989).

8.2 Design Species

In Germany, licensing authorities frequently demand of hydropower plant operators
that all species must be taken into account in the conceptual design of protection
measures for migrating fish. But as of today, no methods and processes have been
described anywhere based on which concrete design specifications for the planning
and approval of such facilities could be derived. Specifying under which condi-
tions waterpower utilization should be permitted in the future is problematic anyway
because, for one thing, when trying to decide on the clearance of the screen, some
specimens will always be so small that they cannot be protected by a mechanical
barrier (Chap. 4.2.3). The species-specific growth and the range of size classes will
determine which stages of a species can be protected. With big, fast-growing species
such as catfish, pike, and asp, a much larger part of the population is saved from dam-
age than with smaller, slow-growing fish such as European bitterling, stone loach,
and stickleback. Selection is completely independent of the population status of a
species, its protection status, and its need for migration. When the entire range of
species must be taken into account, scientific criteria for design specifications, such
as a minimum clearance of mechanical barriers, are lacking. Likewise, no scien-
tifically proven, objective criteria are available for an assessment of the success of
measures taken, because proof for the population-ecological consequences could
only be provided through a great effort over a long period of time.

Against this sobering backdrop, it is common practice in Germany to fall back on
the regulations provided by fishery laws, which prescribe the installation of a 15 mm
screen in front of a turbine intake in the state of Hesse, for example and a 20 mm
screen in most other states. Chap. 4.2.4.3 describes from what size individuals of
different species are protected by these mechanical barriers. Ultimately, this approach
shows that the screens cannot even effectively protect adult specimens of numerous
species. The population-biological consequences that may result from the insufficient
protection of potamodromous species in particular have not been studied so far, and
are therefore the subject of many controversial ongoing discussions. It is, however,
certainly true that, for diadromous species such as Atlantic salmon and European eel
in particular, the mechanical barriers which are presently required - and have only
been implemented at relatively few sites to date - provide inadequate protection.
Neither a 20 mm nor a 15 mm screen is able to prevent the entire range of lengths of
migrating specimens from entering dangerous zones.
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Another necessity besides the efficient protection of migrating fish is the provision
of traceable and safely passable migration corridors. This primarily applies to river
systems with barrages producing hydroenergy where Atlantic salmon smolts and
European eels are found, or where their reintroduction is a realistic possibility. In such
waters, these species should be regarded as design species. If, in certain locations, the
migration of other anadromous and potamodromous species is to be ensured as well,
then such species, or their developmental stages, should also be named as design
species, so that bypasses can be positioned, dimensioned, and operated according to
their requirements.



Chapter 9 ®)
Habitat Measures Geda

Fish are generally not evenly distributed over a body of water; instead, they are
concentrated in certain zones and sections. Habitat quality significantly influences
the distribution; besides the structure of the watercourse, flow distribution is relevant
as well. Therefore, as an important and effective fish protection measure, Pavlov et al.
(2002) recommend that, prior to planning water intake structures, the distribution of
fish over the water body should be examined first, and the results used to determine
the exact placement of the intake facilities and associated structures. For existing
facilities, they state that the only option is to implement additional measures in order
to keep the appeal of the aquatic habitat in the vicinity of the water intake structure
as low as possible. However, they do not specify whether, or where, such habitat
measures were actually realised in Russia, and what the outcome was. In the rest
of Europe, particularly in Germany, this approach to preventing damage to fish has
not been pursued so far and it is doubtful whether it would lend itself to providing
effective fish protection near run-of-river power stations.

Another concept is currently being discussed in German-speaking countries
(Forum Fischschutz 2014; Haimerl et al. 2014, 2017; Holzner et al. 2014, 2017,
Loy et al. 2014, 2017; Reckendorfer et al. 2017; Ulrich 2013, 2017). Because fish
populations require intact aquatic structures, especially in the context of reproduc-
tion, they benefit not only from fish passes and fish protection facilities, but also
from habitat measures. Thus, it should be possible to compensate for losses through
hydropower utilization by introducing measures for the improvement of habitats in
different locations. This could be a viable option especially for major hydropower
plants where fish protection and bypass measures are rather difficult to establish.

The general effectiveness of habitat measures has been confirmed through studies
in several cases. In a meta-analysis, Kail et al. (2015) evaluated 91 surveys from
North America, Europe, Australia, and Asia and analyzed the following influencing
factors: morphology, sediment dynamics, discharge dynamics, discharge volume,
water use in the catchment area, and water body type. The effects on fish depended
on the water body type. In gravelly rivers especially, a greater variety of species,
as well as increased diversity, abundance, and biomass was found. The success of a
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measure thus strongly depended on the stage of a project; no direct correlation could
be established, and positive results could be lost over time. The share of agricultural
zones within the catchment area limited the effect of restoration measures, but did not
challenge the concept as such. Finally, a large width of water bodies had a positive
effect.

Schmutz et al. (2016) examined the influence of different restoration measures
on 15 pairs of degraded and restored stretches of water in Austria. The influence of
the length and the hydromorphological quality of a restored section was evaluated
one to 17 years after the completion of the measures. It was not possible to prove
any changes to the diversity and overall fish density. However, small changes to the
structure of aquatic communities were evident, with an increasing share of rheophilic
species and a decreasing share of eurytopic fish.

Thus, all in all, measures aimed at the water structure have a limited effect and it
could not be proven to date that they actually have the potential to compensate for
losses through hydropower utilization. In keeping with currently available informa-
tion, habitat restoration therefore cannot replace the construction and operation of
fish protection facilities and downstream fish passes.



Chapter 10
Open Questions and Knowledge Deficits e

Almost 30 years ago, Pavlov (1989) summarized the state of the art from a contem-
porary point of view, with a positive outlook on the future. “Engineers have designed
a large number of fish-protecting devices over the years [...], and most reviews of
fish protection provide descriptions of several of the structures used. However, most
of the developmental work to date has been carried out by trial and error, and no
structure yet satisfies the requirements completely. Empirical approaches to fish pro-
tection cannot define the precise conditions under which a given device will operate,
nor the range of hydraulic and other parameters permissible for each device. In
future, this should change as the design of fish-protecting devices will increasingly
be based on biological knowledge so that the real ‘demands’ of the fish are met. The
biological foundations of fish protection should encompass a full knowledge of fish
behaviour, but particularly knowledge of behaviour in water flows, such as orien-
tation and swimming performance, vertical and horizontal distribution, responses
to external stimuli, and the probability of entering hydraulic intake devices during
downstream migrations. The development of fish protecting devices must take into
account the ecology and behaviour of each species under protection.”

The state of the art has indeed rapidly developed based on a large number of
very different, independent studies conducted in Germany (Heimerl 2017) and other
European countries, as well as in North America. Besides classical methods, modern
technologies such as telemetry, RFID and sonar technology (Spedicato et al. 2005;
Lucas and Baras 2000; McKenzie et al. 2012; Cooke et al. 2013; Adam 2015; Lennox
et al. 2017), as well as ethohydraulic laboratory experiments (Adam and Lehmann
2011; Adam and Appelhoff 2015, 2017; Lehmann 2013, 2017) mostly provided
essential contributions and knowledge. Comprehensive descriptions of this subject
matter were provided by DWA (2005) and EBEL (2013), among others. Neverthe-
less, the fact that numerous, often serious knowledge gaps and uncertainties still exist
hampers the construction, dimensioning and layout of efficient fish protection facili-
ties and downstream fish passes, results in functional defects of existing installations
and, in many cases, delays or even prevents the conception and construction of new
facilities.
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Population-biological consequences: Even the basic question for which species
fish protection facilities and downstream passes need to be installed at all is answered
in different ways. The essential necessity is currently undisputed only for diadromous
species. With regard to potamodromous species, on the other hand, this question is
barely given any attention in the international literature, or is answered in the nega-
tive. A case in point is the description of these issues by Larinier (2000) on behalf
of the World Commission on Dams. In German-speaking countries in particular, the
installation of fish protection facilities and downstream fish passes is demanded for
potamodromous species as well, even though in the relevant literature no research or
proof regarding the consequences of hydropower-related losses for such populations
can be found as yet. International experts are therefore arguing whether potamodro-
mous fish need to be protected against entering the turbines of hydropower stations,
and whether it is also necessary to ensure their safe downstream migration in order to
preserve populations. This debate indicates basic knowledge deficits of paramount
importance.

For diadromous species, assessing the population-biological consequences is dif-
ficult as well, and so far it is not possible to define scientifically justified tolerance
thresholds regarding hydropower-related losses to their populations.

Causes of turbine-related mortality: Considerable knowledge gaps also exist in
terms of mechanisms of damage to fish in turbines of various designs and construction
types, and mortality rates as a function of species and size of the fish. While the
probability of colliding with the runner blades was already extensively researched
by Raben (1957a, b, c) and expressed through formulas which basically still apply
the mortality risk as a consequence of an impact still cannot be calculated today.
At least, it has become apparent that the impact energy seems to play an important
part. Accordingly, in American studies, a direct correlation between the thickness of
the front edge of a runner blade and the size of a fish could be demonstrated, and
a growing body of evidence suggests that the mortality risk essentially depends on
the impact velocity. However, so far, research on the subject of these two factors has
been conducted almost exclusively on American species, and the currently available
insights are not sufficient for defining parameters and specifying concrete values that
would permit the quantification of the mortality risk for the European fish fauna.

To date, the mortality risk from cuts incurred in gaps can also only be described
in terms of quality; this is not even possible for injuries due to cavitation and shear
forces. Again Pavlov (1989) provided a formula for assessing the mortality risk due to
decompression, but validation through field studies is still outstanding. Therefore, the
basic information needed to determine the turbine-related mortality risk by means of
technical-constructive key figures with reasonable assurance is still missing today.
Various calculation methods and regression models that have been developed are
extremely unreliable because they basically just consider the probability of collisions
with runner blades and mostly, or completely, ignore other parameters that may also
determine mortality.

Furthermore, it is not enough to focus on turbine-related mortality alone because,
at transverse structures with hydropower utilization, in particular abstraction sites
and/or in some waterways, fish usually have a choice of several migration corridors
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that are used to varying degrees based on their location and relative flow attribution.
In order to quantify the overall risk incurred during migration across such barrages,
the distribution of fish over the individual migration corridors needs to be known,
and likewise the mortality risk to which the animals are exposed not only in tur-
bines, but also while negotiating over topping weirs, overshot and undershot gates,
locks, bypasses, and so forth. Only very little, sometimes contradictive information
is available on both aspects so far.

The determination of the overall mortality at and around a barrage requires a
complex experimental setup with combined, often sophisticated research methods
which have rarely been implemented to date. So far, in Germany, this type of field
study has only been conducted in connection with the silver eel migration across two
barrages on the river Main. Due to the lack of comparative studies, it is questionable
whether these findings also apply at other locations. After all, because of varying
species-specific behavior patterns, it must be assumed that results obtained for the
European eel will be different from those for other species.

The question about cumulative mortality through multiple hydropower plants over
the course of a migration route, which is essential to diadromous species, has mostly
been considered only in theory so far. In Europe, this issue was examined by Bruijs
et al. (2003) regarding silver eel migration in the Dutch Maas with the Linne and
Alphen hydropower stations. Additional, more detailed studies are required where,
besides eels, other fish species and causes of mortality are considered as well, includ-
ing natural predators and fisheries.

Just like mortality, the time loss by fish while migrating downstream across chains
of barrages also accumulates, even when they succeed in passing unharmed. This
may cause migrating individuals to be delayed in reaching the estuary, and thus miss
the optimum window of time for the fresh water to salt water transition. So far, a
concrete description of this has only been provided by Imbert et al. (2013) through
their studies regarding the downstream migration of smolts in the river Loire. Apart
from this, knowledge about the migration delay through barrages and hydropower
plants is still limited to isolated data concerning individual sites or facilities. All in
all, the available information does not even remotely suffice to serve as a basis for
assessing and evaluating time losses as a function of the topography of barrages and
the prevailing hydraulic conditions.

Behavioral barriers: Development of efficient behavioral barriers is currently stag-
nating. The ATV-DVWK themed edition (2004) already explained that, independent
of the nature of the stimulus used, all technologies will fail almost inevitably when
the approach velocity exceeds a value of approximately 0.3 m/s. This casts doubt
on the operational capability of such protective devices at run-of-river power sta-
tions from the outset. Every now and then, attempts are made to improve efficiency
through combinations or modifications of existing technologies, but the positive
results of individual studies are always outweighed by negative findings from other
sites regarding the same technology. Nevertheless, work continues on the new and
improved development of various types of behavioral barriers, seeking low-cost alter-
natives to complex mechanical fish-protecting barriers. And so, particularly for new
types, variants and combinations, reliable verification of the effectiveness under field
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conditions is lacking which might provide a basis for the identification of areas of
use, limits of effectivity, and general technical requirements.

Guidance systems: Little is known about the effectiveness of guidance systems
such as baffles and bottom overlays. To date, according to the available information,
baffles have been implemented and tested as protection devices for salmon smolts
only in the USA and Sweden. The protective function of bottom overlays, which was
postulated based on European laboratory research, has not been confirmed through
field research. In the only field study so far, which was conducted by Fiedler and
Gohl (2006) in Dettelbach on the river Main, the number of eels traveling upstream
or downstream who found the provided bypass was negligible in both directions. So
it remains unclear whether, and under what conditions, bottom overlays support the
traceability of bypasses.

Mechanical barriers: The conditions that must be met so that mechanical barriers
can prevent fish from entering intake structures are largely known today. Depending
on the size of the fish, as explained in Sect. 4.2.3, it is possible to calculate clearances
which reliably prevent passage. Section 4.2.4 describes how to determine approach
velocities that are low enough so that fish will not be harmed through impingement.
Uncertainties exist, however, with some mostly potamodromous species for which
no biometrical data are available. With the exception of descending salmon and sea
trout smolts, more data are also required regarding the migrating juvenile stages
of anadromous species and adult individuals who survive spawning and then travel
downstream, possibly all the way to the ocean. Considerable knowledge gaps remain
to be filled concerning the actual swimming performance achieved in the field by
different species as a function of their size and the water temperature.

The values for permissible clearances of mechanical barriers have been deter-
mined with an eye to physical impassability to ensure the protection of fish. Barriers
with larger clear space may also have a similar protective effect, but little is known
about this concept. It is therefore not possible to issue recommendations regarding
permissible bar spacing in order to minimize investment and operating costs.

The acceptable approach velocities with regard to descending salmon smolts and
eel are designed so low that damage through impingement is precluded according
to the test results which have been validated under field conditions. In the case of
other, particularly potamodromous species, the minimum values from the range of
sustained swimming speeds served as a basis so that, when these principles are applied
impingement is highly unlikely for these species as well. Under certain conditions,
such as prevailing water temperatures within a species’ zone of preference, or on
inclined and angled screens with optimally traceable bypasses, higher values may be
acceptable. So far, however, there is no body of data available that could serve as a
basis for recommendations.

In any case, the currently available information concerning fish-ecological
requirements and the technical functionality of mechanical barriers suffice to safely
prevent the intrusion of fish into water intake structures without risking damage
through impingement. The threshold values specified in Sect. 4.2 are conservative.
This is currently necessary because of the lack of a scientific foundation that would
permit to raise the threshold values, particularly for clearance and approach veloc-
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ity in order to lower investment and operating costs without risking a loss in fish
protection efficiency.

Moreover, considerable technical restrictions have so far limited the use of fine
screens with low clearances, reasonably adjusted approach velocities, and large
screen surfaces, particularly in front of high-capacity hydropower stations. Essential
technical problems arise from the structural requirements with regard to the stability
of fine screens, particularly in the context of clogging and ice drift, and special screen
cleaning requirements. Frequently, particularly when retrofitting existing facilities,
the installation of fine screens is impeded by limited space and, not least, due to
the costs involved. Fortunately, though, continuous progress is being made in the
development of fine screens including adequate cleaning systems.

Bypasses for downstream migrators: Efficient bypasses designed to ensure the
downstream migration of salmonid smolts have been installed at a large number of
hydropower plants, particularly in the USA and in France. Based on this knowl-
edge and expertise, it should be possible to implement functional bypasses for these
species in other countries as well. This is facilitated through the increasing detailed
knowledge about the behavior of migrating smolts which was gathered in field stud-
ies and ethohydraulic laboratory experiments. However, it is not known whether, and
to what extent, the geometric and hydraulic conditions may deviate from the ideal
situation without curtailing traceability and acceptance. The knowledge gain from
observations at bypasses which strongly deviate from the optimum fish-ecological
and technical requirements for smolts is rather insignificant in this respect.

The requirements of eels at bypasses have been defined much more precisely in
recent years through research in France, Sweden and Germany, and on the American
east coast. Still, due to the lack of relevant field studies, knowledge gaps are still
evident in terms of the optimum layout and hydraulics of these alternative migration
corridors in combination with mechanical barriers.

Recent ethohydraulic studies have shown that species with a subcarangiform type
of locomotion such as salmonids, percids, or cyprinids, tend to behave similarly to
salmonid smolts, while species of the anguilliform type, cyclostomes, acipenserids
and burbot act more like eels. So far, however, it is not possible to define exact
species-specific requirements in terms of layout, water depth, hydraulics, and so
forth. It is to be expected, though, that, depending on their behavior and morphology,
other species will also benefit from bypasses that have been optimized for either eels
or salmonid smolts. Knowledge deficits exist in this area for potamodromous as well
as numerous anadromous species.

Questions also remain as to how angled and inclined screens can enhance the
traceability and acceptance of bypasses. Essential behavioral principles have been
examined by Lehmann et al. (2017) and others, or are currently being studied (Engler
et al. 2017), but there are still uncertainties regarding details of design, e.g. optimum
angles, permissible distances, etc. Also, more in-depth methodical and comparative
field studies are needed for verification.
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The data on requirements for passability is quite insufficient. American studies
on smolts of Pacific salmon species basically provide the only point of reference so
far.

Fish-friendly turbines: Due to the knowledge deficits in terms of mechanisms and
extent of turbine-related mortality, a solid base is lacking for the development of
fish-friendly turbines. None of the turbine types labeled “fish-friendly” have been
tested for functionality and efficiency so far. This is true for constructions that are
still under development, but also for those which are available on the market and
may already have been installed. The mortality rate below which a turbine can or
should be designated as fish-friendly has not even been defined.

This can only be remedied through systematic standardized comparative studies
of various turbine types. However, this type of research can only be useful as long as
it adheres to methodical minimum standards. In order to be able to draw conclusions
regarding certain causes of mortality, standardized recording and detailed registration
of injuries is a must (Vis et al. 2015; Miiller et al. 2017).

Fish-friendly operational management: At least with regard to European eels,
it is nowadays possible to operate hydropower stations in ways that minimize the
risk of injury to migrating fish. The efficiency of such measures which are based
on early warning systems could be increased through enhanced predictive measures
in the future. The primary need for optimization, however, concerns the episodical
opening of safe migration corridors at existing hydropower stations without having
to temporarily shut off the turbines and thus incur production losses.

As far as is known at this point, fish-friendly operational management is not
practiced anywhere for anadromous species, and only at the German Geesthacht
pumped-storage power plant on the Elbe for potamodromous fish (Kiihne and
Schwevers 2017). Developing similar solutions for these fish as well would require
basic research on the population and migration dynamics of such species, or migra-
tion groups, over the course of days and years.

Catch and transport: Substantial experience has been gathered in the USA
and France regarding catch-and-transport projects for the protection of migrating
salmonids. Their efficiency was proven through monitoring studies, and the results
were used to optimize the procedures. In Germany, the catch and downstream trans-
port of migrating salmonids has never been practiced at all because such procedures
were not believed to promote sustainability.

On the other hand, with the exception of Ireland, Germany is the only member
state of the European Union where migrating silver eels are caught and transported
downstream, namely on the rivers Moselle, Main, and Lahn, and in the common river
zone of Trave and Schlei. No details have been published so far about the practical
implementation of such measures, particularly the trapping methods used, interim
holding of fish, and the transport process. Due to the lack of data regarding the
numbers of transported fish, one can only speculate about the worth and efficiency
of such projects.
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Habitat measures: The implementation of habitat measures is particularly encour-
aged in Germany with the goal of compensating for hydropower-related fish damage,
especially in potamodromous species, without having to modify the technology and
operation of hydropower stations. At this point, it is too early to tell whether this
approach is suitable for its purpose. However, it is to be assumed that measures for
improving the structure cannot replace the installation and operation of fish protection
facilities and downstream fish passes.
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List of Species

Common name

Scientific name

Allis shad

Alosa alosa (Linnaeus 1758)

American eel

Anguilla rostrata (Lesueur 1817)

Asp

Aspius aspius (Linnaeus 1758)

Atlantic salmon, salmon

Salmo salar (Linnaeus 1758)

Atlantic sturgeon

Acipenser oxyrinchus (Mitchill 1815)

Barbel

Barbus barbus (Linnaeus 1758)

Belica

Leucaspius delineatus (Heckel 1843)

Beluga sturgeon

Huso huso (Linnaeus 1758)

Blue bream

Abramis ballerus (Linnaeus 1758)

Brown trout

Salmo trutta f. fario (Linnaeus 1758)

Burbot

Lota lota (Linnaeus 1758)

Carp

Cyprinus carpio (Linnaeus 1758)

Caspian roach

Rutilus caspicus (Yakovlev 1870)

Catfish

Silurus glanis (Linnaeus 1758)

Chub

Squalius cephalus (Linnaeus 1758)

Common bleak

Alburnus alburnus (Linnaeus 1758)

Common bream

Abramis brama (Linnaeus 1758)

Common bullhead

Cottus gobio (Linnaeus 1758)

Common roach

Rutilus rutilus (Linnaeus 1758)

Common rudd

Scardinius erythrophthalmus (Linnaeus 1758)

Common zingel

Zingel zingel (Linnaeus 1758)

Crucian carp

Carassius carassius (Linnaeus 1758)

Dace

Leuciscus leuciscus (Linnaeus 1758)

European bitterling

Rhodeus amarus (Bloch 1782)

European eel

Anguilla anguilla (Linnaeus 1758)

European flounder

Platichthys flesus (Linnaeus 1758)

European perch

Perca fluviatilis (Linnaeus 1758)

(continued)
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Appendix A: List of Species

Common name

Scientific name

European smelt

Osmerus eperlanus (Linnaeus 1758)

European sturgeon

Acipenser sturio (Linnaeus 1758)

Grayling Thymallus thymallus (Linnaeus 1758)
Gudgeon Gobio gobio (Linnaeus 1758)

Huchen Hucho hucho (Linnaeus 1758)

Ide Leuciscus idus (Linnaeus 1758)

Lake trout Salmo trutta f. lacustris (Linnaeus 1758)
Loach Cobitis taenia (Linnaeus 1758)

Maraena whitefish

Coregonus maraena (Bloch 1779)

Minnow Phoxinus phoxinus (Linnaeus 1758)
Nase Chondrostoma nasus (Linnaeus 1758)
Perch Perca fluviatilis (Linnaeus 1758)

Pike Esox lucius (Linnaeus 1758)

Prussian carp, Gibel carp

Carassius gibelio (Bloch 1782)

Rainbow trout

Oncorhynchus mykiss (Walbaum 1792)

River lamprey

Lampetra fluviatilis (Linnaeus 1758)

Ruffe

Gymnocephalus cernua (Linnaeus 1758)

Russian sturgeon

Acipenser gueldenstaedtii (Brandt and Ratzeburg 1833)

Sea lamprey

Petromyzon marinus (Linnaeus 1758)

Sea trout

Salmo trutta f. trutta (Linnaeus 1758)

Spined loach

Cobitis taenia (Linnaeus 1758)

Stickleback, three-spined

Gasterosteus aculeatus (Linnaeus 1758)

Stone loach

Barbatula barbatula (Linnaeus 1758)

Twaite shad

Alosa fallax (Lacépede 1800)

Tench

Tinca tinca (Linnaeus 1758)

Twaite shad

Allosa fallax (Lacépede 1803)

Vimba bream

Vimba vimba (Linnaeus 1758)

White bream

Blicca bjoerkna (Linnaeus 1758)

White-finned gudgeon

Romanogobio belingi (Slastenenko 1934)

White sturgeon

Acipenser transmontanus (Richardson 1836)

Zander

Sander lucioperca (Linnaeus 1758)

Starry sturgeon

Acipenser stellatus (Pallas 1771)

Sterlet

Acipenser ruthenus (Linnaeus 1758)

Zope

Ballerus ballerus (Linnaeus 1758)
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