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ABSTRACT

This technical paper provides information on
provisions, made in the USSR, to facilitate fish migra-
tion under conditions of modified river flow resulting
from engineering construction and water abstraction.
The fish-pass and fish protection structures described
utilise a knowledge of the physiology, biology, ecololgy
and behaviour of the migrating species. The principles
of their design and operation are elaborated in relation
to characteristics of the species of fish concerned.
Structures described include sluice fish-passes, hydraulic
and mechanical fish-lifts and mobile devices for fish
collection and transfer, together with protection and
gwdmg_dewces used to ensure downstream migration of
young fish
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1. INTRODUCTION

This work describes the provisions made in the USSR for fish migrations under conditions of modified
river flow resulting from engineering construction and water abstraction.

A continuous increase in the use of water resources has accompanied the development of various
aspects of the national economies of all industrialised countries. Water resources are being used for
agriculture, energy, manufacturing industry, municipal development and water transport. In the USSR,
during the last few decades, the environment of most rivers has been changed considerably. Many which
support important fisheries have been impounded and contain large dams, and streamflow is now regu-
lated. The annual volume of water consumed in the USSR has reached 350 and there are about 30 000
devices for abstracting water. At present the total surface area of reservoirsis about 10 million hectares,
which is about a quarter of the total area of all natural lakesin the USSR. There are tens of thousands of
kilometres of large artificial waterways, including irrigation and shipping canals, and dams regulate the
outflow of most medium to large lakes, providing a further regulated surface of some 6 million hectares.
Many river basins have been connected by shipping canals and inter-basin water transfer regularly occurs
between some catchments. This exploitation of water resources has radically altered the ecological balance
of many inland water bodies, and in some cases has led to sharp decreases in stocks of some food fish, ..
in the basins of the Aral, Azov and Caspian Seas. Some fish species are now endangered and are listed in
the USSR Red Book, and the Red Books of the individual Soviet Republics.

Migration is an important feature of the biology of many fish species, and the enormous intensification
of water use by man in recent years has affected migrations adversely. The task of minimising the effects of
impoundments and water abstraction schemes on fish stocks is complex and requires close co-operation of
planners, biologists, engineers and decision makers.

The best studies of migratory fish are those on salmonids which have been extensively investigated in the
USA, Canada, Great Britain and several other countries. These have enabled engineers to develop suc-
cessful means of assisting salmonid migrations. Reviews by Collins & Elling (1960), Clay (1961), Trefethen
(1968) and Ebel (1985) indicate progressto date and identify outstanding questions.

In the USSR, apart from Salmonidae, there is a need to protect representatives of Acipenseridae,
Anguillidae, Clupeidae, Coregonidae, Cyprinidae, Percidae, and Siluridae during their migrations. This
work concentrates on provisions made to assist the migrations of Clupeidae, Cyprinidae,
Percidae and Siluridae in rivers traversing the southern slopes of the European region of the USSR, in the
basins of the Caspian, Azov, and Black Seas, and in particular on the Volga, Don and Kuban' Rivers.

The behaviour of different species, the peculiarities of river hydrology, and the traditional fishing
practices on different rivers, combine to pose problems which require different solutions from those used
for Salmonidae. However, the development and use of fish-passes and fish-protecting devices have much
in common for all species.

One approach to the rehabilitation of fish stocks now widely applied throughout the Soviet Union, isthe
stocking of rivers with fish reared in hatcheries. Hatcheries have been constructed in the lower reaches of
rivers, and at present about 11 x  young fish are released from them annually. For example, in the
Volgo-Caspian Basin, some 90 million young Acipenseridae, 18 Caspian inconnu (Senodus

leucichthys), and 0.6 million Kura salmon are stocked each year (Nikonorov, 1984). However,
despite the success of these measures, it is recognised that the total replacement of naturally reproducing
populations with artificial ones by regular stocking is unwise because it leads to the impoverishment of the
gene pool and reduces the ability of the populations to survive the hazards of environmental change. Any



interruption, even of short duration, of the programme of regular stocking would be detrimental. Thus
protection of naturally reproducing populations is an essential part of any fishery programme to be
implemented in an area of intensive water use. This, in turn, makes it imperative that migratory paths be
preserved.

In the USSR, since the 1960s, attention has been given to fish stock protection by the regular stocking of
waters with hatchery-produced fry and fingerlings. A number of special research organisations have been
established, the most important of which are: The Institute of Evolutionary Animal Morphology and Ecology
of the USSR Academy of Sciences, The Caspian Scientific Research Institute of Fisheries and The Institute of
Inland Water Biology of the USSR Academy of Sciences. The hydraulic, hydro-technical and design works
are carried out by The Kalinin Institute, The Novocherkassk Engineering and
Land-Reclamation Institute, The All-Union Institute of Hydrobiology and Hydroenginee-
ring, The Tuzhnyi' State Institute of Design for the Water Industry and The Ukrainian State Institute of Design
for the Water Industry. Special conferences have been held since 1965, and the work of the aforementioned
institutes has been co-ordinated by the State Committee on Science and Techniques of the USSR since 1972.
Since the adverse effects of river regulation and water abstraction were first recognised, some 400 works
on various aspects of the problem have been published, among them a series of special monographs, and a
number of reviews, e.g. Tikhiy & Viktorov (1940); Kharchev (1940); Birznek & Kipper (1960); Kipper &
Mileiko (1962); 'Fish Behaviour in the Area of Hydro-technical Facilities' (1967); Tsyplyaev (1973); Paviov
& Pakhorukov (1973, 1983); The biological foundations of employing fish-protecting and fish-passing de-
vices' (1978); Pavlov (1979); Shkura (1979); Barekyan (1980); Mussaenko et (1982); and Malevanchik
& Nikonorov (1984).



2. FISH MIGRATION UNDER OF REGULATED
WATER FLOW AND WATER ABSTRACTION

In order to permit fish migrationsin riversit is necessary to maintain conditions which help migrants
reach their spawning grounds. To overcome obstacles, such as dams, placed in the path of migrating fish,
structures must be designed to assist the fish to pass them. The efficiency of such fish-passing structures
depends to alarge degree upon the ability of engineersto utilise knowledge of the physiology, ecology and
behaviour of the migrating species. These matters are discussed in this section.

2.1 GENERAL ASPECTSOF FISH MIGRATIONS

The phenomenon of migration, although manifested to different degrees, is characteristic of both
anadromous and semi-anadromous fish, as well as for some species which live only in fresh water bodies.
The common biological significance of all migrationsis that they provide complex use of the full range of a

Figure1.— paths of fish. A. fluviatile species. B. anadromous species. C. semi-anadromous species.
Continuous lines = spawning migrations, broken lines = drift migrations.

species according to its changing requirements at different stages of itslife cycle. The scale of migrationsis
determined by evolutionary and ecological species-specific factors and by the conditions under which
particular populations now exist (Pavlov, 1979, 1982). The study of fish population dynamics requires a
thorough knowledge of their migrations. Thisis so because all the processes of population dynamics have
spatial aswell astemporal character, and are connected with the distribution of specimens throughout the
range of a species.

In rivers fish migrations are associated with currents, although during the life cycle, the direction of fish
movement with respect to the current often changes. Active migrations against the current (spawning
migrations) generally occur together with passive, or active-passive, migrations of juveniles and recently
spawned brood stock. Some authors have emphasized the occurrence of a combination of both active and



passive migrationsin fish, e.g. Schmidt (1936), Harden-Jones (1968) and Marti (1980). Besides fish this
combination is known only in Cephalopoda and Decapoda.

Fish migrations in inland water-bodies can be indicated by means of 'migratory rings (Fig.1) which are
'superimposed’ upon the existing system of currents: river-sea and river-lake. Unlike the idea of amigra-
tory cycle, the term 'migratory ring' emphasizes the closeness of migrations in space, but not in time. A
movement against the current during the spawning migration, and one with the current during the down-
stream migration, istypical of most species. However, the spatial extent of these movements differs. The
ratio of the reproductive to the trophic part of a species range has been resolved differently for different
species by natural selection, but within asingle speciesit is resolved by the actual conditions a given
popul ation experiences. The diversity of behavioural mechanisms studied hitherto (Pavlov, 1979), particu-
larly that of downstream drift migrations, creates a definitive base for adaptive plasticity in migratory
species, by contrast with the narrow specialised base of relatively settled species. Nevertheless within a
settled species one may recognise a transition from resident to semi-diadromous forms, and this markedly
affects population size.
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Figure 2— Critical current velocities for different species and sizes of fish: 1. Albumus albumus. 2 Leucaspis delineatus. 3. Rutilus
4. Carassius carassius. 5. Abramis ballerus. 6 Perca fluviatilis. vimba Nemachilus barbatulus. 9.
gobio. 10. Rhodeus sericeus.11. Tinca 12 taenia. 3. Acipenser 14. Huso huso. 15. Acipenser stellatus.



2.2RHEOREACTION IN FISHES

In a water current, fish are generally oriented by, and move against, the current. This is known as
rheoreaction and all other behavioural peculiarities which fish exhibit in response to currents have been
developmentally derived from this reaction. Rheoreaction includes orientational and locomotory compo-
nents. Orientation against the current is based upon the stimulation of optical and tactile sense organs. In
disturbed flows with vortex and gradient currents, which are typical of rivers, fish also use their lateral line
organs and organs of equilibrium (the horizontal canal of the labyrinth) for orientation in the current. The
optomotor reaction, which is manifested as a movement of the fish following a shift of cues in the field of
vision, is the visual component of rheoreaction (Pavlov, 1970; Arnold, 1974).

Fish orientation in a water flow is not constant during ontogenesis. In young Teleostei the visual
mechanism is the main one determining orientation. When illumination falls below the threshold for the
optomotor response, fish less than 30mm long start drifting with the current.

The locomotor activity of fish in a water flow may be characterised by a number of functional indices.
Threshold current velocity (Vthr) is the minimum current velocity which leads to an orientation reaction
against the current (values range from 1-30 cm/sec). Critical velocity .. is the minimum current velocity
at which fish begin to be carried away by the water flow. Bottom dwellers (Fig.2- 13,14,15) typically have
critical velocities 2-3 times lower than species inhabiting the water column or surface layer (Fig.2 -
Swimming performance is the duration of active swimming as a function of a fish's speed. The greater
the speed, the lower the duration of movement, with characteristic burst, maximum and cruising speeds

(Fig:3).

burst speed 7one

speed zone

cruising

time in

Figure 3. —The relationship between fish speed (V) and swimming duration (t).

During evolution in fishes, two main behavioural stereotypes were developed, that of pelagic and
benthic fishes. Typically, in pelagic species, the visual mechanism is the dominant mechanism controlling
orientation, while threshold current velocities are low and critical velocities high. In benthic species the
tactile mechanism is most important for orientation, while threshold current velocities are typically high
and critical velocities are low.

Rheoreaction is influenced by temperature, level of illumination, degree of turbulence, flow velocity and
the physiological condition of the fish. A knowledge of the role of these parameters is crucial to the control
of fish behaviour in the vicinity of hydraulic works. In a uniform flow all fish manifest rheoreaction and
move against the current. Their distribution across the width of the flow is generally uniform and only
bottom dwelling species exhibit a preferential movement to the peripheral zones where conditions for



tactile orientation are better. However, velocity gradients are usually very different in natural environ-
ments, i.e. in non-uniform flows, and fish consequently react differently to them. Both benthic and pelagic
fish select definite current velocity zones. Two main types of reaction to a current can be discerned (Fig.4).
The first involves precise orientation and movement against the current, where current velocities exceed
0.3V, (selected velocity = 0.3-0.95 The second, where current velocities are below 0.3
involves disorientation relative to the direction of the main flow. Thisis often manifested as movement in a
circle. Species which spend most of their life in currents exhibit the former reaction. Species which
manifest the latter reaction are those which typically inhabit sluggish water bodies (ponds and lakes) or
zones of sluggish water in otherwise moving bodies. They are frequently found in zones of near-shore
vegetation.
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Figure4.- Fish distributions in the light at different hydraulic regimes (I-V). V dlerage = cgr_ved lines=flow yel ocity_curves
light fish profiles = initial distribution, dark fish profiles = subsequent distribution, . = critical current velocity for fish.

In species exhibiting the first type of reaction, the current vel ocities selected are connected not
only with the aforementioned factors, but also with the velocity distribution. The flatter or more uniform
the velocity profile, themore  tendsto V, and to the maximum velocity in a chute. The steeper the



profile, the lower becomes. When the average flow velocity (V.) increases, also increases, but the
relative influence of the steepness of the velacity profile on fish distribution is retained. It can be said that
within fixed limits, where <V, theratio of these parameters across the width of aflow is more
important in determining fish distribution in the flow than their absolute values. Thisratio is the most
constant factor in aflowing water body and is little affected by a variable velocity regime. Use of the
velocity structure of aflowing water body allows fish to select a stable habitat.

Because migrant fish are swimming against the velocity of the flow it is possible to distinguish both
relative and absolute (Vi) swimming speeds (Via=  + Vi). Relative swimming speed indicates the
fish's speed between fixed points, while absolute speed indicates the vel ocity the fish would havein still
water. According to experimental data (Pavlov, 1979), under conditions of uniform flow, where >
when ,increases, and both increase, i.e. the fish over compensates for an increase in current
velocity so that the margin by which its speed exceeds current velocity increases. The fish therefore
increases its rate of progress upstream. However, in non-uniform flow, the ratio of these values was
different; vir remained invariable despite a continuousincrease of  over a broad range of velocities.
Thus by contrast with the response in uniform flows, in velocity gradients fish maintain their relative
velocity and a constant rate of progress upstream regardless of hydraulic conditions.

23 FISH BEHAVIOUR DURING SPAWNING MIGRATIONS

River discharges attract physiologically prepared spawners from the sea, lake or reservoir. While
riverine currents impede the migratory passage of fish, because of the physical resistance they offer to
their progress, they nevertheless provide the most important directional cues to spawnersen route to the
spawning grounds.

Pelagic fish, and some near-bottom species which rely mainly upon visual orientation, move
upriver near the surface of the water column, or through shallow waters along the river banks. Examples
are shad (Alosa spp.), Atlantic salmon (Salmo salar), bream (Abramis and vobla (Rutilus rutilus
caspicus). On the whole their migrations occur in the day-time or during twilight hours [lumina
tion and not the time of day isthe principal criterion for migration. Species displaying chiefly tactile
orientation during migration move against the current exclusively in the near-bank waters at night (Fig.5b).
Examples are sheatfish (Slurus glanis) and zander (Stizostedion Others, e.g. stellate sturgeon
(Acipenser stellatus) exhibit a 24 hour pattern of migration, but with maximum movement at night. Moon-
light can reduce the intensity of migratory movement in these species.

Migrating fish proceed at cruising speed, only rarely at maximum speed. If current velocitiesin the main
river channel exceed the swimming performance of the fish they move closer to the banks seeking zones of
less vigorous water flow. The presence of whirlpools or circular currents leads to the disorientation of
migrants and they delay and accumulate in such places. Despite the fact that the swimming speeds of
bottom fishes, notably Acipenseridae, are typically slower than those of pelagic species (0.5-1 times and
3-4 times body length/sec. respectively), the migratory progress of both groups relative to the river banksis
roughly equivaent. Thisis dueto the fact that the slower bottom fish move against slower flowing water in
the near-bank zones.

Fish movements during spawning migrations are chiefly active in character and are directed upstream.
Nevertheless, catchesin 'passive' trap nets and data from telemetry indicate that the upstream movement
of amigrating fish regularly alternates with an active-passive downstream movement. This latter movement
occurs while the fishes remain with their heads into the current, but while they swim so weakly that they
are carried backwards. These movements may occur because of exhaustion, but downstream drift can also
take place during arenewal of orientation in the flow. As spawning time draws near, the pattern of active



upstream movement is more and more frequently replaced by the active-passive pattern in many semi-an-
adromous species and others which spend all their lives in rivers. The overall swimming performance of
these species is reduced at this time and they are carried into side channels and oxbow and floodplain
lakes where spawning occurs. Later the drift of post-spawners downstream is also connected with active-
passive movement.
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Figure 5.-Daily rhythms of fish spawning migrations. a. broken line  migration during the day, continuous line  migration dur-
ing the night, broken line with dots  illumination level. b. broken line  migration during twilight hours. continuous line
migration over 24 hour period, broken line with dots  illumination level.
Xaxis time of day, 24 hour Y axis illumination in lux and migration intensity.

Anadromous migration of fish in a regulated river ends below the lowest dam. The degree of damage
caused to the fish stock depends upon the proportion of the natural spawning ground upstream of the dam
which is lost. Regulation of a river can lead to a sharp diminution of a migratory population, or even to its
complete elimination. As an example, populations of Stenodus leucichthys leucichthys and giant sturgeon

Huso huso in the Volga River, and of Aral barbel Barbus brachycephalus and bastard sturgeon
Aapenser nudiventris in the Aral Sea and Lake Balkhash Basins, have been greatly depleted.

Any reduction in river discharge during the period of migratory activity diminishes the attractive
potential of the river, hence the number of spawners entering from the pre-estuarine region is reduced.
Because of this, regulation of a river can greatly influence the strength of migration to the non-regulated



part of the river below the lowest dam site. In this context Gorodnitchiy (1955) records that during the
initial flooding of the Tsimlyanskoye Reservoir, the current of the Don River was reduced to
while that of itstributary, the Severtskiy Donets remained at 1.5-2m/sec. Two species, Acipenser
(Russian sturgeon) and Huso huso, which hitherto spawned in the Don above the confluence of the
Donets, entered and spawned in the tributary where they had not previously been known to
breed.

Regulation of stream-flow during the migratory season, with daily fluctuations in the volume of water
discharged from impoundments, leads to changes in the seasonal and daily dynamics of migration. The
seasonal redistribution of run-off often eliminates the natural and regular inundation of riverine flood-
plains, where many fishes breed, or at least reduces the area flooded each year. Thus this process
adversely affects the breeding activity of semi-anadromous species, as well as those which spend their
entire livesin rivers. Either their migrations to and from the floodplains and associated lakes is precluded,
or the spawning grounds are reduced in extent.

In winter, fish are in a non-migratory state, but the increase of stream flow in spring following the
melting of snows provokes the movement of spawners against the current and their subsequent ascent
from the wintering grounds (Balyk & Radakov, 1969). As a consequence of regulation, engineers may be
obliged to discharge large quantities water solely to ensure the inception of the spawning run. On the
VolgaRiver the minimum spring discharge for fishery purposes is considered to be 65 km® of water, but
the optimum dischargeis 120 knr’.

2.4 BEHAVIOUR OF YOUNG FISH DURING DOWNSTREAM DRIFT MIGRATIONS

In considering the cause and effect relationships of downstream migrations one can distinguish mechan-
isms of three orders. Mechanisms of the first order create the prerequisites for migration. These mechan-
isms include the complexes of innate behavioural reactions and morphological peculiarities which
determine the character of spatial distribution in young fish. The pelagic distribution of young fish in the
presence of a current is the main precondition for a downstream migration. For example, the pre-larvae of
most sturgeons exhibit spiralling vertical movements which keep them up in the water column, so that they
drift with the current. In later stages, the spiral/vertical movements give way to horizontal movements
accompanied by a change to active feeding and manifestation of the rheoreaction. By contrast the pre-lar-
vae of the sterlet (Acipenser appear to maintain continuous tactile contact with the bottom so
that this species does not drift into the sea. Some 70% of Acipenser 50% of A. stellatus and
16% of Huso huso keep close to the bottom. This gives rise to differencesin their migratory ranges and the
duration of their migrations. Huso huso is the most pelagic of the sturgeons and the drift of itsjuveniles
into the seais rapid and quickly over. The migration of Acipenser stellatus lasts far longer, until late
autumn, and some juveniles may even be delayed in the rivers until the next year (Paviovet ~ 1981). The
pelagic distribution of the young is promoted not only by their spiral/vertical swimming movements, but
also by positive photoreaction, negative tactile response, low specific gravity and their departure from
shelters and near bank vegetation. Their low specific gravity is due to the highly hydrated nature of their
tissues and the fatty inclusionsin their yolk sacs.

Second order mechanisms, given the presence of a current, make the downstream migration possible.
There are several mechanisms which operate depending upon the pattern of downstream migration.
Passive migrations, when the fish drift in the current without orientation to it, are most common. In this
case, either the fish are physically incapable of resisting the current, as in the early developmental stages,
or they lose their ability to orient themselves against the current. Visua orientation islost aslight levelsfall
and water transparency decreases. At atransparency in excess of 30cm migrations usually occur during
the night or twilight hours. Tactile orientation islost as fish ascend in the water column.
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In active-passive migrations the heads of the fish point into the current, but they display little or no
swimming activity. These migrations occur because of a sharp decrease in swimming performance brought
about by such factors as starvation and low water temperatures. During active migrations, when fish exhibit
downstream swimming, the rheoreaction is reduced and gives way to other reactions such as following
other fish, imitation and escape/fright reactions. Such migrations usually occur in daytime and are typical
of later developmental stages, €.g. fmgerling stages.

The immediate conditions for the inception of passive migrations are connected with abiotic factors
such as light intensity and water transparency, and are therefore obligatory in character. The drifting
migrants tend to be of fairly uniform age. The conditions for beginning active and active/passive migrations
are more labile in character and are often related to variable biotic factors such as population density,
territorial and aggressive behaviour and, importantly, the availability of food. Thus migrations of this type
are less obligatory in nature and the age range of downstream migrants is greater, depending upon the
specific conditions of the river and of the year. Salmonidae migrate at 1-5 years and Acipenseridae at 0.3-5
years of age.

The mechanisms of the third order are usually connected with the spatial distribution of the fish already
moving/drifting downstream. For example, at river bends one can observe the redistribution of larvae
which tend to drift in the surface layers. These move towards the concave bank as a result of transverse
circulation.

In a flow through a hypothetical river-reservoir-river system, a sharp change in the ichthyofauna will
occur three times. Each time this involves both the spectrum of species and the numbers of individuals in
the flow.

The first change is associated with the fact that some species which drift into the reservoir from the river
will fmd the new conditions unfavourable and will perish. These will include rheophilic and lithophilic
species, and probably also some pelagic ones. These latter perish because their drifting eggs settle on the
bottom of the reservoir. In an unregulated system these eggs would have time to develop, but if the
reservoir intervenes before they have had time to do so, they sink as the velocity of the current decreases.
They become silted over and perish, usually in the upstream part of the reservoir. On the other hand,
because the spawning stock is present, the numbers of phytophilic and eurybiotic species increase sharply
in reservoirs.

The second change is connected with the release of species from the reservoir back into the river. Not
all fish leave the reservoir, and the spectrum of species and their relative numbers leaving it is different
from that which would have inhabited the river had the reservoir not been constructed. Some migrating
individuals may be delayed in reservoirs for several years, €.J. members of Acipenseridae.

A third change may occur if the dam is equipped with hydroelectric generators, and is associated with
trauma as fish pass through the turbines of the power plant. Because of the changes in hydrostatic
pressure, swim bladders rupture, and other internal damage occurs. As an example of the damage done to
fish stocks in a regulated river, 19 species are present in the drift of the Ili River above the Kapchagays-
koye Reservoir, but below it only one of these is present, and moreover, the abundance of this single
species is dramatically reduced (Pavlovet ~ 1981; Nezdoliy, 1984).

The migration of young fish in a river below a dam is greatly influenced by the dam. Downstream of the
dam, the seasonal dynamics of volume flow and water level are altered and both may be subject to short
term fluctuations. The thermal and hydrochemical regimes are also altered and transparency is increased
because suspended material settles in the reservoir. The total time required for downstream migration
changes. For example, the passage of Acipenser stellatus takes longer, the young being delayed in reser-
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voirs, but by contrast, the migratory path of Huso huso is shortened in regulated rivers and migration is
therefore accomplished in less time than formerly.

Physical factors also affect Increased transparency in reservoirs gives rise to twilight/night
drift patterns, which reduce the total speed of migration and hence increase the total time required for the
process. Trauma caused by changes in water pressure can also change the regular pattern of migration in
species such as fluviatilis; the vertical distribution of this species has been changed in the upper
Volga River as a result of pressure changes. Further disruption of normal patterns is caused by large
discharges from dams which result in major increases in current velocities. In 1974, when water levels were

high in the lower Volga River following such discharges, fingerlings of Acipenser were caught
in the delta below Volgograd, but in the following year, when water levels were low, the greatest
density of fingerlings was found above this region (Pavlov et al., 1981).

25 THE IMPACT OF WATER INTAKES ON MIGRATING FISH

The volume of water removed from natural water bodies is rising. At present about 150 of water is
used annually in the USSR for irrigation (Pavlov & Pakhorukov, 1983). The removal of this water is
accomplished by some 30 000 intake devices of varying capacities, which are chiefly located on inland
waterways and water bodies which support fisheries. Attention is therefore being focussed on ways of
preventing young fish from being killed in all kinds of intake devices. Fish moving downstream enter water
intakes by the natural processes of drift migration, and may end in artificial waterways (such as irrigation
canals) where conditions do not favour their survival.

Most literature dealing with this problem considers the extent of the damage caused to fisheries by
water intakes, and the data presented permit the calculation of an index of relative damage per unit of
water intake capacity (Im*sec) during a season. This damage may exceed the production capacity of the
hatcheries. The total capacity of hatcheries in the USSR is about 12 x  young fish per year, while in the
delta of the Volga River alone, some 14 milliards of young food fish are lost in water intake devices
(Moisseev & Dubinina, 1987). In addition to this, the water intakes restrain the downstream drift migra-
tion of young fish along the river banks. This is connected with the fact that the devices are located near
banks or at floating pumping stations, and that they produce rheogradients in these places. Further, the
artificial illumination of these sites at night causes young fish to congregate around them, further inhibiting
downstream migration, increasing fish concentration, and thus greatly increasing the numbers entering the
intakes (Pavlov, 1970; Vatshinnikov, 1986; Zhidovinov et al., 1986).

2.6 THE IMPACT OF OTHER STRESS FACTORS ON MIGRATING FISH

Navigation of inland waters exerts a negative influence upon fish migrations. Beside the mechanical
action of marine engines, navigation exerts a profound influence on the spatial distribution of migrating
fish, since fish move away from navigated channels, or at least from vessels traversing them. The waves
from passing vessels tend to damage or destroy littoral biotopes which are particularly important foraging
grounds for young downstream migrants. The greatest damage is, however, caused by the operation of
vessels with water jets. The prohibition of the use of such vessels in the upper Volga River, above Kalinin,
resulted in a significant increase in the recruitment of fish (Pavlov et al., 1981).

The creation of navigation canals, locks and fish-passes, and the artificial interconnection of river basins
has enabled some species to expand their ranges through extended migrations. The plankton-eating
European smelt eperlanus eperlanus) travels from Beloye Lake in the north, southwards, and is
now common down to the Kuybyshevskoye Reservoir. The tyulka (Clupeonella delicatula tshar-
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chalensis) moves north from the Volga Delta as far as the Kama River reservoirs and west into the
reservoirs of the Don River (Kuderskiy, 1970). These extensions of range are attributable to the formation
of a man made pelagic environment throughout the length of those waterway systems.

When channels are artificially tapered, or the flow is piped during the construction of roads or railways,
current velocities are increased, often to levels which fish fmd insurmountable. This adverse influence
upon migrations could be avoided if the swimming speeds of the migrating species were known and were
taken into account when designing such structures.

Many of the factors known to influence migrations negatively continue to increase, e.g. chemical and
thermal pollution of waterways, the canalisation of streams, and the passing of high voltage electrical
transmission lines over or along rivers. It is known that the electro-magnetic fields produced by power
lines delay some migrating spawners (Poddubniy et al., 1978, 1979).
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3. STRUCTURESAND MEASURESWHICH
SPAWNING MIGRATIONS

3.1 STRUCTURESIN USE

Structures that assist fish to pass dams are varioudly called fishways, fish ladders or fish-passes. They are
of two types. In thefirst, the fish swim upstream, aided by the device. In the second, the fish enter a storage
compartment and are transferred to the reservoir above the dam without expenditure of energy on their
part.

The first group includes pool and weir, and pool and orifice types of fish-pass. Pool and weir type
fish-passes are used where the dam to be surmounted is less than high, while pool and orifice
fish-passes may be used up to 40m. The structures of this group are used mainly by strong swimmerse.g.
salmon

Figure 6.— Location of fish passes on the Volga, Don & Kuban' Rivers. Reservoirs and flow-dividers:
1.Saratovskiy, 2.Volgogradskiy, 3.Flow-divider, 4.Krasnodarskiy, 5.Fyodorovskiy, 6.Tikhovskiy, 7. Kochetovskiy,
8. Nikolaevskiy, 9. Konstantinovskiy,

The second group includes sluice fish-passes, useful up to fish locks, used up to 40m, and
mechanical lifts which store and transport fish, and may be used to up to any height. Fish-liftstypically
comprise a collection gallery; an operation chamber containing a fish-retention grid, where fish may be
counted and samples taken; and a moving and areleasing device. The passage of water through the dam's
turbine and the collection gallery creates a plume in the tailwater below the dam. This attracts fish which
swim up the plume and enter the collection gallery. After afixed timeinterval the galery inlet is closed by
aretaining and crowding device, which is usually aframe covered with netting. This prevents the fish from
drifting back into the tailwater pond. The crowding device is then moved towards the dam when the fish
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are shepherded into the operation chamber. Subsequently they move from this chamber into fish-pass
sluices, or into the containers of fish locks, or into hydraulic fish-lifts. The outlet chutes of fish-pass sluices
are designed to create conditions which both assist the release of the fish into the reservoir above the dam
and favour their onward migration.

In the USSR, fishery complexes are often placed some distance downstream from the hydraulic projects
which they serve, unlike sluices and fish-lifts, which are situated close to the dams. These complexes
commonly include floating fish-collectors, fish-guiding devices, floating containers, and, where there is no
navigation sluice, motorised devices to move the fish to the reservoir.

In the Soviet Union there are more than twenty different designs of fish-passes. The location of these
structures on the main regulated rivers of the European part of the USSR, is shown in Fig.6. The main data
on fish-passes are given by Tikhiy & Viktorov (1940); Kharchev (1940); Kipper & Mileiko (1962);

& Kutyanina (1976); Shkura (1979); Issaev & Karpova (1980) and Malevanchik & Nikonorov (1984).

3.1.1 HYDRAULICFISH-LIFTS

Three hydraulic fish-lifts have been constructed in the USSR: the Tsimlyanskiy (Don River), Volgo-
gradskiy (VolgaRiver) and Volkhovskiy (Volkhov River) fish-lifts. The Tsimlyanskiy fish-lift (Fig.7) was
built in 1955 to assist the migration of Acipenseridae, Clupea harengus and vimba (Vimba vimba). Itis
located below the hydroelectric station, and includes:

« afish collection gallery long, 6m wide and deep),

e afish pool (5x18m and deep) with regulating valve and crowding screen. The fish-pool is
an extension of the collection gallery and is connected to the shaft.

* avertical shaft (area7x5m, height 36.8m) which has a metallic, horizontal, crowding screen,

e an upper outlet chute (width 6m, length 65m, water depth 2-7m),

e a4MW hydroelectric turbine set, and

* acontrol panel.

Figure 7—Thefish-lift of the hydraulic scheme on the Don River 1. water-intake screen, 2. outlet chamber, 3. outlet
chute, 4. stoplogs, 5. lifting container, 6. chamber, 7. retaining screen, 8. collecting 9. regulating gate, 10. fish-retaining
screens, 11.tailwater gate, 12. water outlet, 13. drawing tube gate, 14. hydro-electric unit.
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The fish lift operates from April until November, and each cycle lasts for 2.5 to 3 hours. In the first few
years Acipenseridae entered individually, but Clupea harengus did not enter, even though they approached
the hydroelectric station in large quantities. Other fish which have entered the fish-lift include Abramis
brama, Cyprinus carpio, sabrefish (Pelecus cultratus) and sheatfish (Silurus glanis). The fish-lift was recon-
structed in 1972 in order to increase its efficiency and at this time the system of attracting fish into the fish
collection gallery was improved.

The Volgogradskiy hydraulic fish-lift (Fig.8) was built in 1961 at the damsite of the VVolzhskaya hy-
droelectric dam and is located between the power station and the weir. It was designed to convey
A. stellatus, Clupea harengus and Stenodus leucichthys leucichthys among other fish, and
consists of:

A atwo-stream collection gallery (width 8.5m, length 82.25m, water depth 5.7-14.4m),

A two vertical shafts (8.5x8.5x36.9m) with horizontal and vertical metallic crowding screens,

A an upper one-stream chute with three openings (4.8x8.5m) in the longitudinal wall at
the side of the weir,

A aturbine set (UMW), which creates the water movement in the collection gallery, and

A acontrol panel.

Figure 8.C The fish lock of the Volzhskaya hydroelectric dam on the Volga River 1. outlet orifices, 2. operational gates,
3. crowding device, 4. hydroelectric unit

Control of the fish-lift is automatic, and each cycle lasts 1.5-2.0 hours. Fish are attracted into one shaft,
while the other is engaged in the transport of fish to the reservoir. According to the VVolgograd branch of
the State Scientific Research Institute of Lake and River Fisheries about 200 000-700 000
Acipenseridae spawners approach the dam from the Caspian Sea. An average of 20 000 specimens pass
through the fish-lift annually, with a maximum of 60 000 during 1967. In total, more than a million fish of
different species, pass through the lift each year.

The Volkhovskiy hydraulic fish-lift was constructed in 1967, based on the design of the VVolgogadskiy
fish-lift and facilitates the passage of whitefish (Coregonus lavaretus baeri) among some other species.
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312 FISH-LIFTS

Mechanical and hydraulic fish-lifts differ in the ways that the fish are transported. In mechanical
fish-lifts the fish are conveyed in specia tanks. Functional examples of thistype are located at the
Saratovskiy (Volga River) and Krasnodarskiy (Kuban' River) schemes.

The Saratovskiy mechanical (Fig. 9) was built in 1969 on the Volga River above the
hydroelectric dam to allow the migration of Acipenseridae, Abramis brama, Clupea harengus, Cyprinus
carpio and several other species. It consists of:

e acollection galery, 8m wide, 172m long, with water 9-13.5m deep,

o ashaft with separating screen,

» aturbine hydro-set (power 9.5MW) with atwo branch drawing tube of vertical design,
» anoutlet chute with the intake basin (width 8m), and

« acontrol panel.

Figure 9.— The fish-lift of the Saratovskiy hydraulic scheme on the Volga Riven 1. hydroelectric unit, 2. vertical crowding screen, 3.
fish container, 4. mechanism for raising and transporting container, 5. separating screen, 6. crowding 7. collection gallery, 8.
fish-retaining screen, 9. working chamber, 10. by-pass gate.

A by-pass gate directs the flow into either the upper or the lower part of the entry port (‘drawing' tube).
Fish are then attracted into the collection gallery through the upper part of the port. When this stageis
complete the crowding screen is lowered into the inlet of the chute and, by moving along, concentrates the
fish at one end of the chute. As the screen passes above the lower outlet, the bypass gate is raised and
overlaps the upper layer of the entry port. This provides favourable hydraulic conditions for the fish to
leave the collection gallery and move through the locks. At this point the flow is redirected through the
lower part of the entry port. A second screen is then lowered down the side of the working chamber, and
the fish are then transferred to the reservoir in containers. Up to one million fish are transferred annually
by this fish-lift.

The mechanical (Fig.10) islocated near the discharge from the weir bays, and
consists of:
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* acollection gallery (length 71m),

* anoperation chamber, which includes a crowding screen, fish protection screen and fish container,

» awater feeding unit comprising the spillway and apron well (depth 2.7m) with the outlet having a
gradient of 1:3,

e atrestle (length 58.65m), and

e acontrol panel.

Figure 10.— The fish-lift on the Krasnodarskiy hydraulic scheme on the Kuban' River 1. litter retaining device, 2. double section
gate, 3. crane for container transportation, 4. crowding device, 5. fish container, 6. separating device.

A gate on the spillway, consisting of two independently moving sections, controls the hydraulic regime
in the collection gallery. Once they have passed along the gallery the fish are crowded into a collection
chamber, from which they are lifted and moved to the reservoir by crane. The lifting container contains a
fish retention grid, which is used to count, separate and mark the fish. About one million fish, including
Acipenseridae, Abramis brama, Stizostedion lucioperca and Vimba vimba, pass through this lift on their
way to the spawning grounds each year. It has been estimated that this lift can cope with all the fish which
approach the hydraulic scheme.

3.1.3 SLUICE FISH-PASSES

Sluice fish-passes differ from fish-lifts  the design of their operation chambers. The first such fish-pass
was built at the Kochetovskiy hydraulic scheme on the Don River, but there are now similar passes at the
Nikolaevskiy and Konstantinovskiy hydraulic schemes on the Don River, at the flow divider on the Volga
River delta, and at the Fedorovskiy hydraulic scheme on the Kuban' River.

The fish-pass of the Kochetovskiy hydraulic scheme (Fig.11) operates by means of locks and comprises:

» acollection gallery (length 68m, width

» an operation chamber (Iength 28m),

* two gates, one at each end of the operation chamber, which control the flow regime for the intake,
and the transfer and release of thefish,

e an upper outlet chute, and

* acontrol panel.
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The rig with the crowding device moves along the collection gallery and into the operation chamber.
The system operates as follows:

e Thefish are attracted to the collection gallery by water velocities of 0.8-1.8m/sec.

» Thesearevaried depending upon the species present, and the intensity of the spawning run. During
this period water is fed through the upstream gate, while the downstream one is raised above the
water.

e The crowding device islowered into the inlet of the collection gallery and the fish are driven into
the operation chamber.

*  When the crowding device has entered the operation chamber the downstream gate is lowered, and
the water levelsin the operation chamber and the reservoir are equalised. The fish are raised on the
fish retention grid for counting, marking and assessment.

* Thefishretention grid is lowered, the upstream gate is raised and the fish are released into the
reservoir.

Figure 11.— Sluice fish-pass of the Kochetovskiy hydraulic scheme on the Don River 1. working gates, Z gate control mechanism,
3. fish retention grid, 4. crowding device.

The duration of the cycle depends upon the species of fish present, the flow velocity and the
temperature. About 0.5-1 million Don River fish pass through each year, including Abramis brama,
Acipenser A A. stellatus, carpio and Huso huso. It has been estimated that
of the fish approaching the dam, up to 67% of Acipenseridae and 44% of other fish successfully negotiate
this fishway.

A similar type of fish-pass, using large reinforced concrete elements, was constructed at the
Fedorovskiy hydraulic schemein 1982 (Fig.12). The structural elements were poured in special pits on the
river bank. They were made of rigid ferro-concrete but had cellular walls and bases, which allowed them to
be transported by water. This sluice was built while the hydraulic project was operational. Up to 1000
spawners of Acipenser and A. stellatus pass upstream through the fish-pass each year, as well
as alarge number brama, Stizostedion lucioperca and Vimba vimba among other species.

The flow-divider on the Volga River redistributes the water between the western and eastern deltasin
the interest of good fishery management. Here atwo stream fish-pass has been built. It is situated between
the navigation spans and the control dam of the hydraulic scheme. The fish collector consists of atwo
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stream chute of rectangular section (Iength 50m, width 9m each). The operation chamber is elongated
towards the headwater, and acts as the upper outlet chute. The fish retention grid is situated between the
two gates of the operation chamber. The fish-passes of the flow divider operate only in years of low water

level, when the gates of the control dams are closed. They facilitate the passage of Acipenser guldenstadti,
A. stellatus, Huso huso and several other species.

Figure 12.—L ongitudinal section through the sluice fish-pass at the Fedorovskiy hydraulic scheme on the Kuban' 1. outlet
chute, 2. litter-retaining screen, 3. gate control mechanism, 4. gates, 5. control structure, 6. crowding screen,
7. fish-collection 8. low approach chute, 9. working chamber, 10. fish-retention grid.

3.1.4 MOBILE DEVICES FOR FISH COLLECTION AND TRANSFER

Two types of floating units for fish collection have been constructed in the USSR, the Kochetovskiy and
Nerest. The first has been used, together with motorised containers for transport, on the Ust'Manychskiy,
Kochetovskiy and Fedorovskiy hydraulic schemes, and on the flow divider on the Volga River. The second
is part of afishery complex on the Rizhskaya hydroel ectric power dam.

The Kochetovskiy collection barge (Fig.13) is anon self-propelled vessel with a central superstructure.
The fish collector has alength of 63.9m, a chamber width of 8m, and an overall width of 13m, which
permits navigation of all locks on the river. Submerged pumps create attracting plumes of water at the fish
intake, and the crowding screen moves along the collection chamber to concentrate the fish above the
retention grid situated at the other end of the vessel. The motorised transport vessel is ariver boat, with

central superstructure and deck cabin designed to connect with and move fish from the collection barge.
The system operates as follows:

« Thecollection barge is placed in the path of the migrating fish, and is connected to the transport
vessel and the pumps create suitable currents to attract fish into the device. This takes 1.5-2 hours.

The fish are moved into the collector. The crowding screen is lowered at the inlet, and some of the

pumps are switched off, so that the flow velocities do not exceed The crowding screen

is then moved towards the transport vessel. If samples are to be taken the crowding screen is
stopped close to the fish retention grid.
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A The transport vessel is disconnected from the fish collector and moves to the navigation sluice,
while a second empty transport vessel is connected to the collector. Currents suitable for fish
survival are maintained inside the vessel during transfer.

A The transport vessel enters the reservoir and as it approaches the site where the fish are to be
released, the screens are released and the vessel turned against the water flow.

Figure 13.C Barge for fish collection and transport: A. longitudinal section, B. plan, 1. fish-collector, Il. transport vessel.
1. wheel house with control panel, 2. transport chamber, 3. motor, 4. crowding screen, 5. pile anchors,
6. control panel, 7. collection chamber, 8. fish collector pumps, 9. fish retention grid,
10. pump chamber, 11. collecting ramp.

7

Figure 14.C Plan of the fish-passing complex at the hydroelectric dam on the Daugava River 1. floating fish-collector,
2. transport vessel, 3. electrical guiding device, 4. mooring dock, 5. transport truck, 6. waterside area, 7. access road.
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TABLE 1. DETAILS OF THE MAJOR FISH PASSES IN THE USSR

Volgogradskiy | Tsimlyanskiy | Krasnodarskiy Saratovskiy Kochetovskiy Fedorovskiy

River impounded Volga Don Kuban' Volga Don Kuban'
Construction begun 1961 1955 1975 1969 1969 1982
hydraulic hydraulic mechanical mechanical sluice sluice
fish-lock fish-lock fish-lift fish-lift fish-pass fish-pass
Hydraulichead m 23 20 13-17 13-17 1-3 1-4
Collection gallery:
length m 80 129 71 172 68 69.3
width m 8.5 6 10 8 10 9
flow depth m 5.7-14.4 2.5-6.5 9-13.5 1.8-4.5 1.4-4.8

Attractive regime:

0.8-1.2 0.8-1.0 0.6-1.4 0.8-1.4 0.6-2.0 0.8-1.8
cycle time 120 120 90-240 30-180 15-180 120-240
Species passed:
spp.
Acipenser + + + + + +
Acipenser + + + + +
stellatus
Chakalbumus - + +
chalcoides
Clupea harengus + + + +
Cyprinus carpio + +
Coregonus + +
lavaretus
Huso huso +
Slurisglanis +
Vimba vimba + + +
Total number C.1 million C.200 000 C. 1 million C. 1 million C. 1 million €.500000

passed each year
Number of Acipen- | €.20 000 C.2500 C.1500
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A mobile fish collector (Fig.14) operates on the Daugava River, below the hydraulic scheme. This
complex includes atransport vessel, afloating electrical fish guiding device, a mooring dock and atruck to
transport the fish to the spawning grounds. The truck may carry the fish for and is designed to
maintain constant water circulation, oxygen tension and temperature. Experimental tests on these systems
on the Don, Kuban', VVolga and Daugava Rivers have shown that valuable fish species can be transferred to
the spawning sites.

3.1.50THER TYPES OF FISH-PASSES

Other types of fish-pass have been built in Russia from 1914 to the middle of the 1960s. However, only
one of these, the Niyzhne-Tulomskiy fish-pass, remains operational today, and assi sts the movement of
salmon (Salmo salar) upstream. None of the other fish-passes operates at present for sundry biological or
technical reasons, or because of the construction or reconstruction of hydraulic schemes they serve. Some
have been replaced by more effective fish-passing mechanisms.

Canals have been built to assist spawners to move upstream to the reservoirs of some hydraulic projects,
and in these, special spawning substrate is placed on the bottom of the canal. Such canals have been built
at the Konstantinovskiy and Nikolaevskiy hydraulic schemes on the Don River. The Konstantinovskiy canal
is trapezium shaped, 22m wide at the bottom with an average depth 2.5m, and a length of 6000m. The canal
of the Nikolaevskiy hydraulic schemeis 11 500m long. Several species spawn in the canals, including
Acipenseridae. However, reliable data on the efficiency of these systems are lacking.

Elsewhere, simple fishway canals have been constructed to assist migration in shallow, and thus other-
wise almost impassable river sections. For example, sixteen such structures have been built on the Volga
River. Table 1 summarises details of the most efficient fish-passing structures at presently operating in the
USSR.

3.2 BIOLOGICAL BASESFOR THE DESIGN AND USE OF FISH-PASSING DEVICES

3.2.1 FISH DISTRIBUTION IN THE TAILWATERS OF DAMS

Tailwaters of dams create very different conditions from those normally found in free waterways. The
presence of the barrier, the sharp velocity gradients, changes in the vel ocity regime and frequent alter-
ations in the direction of the current, all contribute to a change in fish behaviour. It is extremely important
to understand how the distribution and behaviour of fish are affected, so that the fish-pass structures and
their inlets are satisfactorily placed. There have been many regrettable cases of such structures not
fulfilling their intended function. Data on fish distribution in the USSR are still scarce, but what thereis, is
discussed in this subsection.

3.21.1 OBSERVATIONSON FISH DISTRIBUTION

The phenomenon of fish accumulation below damsiswell known, with the greatest concentrations
occurring close to the dam wall. This applies to anadromous and semi-anadromous fish, as well astrue
fresh water species. The lowest concentrations are observed in the winter period. In the USSR game
fishing is forbidden within 500m of a dam.

According to Chikova (1968), at the Kuybyshevskaya Dam on the Volga River, Abramis ballerus, A.
brama, Leuciscusidus and Rutilus rutilus populations are characterised by a predominance of older fish
with only small proportions of juveniles. Only Acipenser ruthenus, Pelecus cultratus and Stizostedion
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lucioperca have afull juvenile representation. However, Nussenbaum (1978) noted that immature fish as
well as spawners may congregate under dams, and in some cases, even fry are found below dams.

At hydroelectric power stations, fish tend to approach the sites of greatest water discharge (Tikhiy &
Viktorov, 1940; Nussenbaum, 1978; Pavlov, 1979). For example, fish move from the water diverting chan-
nels of hydroelectric stations to the wasteway sections, when they become operational. Similar phenomena
have been observed at the waterworks on the Don River (Pavlov, 1979). Here, beneath the new concrete
dam of the hydraulic scheme, most fish concentrate where the main discharge is, but prior to
its construction the greatest concentrations were to be found by the old wooden shield dam with turning
Poiret girders.

A widely held concept concerning fish distribution is that of the existence of a'zone of search', i.e. a
zone of water within which migrating fish move in their search for a passage. The front boundary of this
zone has been variously referred to as 'the line of penetration’, 'the zone of approach’, 'the fore-front of
accumulation' and 'the line of maximum velocities' (Kharchev, 1940; Tikhiy & Viktorov, 1940; Kipper,
1959; Clay, 1961; Pavlov & Pakhorukov, 1971; Pavlov, 1979). According to Clay (1961) theinlet to the
fishway must be placed as close as possible to this front boundary. In his opinion, failure to observe this has
been the greatest error in the design of fish-passes. is nevertheless quite difficult to distinguish a front
boundary of the search zone. In spite of the author's frequent attempts to distinguish such a boundary, only
once was an obvious one found and, although this was for Salmo salar it is described here in some detail
because of itsimportance in analysing fish behaviour.

The characteristic feature of Salmo salar isthat it jumps out of the water in order to surmount
obstacles. Frequent jumping was observed at the dam of the Nizhne-Tulomskiy hydroelectric power
station. Maximum frequency of jumping was observed at a distance of 55-80m from the power house. In
this zone, current velocities were of the order of This corresponds to the maximum speeds of
movement for the species for which, with fish of 47 cm average length, has been determined as
132.8 + 0.4cm/sec. Thisisin agreement with telemetric observations (Poddubniy, 1971) which indicate
that Salmo salar often overcomes a flow velocity of 0.8m/sec, but tends to drift back when the current
reaches 1.2m/sec. From this it appears that the limit of the search zone may correspond to the line along
which the current has a velocity equal to the maximum swimming speed of the fish.

However, many authors (Tikhiy & Viktorov, 1940; Mokryak, 1958; Birznek & Kipper, 1960; Nussen-
baum, 1961, 1965, 1967, 1968; Friez & Tesch, 1965; Chikova, 1968; Pavlov, 1979) have shown that the upper
boundary is not rectilinear across the stream. This is because the width of the tailwater is often irregular
and islinked to the regimes of al the water discharges, including those of the hydroelectric power station,
the spillways, and the fish passing structures and locks. Decrease in water discharge causes the fish to swim
further upstream, whereas increase in the discharge may force the fish further downstream. At maximum
discharge the number of fish near the river banks increases. It is clear that the upper boundary of the
search zone has a complex and variable position, depending on the operating regime of the hydroelectric
station.

It has been noted that many fish accumulate in the circular and whirlpool currents which formin the
tailwaters of hydroelectric power stations 1940; Schiemenz, 1957; Pavlov & Pakhorukov, 1971;
Umanets, 1977; Shkura, 1974; Pavlov, 1979), where they may be trapped for long periods. Fish also
accumulate in the 'hydraulic shadow' near the guide piers.

In the search zone, fish aternately swim for a period of time against the current and then drift back with
it. Eventually if they cannot continue their migration they gather in quiet places or in whirlpools. For
example, at the Volgogradskaya hydroelectric power station about 200 000 sturgeon accumulate under the
spillway, except during brief periods of extra discharge. These accumulations under non-operational
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spillways tend to persist throughout the year (Letichevskiy, 1957; Dyuzhikov, 1958; Mokryak, 1958; Kiselev,
1965; Nussenbaum, 1967, 1968; Balyk & Radakov, 1969). Similar accumulations of semi-anadromous fish,
which repeatedly form and break up, are found under the of the Tsimlyanskiy hydraulic scheme
and under the dam of the Kujbyshevskiy hydraulic scheme. Acipenser stellatus does not form such dense
nor such stable accumulations as Acipenser guldenstadti, and in the winter the numbers of A. stellatus are
very low.

Judging from underwater observations, the density of sturgeon accumulating under the Volgogradskaya
dam in early September 1956 reached 1 specimen per 1-1.5m? Tests for these fish in hydrodynamic chutes
showed that they were well orientated and moved against the current. Critical speeds for fish lengths of
105-123cm were99.8 4.9 cm/sec at awater temperature of 25-27°C. Therefore it appears that accumula-
tion of the fish is associated with alack of current. At this dam the single fish-pass assists the passage of
only 10% of the sturgeons which approach the dam. Trusov (1970) observed that when these fish accumu-
late under the dam fishes at different stages of maturity all offer a steady resistance to the current.
However, when the water warms to atemperature ideal for spawning, the spawners move considerable
distances away from the dam in search of suitable spawning grounds. During a twenty-four hour period the
fish traverse the length and width of the tailwater, depending upon the degree of illumination and those
with diurnal migratory patterns move away from the bank at night, or move downstream. These rhythmic
movements are also associated with the operating regime of the dam and hydroelectric power station.

Fish also move laterally along the boundaries of the transverse flows. If such flows pass along a bank,
the fish will progress along the bank, e.g. along the sloping wall of the diverting canals of the hydroelectric
dams (Kharchev, 1940; Tikhiy & Viktorov, 1940; Nussenbaum, 1961; Pavlov, 1979; Malevanchik &

1984). This aspect of fish behaviour must also be considered when deciding upon the siting of
fish-passes.

Although these observations of fish behaviour are of interest, they give only an approximate picture of
fish distribution and movements. Appropriate methods for quantitative measurements are not yet avail-
able. Friez & Tesch (1965) tried with electro-fishing techniques, but their catches were made exclusively
from near-bank situations. Similar studies using cast nets (Pavlov, 1979) were difficult to interpret because
it was difficult to discriminate between areas of approach in direct currents, and areas where fish accumu-
lated in whirlpools and stagnant waters. Also comparisons between two such areas are invalid since fish
may be trapped in whirlpools for several days and catches from such sites were usually higher.

The introduction of bio-telemetry has made it possible to study fish behaviour in the operational zones
of hydraulic works.  isnow possible to record the movement of individual specimens, their location in the
water at any time, and their speeds, daily rhythms and other characteristics, together with associated
environmental parameters. Such investigations were instigated in the USSR by Poddubniy and his col-
leagues, working with sturgeons under the Volgogradskaya Dam (Poddubniy, 1965). Similar studies have
now been carried out on many hydraulic schemes where fish-passes have been installed, or will be built,
including Volgogradskiy, Saratovskiy, and the flow-divider on the Volga River; Kochetovskiy on the Don
River; Fedorovskiy and Krasnodarskiy on the Kuban' River; Rizhskiy on the Daugava River and Nizhne-
Tulomskiy and Verkhne-Tulomskiy on the Tuloma River.

The topography of the river bed plays an important role in determining the path traversed by bottom-
dwelling fish, such as Acipenseridae. They tend to avoid flat surfaces and to follow the contours round the
sides of mounds and slopes. The topography of the bottom, together with the current velocities, thus plays
asignificant role in determining the distribution of Acipenseridae, not only in rivers, but also in the
tailwaters of dams. Where there are great variations in the bottom topography and in the hydraulic
conditions of the tailwater in different years, one can see distinct changes in the paths by which fish
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approach dams (Fig.15). This complicates the choice of location for fish-passing devices, and requires the
stabilisation of the bottom of the tailwater.

Figure 15.A Paths of movement of Acipenser in the tailwater zone of the Fedorovskiy hydraulic scheme, based on the
telemetric data of Poddubniy (1978).

3.21.2 STUDIES OF DISTRIBUTION USING MODELS OF HYDRAULIC SCHEMES

Difficulties have arisen in the quantitative assessment of fish distribution in the tailwaters of dams, using
fishing gear and hydro-acoustic devices. The large scale use of telemetry has not yet proved possible.
Therefore investigators have looked for new ways to assess the distribution and behaviour of fish in
tailwaters. In particular, investigations have been carried out using mature fish and partial constructions
(Kharchev, 1940; Clay, 1961; Wayne, 1961, Collins, 1966). In the 1960s Nussenbaum, Malevanchik, Pavlov
and Karelin all emphasized the need to study fish behaviour, using small fish and models of prospective
hydraulic projects, because it seemed that such methods would permit the determination of potential
zones of fish accumulation and lines of movement. Such studies should enable prediction of the best sites
for fish-passes and the numbers of these structures required. These requirements could then be included
in the design stages of the respective hydraulic projects.

Studies of the behaviour of young Albumus albumus, Blicca bjoerkna, Salmo gairdneri (rainbow trout)
and Vimba vimba, 22-60mm long, indicated patterns similar to those known for mature fish found under
dams. These patterns included the displacement of the fish and their accumulation along the boundaries of
the transit flow, their concentration under the dam, accumulation in whirlpools and zones of low current
velocity, and the formation of '‘queues' at the inlets of fish-passes. These experiments were carried out
using conventional hydraulic chutes by Pavlov & Kobetz (1974); Kobetz, Shkura & Volkov (1974); Kobetz
& Shkura (1975); Pavlov (1979), and on models of the tailwaters of the Volgogradskiy, Kochetovskiy and
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Saratovskiy hydraulic schemes by Nussenbaum 1978 . These authors compared the results obtained from
the models and small fish, with the known behaviour of large fish in nature.

Experiments using 20 species with conventional models showed that the structure of the flow influences
the distribution and behaviour of different fish speciesin different ways (Pavlov, 1979 . Under conditions
of uniform flow rheoreaction is obligatory. Once in avelocity gradient fish actively select the most suitable
flow zone for their physiological state. Some species move against the current while others move to zones
of sluggish or circular currents, or even begin to drift back with the current. However, the behaviour of
young fish cannot be used to predict the behaviour of gravid females when conditions are right for
spawning

Ideally, the use of physical (hydraulic) models requires that all objects under investigation, including
dams and fish, are to the same scale. However, thisis extremely since either the model projects
have to be very large, or the fish have to be very small - in their early larval stages. Thus when modelling
fish behaviour in aflow, it is of prime importance to establish that the dynamic interactions of the model
fish and real fish, with the flow, are similar. Hence a bio-hydraulic index F isused, relating the flow
velocity Vn tothe critical current velocity for the fishesinvolved. Thisisdefmed as follows:

=F M

where:
the critical speed of spawnersin nature
« thecritical speed of the 'moddl’ fishes, and
M  the scale of the model.

To seeif such asimilarity genuinely exists, experiments were set up, in conjunction with hydraulic engin-
eers from the Novocherkass I nstitute of Land-reclamation Engineering. Y oung Vimba vimba in three size
groups 22-28,32-36 and 39-44mm were subjected to five different hydraulic regimes (Fig.4). As ex-
pected, increased as the size of the fish increased. For each hydraulic regime four velocity levels were
examined such that « 03V,;052V,; and .. The velocities and spatia positions chosen
by the schools of fish were found to be the same in these trials. Thus, the chosen criterion provides for
similar behaviour in groups of fish of different size. Using ~ the flow velocity in natural conditions, and
asthe flow velocity in the model, dynamic similarity of the interaction with the flow is achieved when:

Taking all thisinto account Shkura and co-workers carried out investigations on bio-hydraulic models
of the Kochetovskiy and Fedorovskiy hydraulic schemes Shkura, 1979; Shkura & Kobetz, 1975 , obtaining
good comparisons of qualitative and quantitative indices of behaviour between model and natural fish.
This approach can therefore be used during the design stage of future fish-passes.

FISH DISTRIBUTION IN RELATION TO THE LOCATION OF FISH-PASSING DEVICES

In summarising the results obtained from natural conditions, bio-telemetry and bio-hydraulic modelling,
the following generalisations of fish distribution and behaviour in the tailwaters of dams can be made:
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» fish approach hydraulic schemes at the sites of highest water discharge;

» fish congregate close to the at distances of depending on the vel ocity of the current
(the lower the velocity, the closer they approach);

* a'search zone' is formed at the dam, in which the fish move backwards and forwards, as well as
across the width of the main flow;

« theouter boundary of the search zone is located where the velocities of the flow approach the
critical velocities of the fish;

» fish move across the width of the main flow, but in the presence of a current gradient they select

ZOnes,

» when current velocities exceed critical velocities, the fish redistribute and collect in stagnant zones
at the boundaries of the main flow, or along the banks;

» when fish enter whirlpools they become disoriented, and may remain there for long periods;

» when fish become fatigued, they collect in stagnant zones, €.g. under non-operating weirs, and in
this case, their distribution is determined not by the current, but by other environmental factors;

» thehorizontal distribution of fish in tailwaters tends to reflect their normal horizontal distribution
during their migration;

e during a 24 hour period the fish traverse the length and breadth of the tailwater. In periods of high
locomotor activity they move upstream, but during periods of low activity they drift downstream, or
they move to the river bank.

It therefore appears that fish-passes would be best placed in the main flow zones, as well as along the
boundaries of stagnant zones, zones of reduced current, and along banks. Possible positions for fish-pas-
sing structures at hydraulic schemes are shown in Fig.16.

Figure 16.— Position of fish-passesin different hydraulic schemes, after Maevanchik & Nikonorov (1984): a. at common weir dam
with one fish-pass, b. as above but with two fish-passes, c. at acombined type of hydraulic scheme, d. at land-reclamation project
with fish-pass located near the bank, e. at tail-water of hydraulic scheme, 1. central fish-passlocated within dam site. 1. hydro-
electric plant, 2. spillway, 3. power plant building, 4. end wall, 5. navigation sluice, 6. fish-pass, 7. electrical fish barrier, 8. fish-
collection barge, 9. transport vessel, 10. stationary fish-collector, 11. pathway of transport truck, 12. pathway of transport barge.
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Theinlet of afish-pass must be placed outside the boundaries of the spillway apron and alittle below
the upper boundary of the search zone (at 2-5m according to Maevanchik & Nikonorov (1979) and at
10-15m according to Kharchev (1940). The length of the fish collecting gallery is determined in part by its
location. Usually in large hydraulic schemesit is When water conditions, €.0. velocity, turbulence

and oxygen levels, prevent migrating fish from approaching a dam, then fish-passes should be located
below the lower limit of influence of the hydraulic scheme.

322 THE OF FISH TO FISH-PASSING DEVICES

3.221THE FLOW

In the tailwater of adam the outflow from afish-pass forms its own plume which attracts migrating fish.
The velocity of the attracting flow must not be greater than the current threshold velocity for the fish (Vthr).
This depends upon the species of fish and the length of the spawners, and lies between 4 and 25cm/sec.
Laboratory experiments have shown that when the velocity of the attracting flow isincreased, the number
of fish which enter the experimental canal (a glasstube) also increase (Pavlov, 1979). Only when the flow
velocity is close to the critical velocity for the fish does the number decrease. Tests carried out on the
floating fish-pass of the Ust'‘Manych hydraulic scheme confirm this (Fig.17). Increasing the attracting flow
to 70cm/sec resulted in an increase in the numbers of Abramis brama and Stizostedion lucioperca entering
the device. The velocity of 70cm/sec isalittle less than the critical velocity, which in migrating
brama, for example, is 80-115cm/sec. The numbers of attracted fish declined because after two hours
some fatigued fish were carried away. When the current vel ocity was reduced to 15cm/sec no fish were
attracted because thisis close to the threshold velocity.

Figure 17.—The relationship between the quantity of fish entering a collecting area and the mean velocity of the attracting flow

aits Datafor afloating fish-pass. N = number of hour period, N = number of pumps operating, V = velocity of
attracting flow in cm/sec. 1- brama 2- lucioperca
Using an attracting flow with a current velocity close to the threshold (about was one of the

main causes of the unsatisfactory operation of the fish-passing device at the Fedorovskiy hydraulic scheme,
on the Kuban' River, which was constructed in 1967 for the passage of Acipenseridae. The spawners of
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sturgeon have high threshold velocities, c. 18-25cm/sec (Pavlov, 1979 , and thus no fish passed through the
structure, so that eventually a new fish-pass was built. Spawning Abramis brama, Cyprinus carpio and
Stizostedion lucioperca, have lower threshold velocities, of the order of while in smaller
species, €.0. Rutilusrutilus and Rerutilus caspius, the velocities are even lower, about 4-7cm/sec. Thus the
velocities of the attracting flow must lie between the threshold velocity and a point somewhat 1ess than the
critical velocity for the species to be attracted.

Usually the attracting velocities are taken as 0.6-0.8 of the critical velocities. These are equal to 0.7-
0.9m/sec for Acipenseridae (Acipenser A. stdllatus); 0.9-1.2m/sec for Salmonidae (Salmo
salar, Oncorhynchus gorbuscha, Salmo truua aralensis); and - for the semi-anadromous fish

brama, Chal calbumus chal coides, Cyprinus carpio, Clupea harengus, Pelecus cultratus, Stizoste-
dion lucioperca and vimba) according to Malevanchik & Nikonorov 1984 . In most cases these
values were equal to at the operational devices.

In practice, the average velocities of the attracting flow may be even higher than the critical velocities.
Thisisrelated to the irregular distribution of the velocities over the cross sectional area of the fish
collection gallery, and in the zone of attraction in the tailwater of the hydraulic scheme. In cases of higher
velocities the migrating fish begin to move to the near-wall layer near the bottom, or shelter close to
the entrance of the gallery. According to Shkura 1979 the average velocity of the attracting flow in the
Kochetovskiy navigation sluice can be increased for semi-anadromous fish up to 1.44m/sec, and for
Acipenser spp., which arebenthic, up to 1.95m/sec, i.e. they may exceed the critical velocities. However, the
velocities of the water layer in which the fish actually move are likely to be significantly lower than this, and
are probably not greatly different from the critical velocities, asindicated by hydrodynamic and telemetric
experiments. The fish collection barge, which has flat walls along which boundary flow is of lowered
velocity, approximates closely to the ideal situation when using a glass tube in experiments.

There are two ways of increasing the area of attraction. Firstly, the velocity of the attracting flow can be
varied. Initially the discharge flow velocity isincreased to severa times the critical velocity to ensure a
large area of attraction, then it is decreased gradually to provide suitable conditions for fish to enter the
mouth of the fish-pass. The second method is to create additional current at the inlet to the fish-pass. The
current velocity in the fish-pass itself should approximate the cruising speed of the fish (see Fig. 3 .
Maximum velocities are created at the inlet, but as the fish spend only a short time there 1-20 minutes)
they do not become fatigued. A more complete knowledge of swimming performance (Tv) isrequired for

calculating attracting flow velocities and periods of attraction. For example, for Acipenser ata
velocity of 0.95 m/sec, = for Acipenser stellatus To.95= and for Acipenser
ruthenus = for Rutilus caspius = = and = For other

fish, see Fig.18. These data suggest that not only does swimming performance vary between fish of
different species but that it is also significantly affected by water temperature and the sex of the fish
(Pavlov et al., 1984 . Swimming performance decreases sharply just before spawning.

Thusit is necessary to provide awide and controllable range of attracting velocities at the fish-passes.
For this purpose, current controlling mechanisms are available such asflat gates with water outlets,
with apron wells, diverting bottom and lateral galleries, and variable throughput controllers of a
radial type. There are methods for calculating the flow characteristics generated by these devices, and for
determining the hydraulic parameters of the attracting plume produced Barekyan, 1980, 1981; Mikheev
et al., 1982; Malevanchik & Nikonorov, 1984; Barekyan & Lupandin, 1985; Barekyan & Skorobogatov,
1985 . These systems are incorporated in most fish passes, either operating or under construction, in the
USSR.

The velocity of the plume of the attracting flow should differ from that of the main flow by a value which
is no less than the threshold value. If the main flow velocity (Vs) isless than the critical velocity, then the
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attracting flow velocity must exceed VVn by the value of the threshold velocity. If the main flow
velocity is higher than the critical velocity, then must be less than Vn by the value of the threshold
value. According to Malevanchik & Nikonorov (1984) the difference (AV) between the velocities of the
plume and the adjacent flow should be i.e. close to the threshold velocity for most migrating
fish. Smaller differences would not be practicable because pulsation of the flow in the tailwater would
obscure them.
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Figure 18.—The relative swimming performances of different fish: 1. Clupea harengus, males & females of mean length 27.2cm;

temp. = 11.94C; V = + 97.2. Clupea males & females of mean length 27.7cm; temp. = 13.54C; V=112  + 80.
3. Chalcalbumus chakoides, a. females, 20.7cm mean length; V = 116  + 69, b. males, 20.7cm mean length; V=81  + 72,
males,17.3cm mean length; V = 53 11 +74.4. vimba, males & females of mean length 30.2cm; V=62 t1 + 67. 5.

brama, males of mean length 35.5cm; V =52t + 56.

Umanets and Bykov (1982) investigated the influence of the discharge flows , and VV2) adjacent to the
sides of the collection galleries, from which the attracting flow is created, at the Krasnodarskiy, Kochetov-
skiy and Nikolaevskiy schemes. They found an optimum attracting velocity for semi-anadromous
fish:

=0.46 (V. + + 035

Applying this relationship, and creating non-uniform discharges from the spillways along the sides of
the fish passes, they increased the numbers of fish entering these systems by factors of 1.8, 2.2 and 1.6
respectively in the different schemes.

The empirical values (AV = 0.15-0.35) are of practical significance for calculating velocities at the inlet
to the fish collectors, but they do not define the flow gradients actually experienced by the fish around the
attracting zone. Moreover, as the distance from the fish-pass increases, the value AV aong the plume
length decreases. Investigations on the behaviour of young Rutilus rutilus, used as model fish, indicate that
the development of paths of movement involve such hydraulic features of the flow as the direction and the
velocity of the current, V, the turbulence intensity, K = d/V (where d is the standard deviation of pulse
velocity from the average, in time), and the transverse gradient J = The data obtained were used to
devise amethod of forecasting the likelihood of fish entering fish-passes (Skorobogatov 1983).
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In summary, the efficiency of fish attraction at the approach to fish-passesis linked both to the
transverse flow gradient present and the relative velocities of the attracting flow and main flow, and
therefore on the arrangement of the structures of the hydraulic projects.

HYDRAULIC SCHEMES OF FISH AND THE ARRANGEMENT OF HYDRAULIC WORKS

A powerful means of controlling fish behaviour in tailwatersis to vary current velocities. If the discharge
velocity exceeds the critical velocity in certain sectors, fish will be prevented from accumulating in them,
while by using lower velocities, they can be encouraged to accumulate around the mouths of fish passes.
Further, migrating fish tend to avoid areas where the current vel ocity is maintained below, or close to, the
threshold velocity. Taking these facts into consideration three common tailwater types may be recognised:

1.Water discharge occursuniformly along the entire front of the hydraulic structure; and the flow
velocity exceeds critical velocity. In this case fish-passes may be located along the sides of the hydraulic
structure, €.9. along the sides of the hydroel ectric power station or of the

2Water discharge occursuniformly along the entire front of the structure, and flow velocitiesare
below critical velocities. Fish-passes may be placed anywhere along this front, but a central positionis
preferable.

3.Water discharge occursnon-uniformly, or there astagnant zone under theweir. Here, itis
preferable to place the fish-passes along the border of the main flow, or along the bank, provided it is not
close to aweir which isinoperative during fish migrations.

Exceptionally, with type 1 tailwaters there may be a case for building a central fish-pass, if during the
initial period of the attraction process, discharge velocity is decreased significantly below normal. In this
case whirlpools form in front of the fish-passes and may assist in fish accumulation. Thereafter, increasing
the discharge velocity at the end of the attraction cycle will dissipate the whirlpools and ensure that the fish
enter the collector. With types 2 and 3, aregime may be applied where, during the initial period of
attraction, discharge velocities exceed critical velocities, but if then they are decreased gradually towards
the end of the attraction cycle, fish are effectively ‘pulled' into the collector.

Asarule, however, the velocity of the attracting flow in the fish movement layer (not the average
velocity of the whole flow) must be less than the critical velocity, and should correspond to the maximum
speeds at which the fish swim. However, with type 1 tailwaters this velocity must lie within the average
range of these speeds, and with types 2 and 3 they must approach the upper limit during the period of
attraction. Fig. 19 illustrates the arrangement of a number of fish-passes.

The width of the weir is of great significance in determining the number of fish-passes required. In
bio-hydraulic experiments carried out on young fish in a chute 4.6 x 12m, Ivanov & Nebozhenko (1984)
showed that the efficiency of fish attraction decreases as the length of the weir increases. Narrowing the
weir improves conditions for the control of migrating fish behaviour, and increases the concentration in
the zone of search in front of the fish-pass. When the amount of water discharged through the demount-
able dam at the Kochetovskiy hydraulic project was increased by 2.5 times, then the number of fish
entering the fish-pass doubled. It seems that a single fish-pass ensures effective fish attraction from aweir
width of 100-200m. When designing hydraulic projects the number of fish-passes must depend upon the
number of fish collecting sites, the pattern of the tailwater current and on the degree of control which can
be excercised over the fish-pass.

To ensure maximum fish attraction water discharge from the dam must be co-ordinated with the
operation of the fish-passes. During times of intensive migration water discharges should be manipulated
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Figure 19. — Velocity profilesin arange of structures: 1. overflow, 2. sh-pass, 3. velocity curves, 4. man wall.

a. uniform velocity, central fish pass. b. uniform velocity, Vn< .., sidefish pass. c. non-uniform angled pass
adjacent to wall. d. non-uniform velocity, angled fish pass. e. uniform velocity, double passes. f. uniform velocity, passes at each
side. g. uniform velocity, Vn> V,, double passes. h. uniform velocity, Va> V¢, double passesi. non-uniform velocity, angled
and straight passes. j. non-uniform velocity, side and off-centre fish pass. ., = fish pass entrance velocity, = main discharge
velocity in normal flow, Vk = discharge velocity during attraction.
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to optimise the passage of the fish by creating favourable currents in the tailwater. This has been demon-
strated, for example, where two adjacent discharge units excercise a positive influence over the entry of
fish into the Volgogradskiy fish-lift. When, in 1962, the unit nearest to the fish-lift was under repair, the
number of Acipenseridae passing through the fish-lift was 2.5 times lower than it was for the same period
in 1961, even though there were more fish in the tailwater. When these units are not operating, the
boundary flow, in which the fish normally move, is disrupted, and the fish are attracted to other units which
are operating, rather than to the fish-lift. The operation of units close to fish-passes provides a plume of
water which reaches the migrating sturgeon. They also encounter strong flows . 1.5-2.0) from the
hydroel ectric power station (V = 1.7-2.25m/sec) which lead them towards the flow from the fish-lift
(0.6-0.8m/sec). Similar observations have been made at other hydraulic projects such as Nyzhne-Tulomskiy
and Saratovskiy (Pavlov, 1979; Barekyan & Skorobogatov, 1982).

In order for migrating fish to be attracted, the main and attracting flows have to be carefully aigned.
Thus, the attracting flow must be parallel to, or at an angle not exceeding 30° to the main flow. A greater
angle, as observed during ebb and flow phenomena on the Nizhne-Tulomskiy fishway, effectively extin-
guishes the attracting plume and fish cease to be attracted.

0 75 15 30 45 90

Figure 20.— Influence of the angle (") of the ramp on the efficiency, expressed as a %, of fish entry to the fish collector. Data
from tests on 48 rutilusand 98 Acipenser Acipenser stellatus,60-70mm long. . = =0.8Va,
2. Rutilus rutilus, 32mm long. = Val, =

It is also necessary that the actual layer of water, in which the fish travel, combines with the attracting
layer. The importance of this has been demonstrated when using floating fish-passes, where aramp is used
between the collector and the bed. At the Ust'Manych hydraulic scheme the ramp was set at an angle of
8-9° relative to the river bottom and both surface swimmers brama, Clupea harengus and Pelecus
cultratus) and near bottom migrants (Stizostedion lucioperca) were attracted into the fish collector. By
contrast, at the Fedorovskiy and Kochetovskiy hydraulic schemes, where the angle is about 16°, only
surface swimmers (Abramis brama, Clupea harengus, and Pelecus cultratus) enter the fish-pass, and repre-
sentatives of the second group (Acipenser stellatus, Acipenser Acipenser ruthenus, Stizostedion
lucioperca and Vimba vimba) are absent. Subsequent work, carried out in association with hydraulic
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engineers of the Kalinin Polytechnical Institute, dealt specifically with small fish which move in the near-
bottom layers, e.g. Acipenser and Rutilus Thiswork showed that the efficiency with which
these species are attracted to a collector decreases abruptly as the angle of approach to the collector
increases (Fig.20). At angles of 8-12° a zone with zero current velocitiesis formed; at wider angles a
whirlpool is created which disorients the fish. However, trials with perforated ramps at an angle of led
to amarked increase in efficiency. At present, the best solution seems to be the use of a perforated
(‘chinked’) ramps with ajet-guiding wing' in the front of the collector. This ensures that bottom swimming
migrants enter the collectors (Barekyan, 1981; Malevanchik & Nikonorov, 1984).

The daily rhythm in the spawning activities of fish isreflected in an equivalent rhythm in their entering
fish-passes (Fig.21). This has to be taken into account when deciding the operational regime of afish-pass
and in determining different configurations for the attracting flow over a 24 hour period. If the deviceis
intended to pass only the nocturnal migrantsit can be switched off during the day and vice versa. When
migration is at its height, the operation of all spillways must be controlled so that optimal conditions are
created for the entry of migrants to the fish-pass.
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Figure 21.— The daily rhythm of fish entry to the Volgogradskiy fish-lift (June-August 1965) and the floating fish pass during trials
below the dams at the Ust'-Manychskiy and Kochetovskiy hydraulic schemes (May 1971): A. B. Abramis
brama, C. Pekcus D. Clupea harengus, E. Clupea harengus, F. The optimum period for entry is
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3.2.2.3BLOCKING AND GUIDING DEVICES

Blocking and guiding devices are used to increase the efficiency of attracting fish into fish-passing
structures. The former block fish movement on definite parts of the spillway front, the | atter orientate
fishesin the flow. Investigations by several authors, e.g. (1940) and Schiemenz (1957), confirm
the value of placing these devices at an acute angle to the axis of the water flow. The collector isthen
placed in the apex of the angle.

Blocking devices are either mechanical or electrical. Mechanical systems are either metallic screens or
pivotted barriers. These were used for the first time on the Volkhovskiy and Kuybyshevskiy hydraulic
schemes 1940; Tikhiy & Viktorov, 1940). A floating mechanical device has been designed for
the Rizhskiy scheme which comprises long sections which can be deflected by the water flow if they
become clogged or obstructed. Once deflected, the obstructing materials are swept off, or over, the device
by the current (Fig.22). These devices can easily be raised to the surface to be cleaned, but, despite this,
their application is far from straightforward and they are not yet in regular use.
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Figure 22.— A mechanical guiding device: a. front elevation, b. section: after Malevanchik & Nikonorov (1984). 1. frame, 2. fish-
protection screen (FPL), 3. tube of pontoon, 4. hinge connection, 5. block system, 6. counterbalance of FPL, 7. chains,
8. bottom pontoon, 9. support pontoon, 10. access bridge, 11. hose for filling pontoon with water or air.

Electrical blocking devices are widely used outside the Soviet Union (Clay, 1961; Vibert, 1967) and a
device known as ERZU-1 is used in the USSR (Strakhov & Nussenbaum, 1959). It was tested on the
Tsimlyanskiy and Ust'-Manychskiy schemes and is now in use on the Rizhskiy scheme. A problem with the
successful operation of these devices liesin selecting an appropriate potential difference, since thisvaries
for different fish species and sizes. The threshold stimulus for small fish can be critical for large fish, and
can stun them. The design of these devices must ensure a threshold distance of and the difference
between the threshold distance and the critical distance, at which fish are stunned, is generally 5-7m
(Malevanchik & Nikonorov, 1984). These devices may be used to prohibit the access of fish to specific sites
on a hydraulic scheme.

Different structures are used as fish-guiding devices e.g. 'tactile ways, ditches, bottom rapids, and
ledges placed obliquely from bank to fish-pass. Tactile ways consist of large stones laid on the bottom to
facilitate orientation of bottom fish. Ditches are hollows cut into the bottom to guide Acipenseridage, as
they respond strongly to changesin relief (Poddubniy, 1978). Bottom rapids and ledges are specially
constructed prominences on the bottom, and are in wide use in hydro-engineering practice, as devicesto
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manage deposits at water-intake heads. Their use as fish-guides arises because definite hydraulic condi-
tions arise behind the rapids they create, providing selectable currents in the zone of search. Such currents
can be good guides for near-bottom fish and have been investigated under laboratory conditions for a
number of young fish including Acipenseridae (Shkura, 1979; 1982).

3.2.3 FISH BEHAVIOUR AND OPTIMISATION OF FISH-PASS PERFORMANCE

3.2.3.1FISH BEHAVIOURIN FISH-PASSES AND COLLECTORS

Fish behaviour in fish-passesislargely determined by the structure of the pass. The direction and
velocity of the current changes along the length of a fish-pass and consequently there is a change in the
speed and direction of fish movement relative to the sides of the fish-pass. The low current velocities

which occur in the pool chambers of the fishway correspond to the cruising speeds of the
fish, while the high velocities in the embryo areas of the channels (1-2.3m/sec) correspond to burst speeds.
Thus the fish move from chamber to chamber by virtue of burst speed swimming. Fish which have to
ascend waterfalls during their natural migrations, e.g. Salmonidae, are most adept at moving in this way.
Flick (1968) was able to show that, when leaping falls, these fish make use of the energy of the stagnant
wave beneath the waterfall. Other fish can also ascend fish-passes, especialy if the connecting channels
are provided with special openings for bottom-swimmers. Thus, Abramis brama, Anguilla Rutilus
rutilus and Vimba vimba, and many other species migrate up the Kegumskiy fish-pass, although conditions
for their passage are probably not optimal. During their transit of this fishway Vimba vimba lose 13-15% of
their fat, and there is some resorption of the reproductive organsin females (Sakun, 1957; Malikova,
1961). Reconstruction of this particular fish-passis now planned in an attempt to better facilitate the
passage of these species.

Transit is particularly difficult through fish-passes where whirlpools form in the pool chambers. Thisis
because fish lose their orientation and may be delayed in a chamber for several days. Thisin turn may
fatigue them to such a degree that they are unable to cope with the currents, so that eventually they drift
back downstream (Pavlov, 1979). In fish-passes, as in rivers, fish manifest alternate phases of active
forward movement and backward drift. These alternations are most often seen in the lower chambers,
where they frequently result in fish drifting back down to the river. This drift is connected not only with
fatigue, but also, and importantly, to aloss of the conditions required for orientation. Clearly, illuminating
the chambers, and providing visual cuesin them, will assist the passage of migrants up passes.

The behaviour of fish in passes, and the optimization of environmental parameters therein, have been
well studied, e.g. & Elling (1960), Clay (1961) and Ebel (1985). Here therefore, only the behaviour
of fishiin the collectors of lifts and sluicesis dealt with in any detail. In fish-collecting chambers, current
direction and velocity are generally constant along the length of the device. Accordingly, since fish move-
ment is oriented by the current, fish move parallel to the walls of the chamber. Currents in the collector of
the Volgogradskiy fish-lift are at the bottom, but in the water column, and under-
water observations suggest that the dynamics of fish distribution are analogous to those of the correspond-
ing speciesin theriver (Pavlov, 1979). Abramis brama, Aspius aspius, Clupea harengus and Pelecus
cultratus were observed mainly during the daylight and only in the water column, while Acipenser

A. stellatus and Sluris glanis were observed only during darkness and 10-15cm from the bottom.
Small fish, such asLeuciscus idus and Perca fluviatilis move close to the chute walls.

The distribution of fish along a passis uneven since they accumulate in the intake. Because many fail to
reach the sluice chamber, the use of a crowding screen is valuable. This screen islowered at the end of the
lower part of the chute, driving the fish before it towards the lift. Its operation is quite satisfactory; the fish
do not get trapped between it and the bottom. Only when the lock gate is closed and the current ceases, do
bottom fish rise some 2-3m into the water column, and other fish escape from the chamber under the
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screen. Along the lower edge of the screen of the Volgogradskiy fish-lift, there are hanging chainsto
frighten the fish, but they prove effective only in the presence of a current. Thus, on later constructions
these chains have been replaced by rubber aprons which are a barrier to the fish even when the current
stops. The value of the crowding screen has been proved intrials Nussenbaum, 1967 ; without screens the
number of fish entering the lift was insignificant.

A coefficient of irregularity (KO is used to estimate the velocity distribution across a section of the
fish-collector. This coefficient is calculated as the ratio of the maximum velocity to the average velocity
over the given section. Hydraulic engineers seek to ensure that Kr is close to 1.2; this being considered
suitable for fish entry and retention in the collector. However, according to Barekyan & Skorobogatov

1982 , where 1.32 at the Saratovskiy fish-lift, fish concentration is greater in the chute head, and
Lazarev & Schmidt 1984 consider that high irregularity 2.3 intheleft hand fish collector of the
Volgogradskiy lift does not significantly reduce the number of fish entering it. The latter authors obtained
similar results from experiments conducted on the Kochetovskiy fish-pass. Here, at a maximum value of

1.62, Pelecus cultratus numbers were 1.6 times higher than when 1.2.

Turbulence affects both the critical and threshold current velocities for young fish. Asturbulence

increases,so  and decrease. When turbulence changes, so too does fish distribution and behaviour
(Pavliovetal., 1982, 1982a .

Just asthey do in rivers and passes, fish have drift phases in collectors, at which times they tend to drift
back downstream Shkura, 1979 . This phenomenon is primarily determined by the hydraulic regime, i.e.
by the velocity and turbulence of the current, and secondarily by the ability of the fish to orient themselves
under these conditions. Experiments on young fish, and mature fish of small species, have shown (Pavlov,
1979 that the number of fish carried backwards increases sharply as current velocities approach For
this reason flow velocitiesin collectors are fixed 20-30% below critical ones, and this ensures retention of
fish in the fish-pass when the lock gates are closed. When current speeds approach fish begin to move
into the boundary layers along the walls and bottoms of chutes.

L ockage times on functioning fish-passes are usually of 2 hours duration. Increasing the time that fish
arein afish passis undesirable since it leads to greater fatigue and consequent increases in the numbers
drifting downwards. The time it takes to attract a fish into afish-pass must not exceed the duration of the
fish's swimming ability at the velocity of the attracting flow. The current velocity in the collector can be
close to the critical velocity but it must never exceed it. Optimum attracting vel ocities for a number of
species, determined by Shkura and co-workers Shkura, 1979 , which apparently exceed the critical ones,
only reflect irregularities in chutes and the approaches to chutes, and at these vel ocities fish move to the
boundary layers of the flow, i.e. adjacent to the walls and bottom. Any recommendation to increase
attracting velocities in collectors must be supported by data concerning not only the number of fish
entering the devices, but also the physiological condition of those that enter. This may be determined by
the relative concentration of lactate in their blood (Barker & Black, 1959; Collins et al., 1962; Weaver,
1962, 1965 . At increased speed the fish are able to enter the collector but their level of fatigueis very high,
so much so that it almost certainly increases the phenomenon of drift after the fish have been released in
the reservoir. It would probably be advantageous to create regions of decreased current velocity, possibly
whirlpools, in fish-collectors, since they would assist collection and decrease the degree of fatigue of the
fish, even if high flow velocities are otherwise used.

Current velocity at the final stage of attraction isimportant. Decreasing the velocity for periods of just
1-2 minutes attracted many weak swimmers into the fish-collector on the Kochetovskiy fish-pass Shkura,
1979 . Optimal fish-passing depends upon the continual entry of fish to the pass. This may be achieved by
building two collecting chutes which operate alternately (as at the Volgogradskiy fish-lift), or by the use of
special gates which ensure attraction, even when water discharge is lowered while locks are closed.
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Another way of maintaining continual attraction into a fish-pass with a single chute, isto introduce a
separate supply of water into the collector through a guiding channel. Such channels have been proposed
for the sluices of the Tikhovskiy and Bagaevskiy hydraulic schemes, on the Kuban' and Don Rivers
respectively.

3.23.2CONDITIONS FOR FISH RELEASE AND THEIR ONWARD MIGRATION

Fish lockage, counting, and release into areservoir, are the fmal stages of the fish passing process.
Telemetric observations have shown that from reservoirs fish continue their migrations to their spawning
grounds. In Acipenseridae the lines of migration lie on the bottom or along steep banks, along the
contours of slopes but avoiding areas of low relief. Observations near Balakovo before and after the
construction of the Saratovskiy scheme, revealed that Acipenseridae moved upstream in the reservoir by
the same routes as they used before impoundment. Thus its behavioura stereotype had not changed
(Poddubniy et 1978).

The most difficult areain the reservoir for migrating fish to negotiate is the immediate rel ease zone if it
is near the top of the In this situation many fish pass back down the spillways to the tailwater.
The length of the head channel is therefore determined by considering the conditions required to prevent
the backward drift of fish that have successfully reached the reservoir. At the Volgogradskiy fish-liftitis
95m, at Kochetovskiy it is 43m and at Nikolaevskiy, 11.5m. However, the distances from the mouths of the
head channels to the dams are 65, 46 and 44m respectively (Shkura, 1979). In accordance with existing
recommendations, the outlet orifices must be situated in the reservoir, where flow velocities do not exceed

(Skhura, 1979; Malevanchik & Nikonorov, 1984). The complex hydraulics of the release zone,
with its abrupt increase in transverse current gradients, and the possible approach of the local current
velocity to .., lead to disorientation. It seems that to improve matters, it will be advantageous to reduce
the time that the fish spend on the fish retention grid in the transport container, and to release themin a
place from which there is a smooth increase in current velocities upstream. This may be achieved by
lengthening head chutes, selecting their shapes carefully, constructing special separating wallsin the
reservoir to isolate the release zone from that under the influence of the spillways, and by adjusting water
discharges via the spillways during the maximum periods of fish migration.
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4. STRUCTURESAND MEASURESEMPLOYED TO ENSURE THE
DOWNSTREAM MIGRATION OF YOUNG FISH

Engineers have designed alarge number of fish-protecting devices over the years and most reviews of
fish protection e.g. Tikhij & Viktorov, 1940; Kharchev, 1940; Clay, 1961; Burns 1966; and Bolshov, 1967,
provide descriptions of several of the structures used. However, most of the devel opmental work to date
has been carried out by trial and error, and no structure yet satisfies the requirements completely.
Empirical approaches to fish protection cannot defme 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 orientation and swimming performance,
vertical and horizontal distribution, responsesto external stimuli, and the probability of entering hydraulic
intake devices during downstream migrations. The devel opment of fish protecting devices must take into
account the ecology and behaviour of each species under protection. Thisreview islargely based on
information published by Pavlov & (1973, 1983).

4.1 PROBLEMSWITH WATER INTAKE DEVICES

4.1.1 SEASONAL DYNAMICS OF FISH ENTRAPMENT BY WATER INTAKES

The problem of fish entering water intakes is very seasonal and in some systems 90-95% of the total
annual entrapment occurs in one or two summer months, indeed with individual species the peak may last
for only afew days. Thusin the southern Ukraine 65-91% of all Abramis brama, Blicca bjoerkna and
Albumus albumus larvae enter water intakes over a period of just 3-8 days (Filchagov, 1980; Mussaenko et

1982). However, at many hydroel ectric and thermal power stations, where water is abstracted from
depths of 10-15m, fish tend to be taken in all year round and significant numbers enter the abstracting
devicesin winter. At anumber of reservoirs, including Kapchagayskoye, Ivan'kovskoye and
there are peaks of entrapment in the spring (late March-early April), summer, and winter (November-
January) (Pavlov et al. 1981, 1984, 1985, 1986; Pavlov, 1986). At these times the youngest fish of the older
age groups are removed. Some idea of the effect that the depth of the water intakes below the surface has
on the removal of fish during their downstream migrationsis given in Fig.23.

The seasonal variations in the numbers of fish entering water intakes reflect primarily the concentration
of young fish in the vicinity of the intakes, and these in turn are correlated with the spawning seasons. Most
species of fish in the USSR spawn in spring, which accounts for the maximum intake of larvae during the
spring-summer period when the fry and young fish are drifting downstream. Thusit isimportant to know
the times of migrations along each waterway. In the delta of the Volga River, the concentration of juveniles
in the current increases a hundredfold during July and September (Pavlov, 1979). Having said this how-
ever, it must be emphasized that the intensity of entrapment is determined not so much by the concentra-
tion of fish in the water flow as awhole, but more by the congregation of fish in theimmediate vicinities of
water intakes.

The degree to which a species reacts to current at a given time of the year influences the numbers
entering intakes. During late spring and summer the number of young without reaction to current is high.
Thisis because they are under conditions of low illumination and low water transparency, and because in



40

general, they are slow swimmers. By late summer-early autumn these same fish are large, better swimmers
and their reaction to current is less closely tied to visual cues. This change in behaviour reduces the
numbers entering the intake devices. During late autumn-winter the fish can orientate just as well asin the
summer, but low temperatures impair their swimming ability and in consequence they are less able to
resist being drawn into the intakes.

deep lakes

reservoirs with -
w
surf ace outflow 2

reservoirs with
near—bottom outflow

shallow bodies

Figure23.— Seasonal concentrations(K) of migrating fish, in relation to outflow characteristics:
arrows = outflow currents, cross hatching = solid constructions.

4.1.2 THE DAILY DYNAMICS OF ENTRAPMENT BY WATER INTAKES

Over atwenty-four hour period the magjor period of entrapment occurs in the dark, usually between
9 p.m. and 4 am. The larger the fish, the later they enter the intakes, and the less frequently they are
trapped compared with small specimens (Pavlov, 1966, 1970, 1979). In relatively transparent water 60-97%
of young fish enter intakes during the hours of darkness (Fig. 24) (Demchenko, 1973; Ozinkovskaya et
1974; Verzin & Glamazda, 1975; Khamidov, 1975; Glamazda & Glazunov, 1976; Verzin, 1978; &
1978; Koval, 1978; Koval et 1979; Filchagov, 1980). In turbid water bodies this peak of entrap-
ment during darkness is usually absent.

4.1.3 OTHER PATTERNS OF FISH ENTRAPMENT BY WATER INTAKES

Observations in the lower Volga River and in the V olgogradskoye Reservoir have shown that pumping
stations which draw water from shallows along bays and river sides produce more damage than ones which
draw water from sites more distant from the banks, or at greater depths (Pavlov, 1966). For example, in
June 1965, during each 24 hour period, some 200 000 young fish entered the Olinskaya irrigation system on
the Volga River delta. When the intake was moved from the river to a shallow bay (July 1970) the numbers
entering the irrigation system increased, with maximum daily intakes of 3 million specimens.
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Figure 24.— The daily rhythm of young fish entering the pumping station intakes at the Kizan' fish-rearing farm in July 1964:
1. numbers of fish entering the water-intakes, 2. light intensity.

The location of water-intake heads is very important when water is being taken from areservoir. Thus
Filchagov (1980) noted that Rutilus .. were drawn into a near bank device on the
channel at arate of 2313 while only 390 specimens/m?/sec were drawn into a deep water
intake. It has been established that both the above water and underwater parts of water-intake heads, the
structures of floating pump stations, and the approach channels of water-intake devices, all exert an
influence on fish behaviour and distribution. Thisis so, regardless of the type of water body concerned,
because these structures create gradients of current and light. Thisis clear from the accumulation of
drifting fish in the vicinity of these devices (Fig.25) and has been referred to earlier (Section 2.5). Masses
of young fish enter the intake devices when they are frightened or fatigued, and when the lights are
switched on at night. The maximum effect on fish redistribution occurs in rivers when transit flow velocity
issuch that V. = 0.5-0.7V,, and when the intakes are illuminated at night (Vatshinnikov, 1986). When the
light intensity at the mouth of aninlet of the floating pump station in the lower Volgawas 40 lux,
fish intake was 50-80 000 specimens/m®. When the lights were switched off the young fish began to drift
with the current again and concentrations began to decrease, eventually approximating natural ones. It is
estimated that up to 80% of migrating juvenilesin ariver may be delayed near bankside water-intake
devices.

4.1.4 CAUSES AND MECHANISMS OF FISH ENTRAPMENT BY WATER INTAKES

Fish get into water-intakes only if they happen to be in the vicinity. The process of their entrapment is
thus the result of an interaction between the spatial and temporal distributions of fish and the structure of
the currents generated by particular water-intakes. A knowledge of the spatial-temporal distribution of
fish in awaterbody is therefore invaluable to an understanding of the process of entrapment. Data on the
vertical and horizontal distribution of fish, and on the daily and seasonal dynamics of fish distribution at
different developmental stages are given in several publications (seee.g. Pavlov & Pakhorukov, 1983).

In trying to understand the mechanisms controlling fish behaviour in the water-intake zone, one must
know whether they get into the devices by active or passive migratory processes. The entrapment of young
fish by water-intakes is connected with their inability to resist the currents, and with the absence of
conditions which permit visual orientation; the same factors which facilitate their drift migrations. Tests
carried out with young Abramis brama and Rutilus rutilus caspius revealed that the light intensities at
which mass entrapment begins coincide with the threshold val ues of illumination for the optomotor



42

v 0.56m/s=2Ver =15-2Ver

0.67Vcr A\

V 0.07m/s 0.2Vcr

de
a
=> 1000 =>100 =>10
=>1 3 =<1 i

Figure 25.—The distribution of young fish at anatural site adjacent to a fish pass (after Vatshinnikov, 1986): A. daylight distribu-
tion, B. night time distribution, = river flow velocity in m/sec, .. = critical current velocity for fish.

reaction. A sharp increase in the entrapment rate for young R. rutilus (7-12mm long) occurred at light
intensities of 1-0.1 lux. For specimens 15-25mm and 25-30mm long, the corresponding values were 0.01-
0.001 and 0.001 lux. The threshold values for optomotor reactionsin R. also fell within this range of
illumination levels (Pavlov, 1966, 1979). Experiments on young fish which had passed the water-intake
devices also showed that when visual orientation was re-established, these fish regained reaction to current
and were able to maintain station against significant current velocities.

The main cause of young fish getting into water intakes is their passive drift into the water-intake zone.
The other mechanism, whereby fish actively move with the current, is very rare, except in Salmonidae, and
the value of the damage due to this mechanism is insignificant in the USSR. The mechanisms and
conditions for entrapment are summarized in Table 2.

The pre-larvae and early larvae of some species (e.g. Clupea harengus, Sizostedion
lucioperca) enter water-intake devices principally because they cannot resist the intake currents. However,
at later stages of the life-cycle, Teleostei are mostly trapped during the twilight/night hours in water-bodies
with high transparency, and throughout the whole day in turbid waters. Thus lack of visual orientation
seems to be the chief reason for their entrapment. Later developmental stages of Teleostei enter the
water-intakes because of their reduced reaction to current resulting from alack of visual orientation, and a
reduction in swimming activity during the cold months. In spring, mature Teleostei enter the water-intakes
as a consequence of both spawning and post-spawning activities, but in particular, because of their



TABLE 2. TYPES AND

OF FISH ENTRAPMENT BY WATER INTAKES

of entrapment Reason for Stage of life-cycle Prevailing nditions Time of day
entrapment
Passive . Absence of 1. Larvae and early Reduced light, no Twighlight/night
entrapment, cannot conditions for fry, Teleostei reaction
resist current orientation
2. Larvaeand Ascent into water column Not known
young
. Reduced current All stages . Decrease of Secchi disc 24 hours
reaction and loss transparency below 20cm
of conditions for
visual orientation . Lack of light, Secchi Twilight/night
disc transparency above 30cm
. Physical inability 1. Pre-larvae and Specimens encounter intake 24 hours
to resist current young fish at first — current velocity exceeds
stage of larval
development
Casual capture by intake
2. All stages current —velocity exceeds 24 hours
Ver
. Reduced All stages Changes of water 24 hours
swimming activity temperature, oxygen
caused by abiotic concentration and/or
and biotic factors physiology of fish
Active entrapment, . Fright/escape All stages Reaction to predator or Casual — any time
swimming with reaction hydro-acoustic or other

current

. Thefollowing'

reaction

Y oung fish from
moment of
schooling

environmental disturbance

Process not known, mainly in
Salmonidae during the polar

day

Daylight

post-spawning downstream drift migration when their reaction to current and swimming performance are

poor.

4.2 FISH PROTECTION MEASURES

These are based on three basic principles of protection formulated by Pavliov & Pakhorukov (1973):
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0 An ecological principle, that knowledge of the regular patterns of fish life, and the rates at which
different species get into water-intake devices, can be used to protect them.

0 Abehavioural principle, that knowledge of the behaviour of fishes to external stimuli such as electric
fields, light levels, sounds and screen nets, can be used to protect them.

0 A physical principle, that physical phenomena and devices can be employed to protect fish. Physical
devices include mechanical barriers, and physical phenomena include differences between the relative
densities of fishes and water, and other hydrodynamic effects.

The choice of methods is based either on these individual principles or on combinations of them. The
particular method of protection employed determines the type of influence exerted on the fish under
protection. The specific devices and measures which are employed are usually related to the overall design
and organisation of the project. However, a lack of appreciation of the relationships between the princi-
ples is responsible for the current confusion of both methodology and terminology in this field. The
development of new structures, and the search for optimum operational regimes should be based upon the
application of these principles.

43 FISH PROTECTION BASED ON ECOLOGICAL OBSERVATIONS

Ecological methods of fish protection are potentially very useful, but are not yet widely applied. Such
measures could lead to substantial reductions in the numbers of fish trapped. The regulation of water
removal is an ecological measure with considerable potential for preventing fish from entering water
intakes. The distribution of young fish throughout an area of water is not uniform, because spawning sites
are localised, as are feeding and overwintering ones, and migratory paths are narrow and only contain fish
temporarily. Based on this knowledge several protective measures are suggested below.

Since the highest concentrations of eggs and fry occur only in the spawning grounds, placing water
intakes beyond them will avoid mass intake of the youngest stages. Water intakes should not be placed
where fish accumulate in reservoirs and rivers, such as along migratory paths. For example, it would be
imprudent to undertake large scale water removal at Yar village on the lower Volga where
concentrations of sturgeon may reach . Further, water intakes should not be placed at river
mouths and deltas, or where tributary streams enter lakes or reservoirs, because fish tend to drift into
these areas from spawning and feeding grounds, and to concentrate in them.

The correct siting of water intakes relative to a river bank is perhaps the most important measure of fish
protection. Water removal from the littoral should be avoided as far as possible since it is usually damag-
ing to fish populations regardless of whether abstraction is from a river, reservoir or lake. These zones
tend to be warm and rich in food, and fish concentrate in them and intakes should be placed in deeper
offshore waters wherever possible. Such a step was taken in the Volgogradskaya Reservoir, when an intake
head was moved from the shoreline to a depth of 6m, with a two hundredfold decline in the capture of
young fish (Nikonorov & Mel'nikova, 1974).

Water can also be abstracted from different zones at different times of the year,€.g. in reservoirs where
the highest concentrations of fish are found in littoral sites at the beginning of summer, but in sites
in late summer (Kuznetzova, 1980).

In rivers fish are known to concentrate along the concave sides of river bends, (Fig.33), in some cases
50-70% of the drifting fish becoming aggregated into 25% of the river cross-section. The main cause of this
redistribution is the transverse circulation which develops at bends. Many more fish enter water intakes
along the concave bank as compared with those along the convex bank, other parameters being equal.
Maximum entrapment is achieved at the outlet from the river bend on the concave bank, while the
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corresponding site on the opposite bank yields the minimum entrapment. However, some deviations from
this picture occur if the flow moves through two consequent sharply and oppositely-oriented bends, as
revealed by studies on the Ural River (Pakhorukovet  1985). In this case, at the second bend, where the
greatest depths were close to the concave bank, the maximum concentrations were found to be closer to
the middle of the river, but at the convex bank there was a small areawith alowered fish concentration.
The water intake for Guryev town was therefore placed in the latter position. The efficiency of ecological
protection achieved here is estimated as 81.5%. Had the intake been sited 180-200m farther upstream,
where the main line of fish migration was close to the bank, damage would have been very high. This study
confirmed the need for bio-hydraulic research in choosing sites for water-intake devices.

Vertical stratification of fish distribution in awater flow can also be used for fish protection. This can
be achieved in several ways. Water intakes can be placed in the layer of minimum fish concentration. In the
Kuban' River the highest concentrations of Acipenser stellatus larvae are found at the bottom. Thus, at
least in summer, it would be advisable to place water intakes not lower than 2m above the bottom.

Floating booms and deflectors can be placed in front of intakes to limit abstraction from the surface
layers. These devices are effective only where the highest concentrations of fish arein the surface layers
and clearly they would be harmful if the highest concentration of fish was in the near bottom layers. A
floating boom was used to protect fish for the first time in the Ali-Bayramlinskaya hydro-electric plant on
the Kuban' River (Baranyuk & Tikhomirov, 1969); the depth of the deflector screensis about and the
level of fish protection achieved is estimated at 67%.

Hydraulic screens and 'umbrella-shaped' fish-protecting devices also serve to separate the water layers
full of fish from the influence of the water intakes. The so-called 'umbrella-shaped' devices (Fig. 26¢) are
said to be most effective (Filchagov & Bolshov, 1980). Industrial tests over many years have indicated their
efficiency, at rates of water discharge up to 25m?/sec, as 55-100% depending on operating conditions and
the size and species composition of the community under protection.

Intake heads equipped for variable depth water removal make it possible to minimize the impact of
water abstraction on fish stocks since the vertical distribution of fish varies diurnally and seasonally,
depending upon species and stage of development. The influence of such variations on entrapment has
been confirmed by data obtained over a whole year from the M ostiste Reservoir (Barus &t 1984).
Examples of devices for regulating the depth of water removal are givenin

'Scoops which separate bottom from surface waters may also be used to protect fish. A 'scoop’ fences
off part of the water from the main body and includes a device which prevents the accumulation of
aluvium. The principle involved is that streams (filaments) of high current velocity at the surface, deflect
the 'scoop’, while bottom water of lower velocity does not. If the main concentration of fish isin the water
of low velocity, then such devices can be used to separate the water supply to the intakes, ensuring that the
fish-rich bottom water is excluded.

Thediurnal regulation of water abstraction is used where there are distinct diurnal patterns of entrap-
ment at water-intakes. It is one of the most important methods of fish protection and may be used where
the Secchi disc transparency exceeds 20cm. Daily regulation of abstraction may be achieved in one of two
ways:

A. By limiting water removal to the hours of darkness. In some years thislimitation isimposed on intakes
without fish protecting devices, such as those used to supply water for irrigation in the Astrakhan region
(Pavlov, 1979). Thislimitation is also imposed in the southern Ukraine, €.g. on abstraction from the
Khakovskoye Reservoir for the Severo-Rogachevskaya irrigation system during periods when entrapment
is high (Mussaenko 1982).
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Figure 26.— Devices for the vertical control of water removal: a. flow deflectors, b. scoops with top & bottom supply, . 'umbrella’
shaped heads, d. intakes with vertically adjustable heads, e. vertically adjustable zone barrier, f. moveable flexible zone barrier.
1. water-supply canal, 2. spillway entrance, 3. floats, 4. debris guard wall, 5. platform, 10. water-intake pipe, 11. water-intake,
12. umbrella head, 13. supports, 14. internal sump, 15. water entry ports, 16. grooves for gates, 17. entry port gates,

19. housings, 20. gantry, 21. pile sheath, 24. adjustable float, 25. flexible panel, 26. concrete anchor blocks.
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B. By constructing water-accumulating basins. Where nocturnal supply is necessary water-accumulating
basins provide a solution. The basins fill during the day, when fish capture is low, and supply water during
the night.

There is also a significant seasonal variation in the concentration of young fish in a water body. The
greatest variations are for some diadromous and semi-diadromous species. If rivers are not impounded,
the majority of these fish drift to the sea during the summer months and the seasonal variations in fish
concentration which occur are magnified in river mouth areas. Where dams are present and the water flow
is regulated the following seasonal protection measures can be adopted:

A. Water removal can be limited during the periods of highest fish concentration. This policy is already
implemented in the southern Ukraine. In spring no water removal occurs during a 5-8 day period.

B. Water storage basins can be used. Both natural and artificial reservoirs are appropriate for this
purpose. For example, two intermediate reservoirs (Chernoyarskoye and Kalmytskoye) have been built on
the Volga-Chogray irrigation canal (still under construction) which should transport of water per
year in Kalmyk ASSR. They will be filled in the cold period each year when the mass migration of young
Acipenseridae does not occur.

It is clear that ecological methods of fish protection have considerable potential. However, to realise
this requires further study of drift migration, and of the patterns of entry of fish to water-intakes. The
application of ecological will be effective only if they are correlated with studies on the spatial
and temporal distribution of young fish in the specific water body needing protection. This is particularly
true when zonal and vertical regulation of water removal is being considered.

4.4 PHYSICAL METHODS AND DEVICES FOR FISH PROTECTION

The first methodological approaches to the problem of fish protection perceived the fish as physical
bodies. Engineers supposed that the single aim of fish protection was to exclude fish from water-intakes.
This approach is exemplified by the development of net barriers and screens to be placed in front of the
intakes. The concepts and processes employed are similar to those used to remove inert bodies from a
fluid. Two later, more sophisticated, methods are circulatory separation and air lifting.

441 SCREENING METHODS

During screening processes, the survival of fish pressed against the screen depends mainly upon the
velocity of the flow, the size of the fish, the size of the mesh, the strength of the fish's integuments and
tissues, and the length of time they are trapped against the screen. Mortality in large fish is generally due to
asphyxia, but in small fish to physical trauma as well. Data for screens with meshes of X and
1.7mm x 1.7mm, located at  to the axis of flow, are presented inFig.27.

When the screen is located at an acute angle relative to the water flow, fish drift along it. This drift is
connected with peculiarities of the hydraulic flow in front of the screen, as well as with the swimming
movements of the fish. This lateral drift encourages the fish to struggle to free themselves from the screen,
but in consequence they suffer more damage in the form of scale loss and gill cover damage. In the end,
this leads to higher mortality rates than is observed where screens are not aligned to permit lateral drift of
fish.

The ratio of the size of fish to mesh size is also important. Thus Rutilus rutilus caspius and Abramis
brama, less than 23mm long, were not restrained by a mesh size of 4mm x 4mm, aligned perpendicular to a
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Figure 27.— Fish survival in relation to duration of contact with net barrier, after Muravenko 1979 :
X axis  duration of contact with barrier in minutes, Y axis  survival of fish expressed asa %, .a velocity of water flow,
~ velocity at outlet of washing-flow,n  number of fish contacts Abramis brama, 15-20mm long,
2.Srizostedion lucioperca, 20-25mm long, 3. Acipenser 24 hours old.

current which had a velocity of 0.5-0.9m/sec. Specimens 23-26mm long partly passed through the net, but
as a rule, were caught by their gills. Specimens 28-30mm long rarely passed through Pavlov, 1970 . Some
further data are given in Fig.28.

The use of perpendicular screens relies entirely upon technology to free fish from the screen, and to this
end hydraulic jets are continuously operated to wash the fish away. However, according to Muravenko
1979 , the use of jets is strongly related to fish mortality. It therefore appears that the use of such screens
is of dubious value. They are best suited only to protecting large fish, i.e. those exceeding 50cm in
and are certainly unsuitable for the young stages of Cyprinidae and Percidae.
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Figure 28.— Fish capture by water intakes equipped with protection screens, after Paviov & Pakhorukov (1973): 1. with 3 x 3mm
mesh screen, various species; 2. with 2.8 x 2.8mm mesh screen, lucioperca and Svolgensis; 3. with 2.8 x 2.0mm mesh
screen, Clupeonella delicatula, X axis = length of fishin mm, Y axis = % fish capture.

4.4.2 CIRCULATORY SEPARATION METHODS

These methods are based upon such physical parameters as the differences in density which exist
between fishes and water. When the densities of the fish exceed that of water they accumulate in the centre
of acirculatory flow; when the density is lower than that of water they accumulate at the sides. In the
vortex fish protection chamber, water enters alower chamber tangentially, and consequently develops a
rotational flow (Fig.29). Y oung fish are trapped in the vortex and are then diverted from it. The results of
field investigations under conditions of high turbidity in the Kura River have shown that the efficiency of
these devices for ordinary fishes is 90-98%, but for Acipenseridaeit is only 75-80% (Gasanov, 1981). The
current velocity in these devices are 0.6m/sec., and they are suitable for protecting fishes from small
water-intake devices, where the throughput does not exceed

443 AIR-LIFT METHODS

Air bubbles are able to carry discrete particles upwards with them when they are rising through water,
even if the specific gravity of the particlesis greater than 1. Several mechanisms are thought to operate in
this process. Lifting is at least partly due to floatation, where many micro-bubbles adhere to the surface of
the ascending body, reducing its overall specific gravity. In addition, some influence is exerted by large
rising bubbles acting upon the undersurface of the ascending body. This mechanism functions best when
the ascending body has a density close to that of water. It is also believed that vertical water movements
are generated in the rising bubble plume which tend to carry the rising body with them. However, in using
this technique to lift fishes, the fact that there will be a horizontal flow generated by the water-intakes must
be considered. The process will only work if the vertical flow velocity exceeds the horizontal one. Despite
numerous suggestions that the technique should be employed to lift fish, little research has been devoted
to evaluating the precise mechanisms of the lifting process. Most workers consider that the generation of
vertical water flows is the principal mechanism involved, but it seems likely that more attention should be
given to the influence of large rising bubbles.
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Figure 29.— PBK-2 Vortex Chamber a section,b  plan : 1. concrete basin, 2. screen, 3. intake pipe, 4. discharge outlet,
5. diverter pipe, 6. screen washer, 7. support structure, 8. vortex cone, 9. main discharge, 10. washing-device drive.

The maximum vertical velocities, (Fig.30) for an air-water emulsion may be calculated Mussaenko
etal,, 1982 from the formula:

H
0.22H

where:
q the specific rate of air discharge in of pipeline.
H  the depth of immersion of the pipeline in metres.
the specific gravity of the water in
the atmospheric pressure in and
g9.8

The results of investigations carried out by different institutes show that the optimum value for 'q' lies be-
tween Mussaenko et al., 1982 .

It is well known that air-lift method has been used as the basis for a number of structures where the
young fish are either carried away into a special diverting device, or into a part of the flow not destined to
enter the water intakes. A simple system is used on the Kakhovskaya irrigation system which has an output
of 530m3/SeC. Here the young fish enter the stream of air bubbles and are lifted into the surface layers, little
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of which enters the intakes. Protection efficiency is estimated as 12-36% (Filchagov, 1980; Mussaenko et
al., 1982). The numbers of fish entering the water-intakes is still high, but the level of protection is greatly
increased if special jet-guiding elements are placed in the upper part of the screen, to redistribute the
rising bubble plume. Thisisthe case at the ZIL power plant on the Moskva River (intake velocity is

where investigations indicated that the level of protection afforded young Perca fluviatilis and
Stizostedion lucioperca with lengths of 14-32mm, was 81.8% + 3.6% (Pakhorukov, 1984; Kolesnikova,
1985).

Figure 30.—Air-bubble device: 1. jet-guides, 2. reflector screen, 3. perforated tube, 4. air/water screen, 5. surface flow,
6. curve of current velocities.

4.5 METHODS OF PROTECTION WHICH EXPLOIT FISH BEHAVIOUR

These are based upon the responses of fish to the stimulation of their visual, acoustic, tactile and
pressure-receptors. In general the stimuli used are ones which provoke escape reactions which lead to the
fish moving away from the water-intake zone where the stimuli are received. However, it is possible that
stimuli which attract the fish could be used to divert them out of the flow about to enter the water-intakes.
Other stimuli might be used to help passive migrants recover the ability to orientate themselves. Further,
the same stimuli could be both repellent and attractive, depending upon their strength and the species
concerned, and could thus be employed in different protective devices.

To date methods based on several different stimuli, light, hydraulic, electrical, tactile-hydraulic, sound
and pressure, have been considered for fish protection. However, methods involving sound and pressure,
which depend upon the hydrostatic reaction of fishes, have not yet led to the devel opment of experimental
structures and are not considered here. Particular attention is paid to the use of tactile-hydraulic stimuli in
association with impermeable barriers, as this method is the most highly developed and is used in more
operating structures than any other.

4.5.1 METHODSUSING LIGHT

Some fish species are attracted to artificial light sources while others are indifferent to them, and yet
others move away from them. The reaction to light is connected with a number of abiotic and biotic
factors, and therefore varies, even within a single species. In young specimens of most Teleostel, light is
necessary for orientation in awater flow. Thus methods involving light stimuli could be attractive, orien-
tational or repellent.
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Because the capture of fish by water-intakes during drift migration is largely due to aloss of visua
orientation, it has been proposed that light be used to stimulate recovery of orientation and rheoreaction
(Pavlov, 1966, 1970, 1979). Observations have shown that for thisit is necessary to locate the visual cuesin
the water-intake zone. Such cues may be reeds or branches of trees. With satisfactory cues, and with a
water-intake of 1m?sec, the protection of Cyprinidae and Percidae over 14mm long, was 84-91% effective.
A similar low fish mortality at the intake for the hydroelectric plant at Bergum, which also uses alight
protection technique, was noted by Hadderingh (1982). Notwithstanding these successes, since artificial
lights often attract vast numbers of young fish, their deployment has to be carefully considered. If lights are
placed in awater-intake zone where current velocities are greater than the critical velocitiesfor thefishin
the flow, mass mortality may occur.

Theinfluence of light on the capture of Acipenseridae has to be considered separately. In these fish, the
tactile senseis of primary importance for orientation. Although in specimens 50-70mm long, thereisa
distinct daily rhythm in their capture rates by water-intakes, the application of artificial light did not
significantly influence the quantity of fish captured.

Methods using a light stimulus can be effective only if the Secchi disc transparency exceeds 20cm, and it
isimportant in using such methods to have a knowledge of the behavioural responses of young fish to
variationsin light level. The distance from the water-intakes where illumination is applied depends upon
the time it takes for the fish to respond to the new light conditions. A fish retina adapts to the change from
dark to light within afew seconds, nevertheless, experiments show that recovery of the reaction to current
takes several tens of seconds (Pavlov et al., 1986). The length of the illuminated path on the approach to
the water-intakes depends upon the velocity of the flow and on the relationship of the fishes' cruising
speeds to that of the flow. Illumination level must exceed the threshold level for the visual mechanism of
the reaction to current, and, in this context, alight level of between 1-10 lux is generally sufficient.
Migrants then drift into the illuminated zone, regain the reaction to current, face the current and swim

away.

452 METHODS USING ELECTRICAL STIMULI

For along time there were high hopes for these methods, and the first electrical fish-protective devices
were created in the USA in the 1920s. They were based on the fact that fish tend to avoid fields of high
electrical tension. Most of the devices used are of the type developed by McMillan &
where the rows of electrodes were of opposite polarity, but Strakhov (1965) has developed a single row
electrical barrier, ERZU-1, in the USSR. Thisis distinguished from the two row type by a smooth
decrease in tension with increase in distance from the electrodes.

The reaction of fish to an electrical field depends upon their size, and the highest tensions are required
to influence the smallest fish. For the ERZU-1 device, fishes can be protected down to alength of
35-40mm, but the protection of smaller fish requires tensions which are lethal to large fish. However, in
practice, ERZU-1 barriers built at water-intakes, were found to be of little use, even for fish over 40mm,
and thisisin agreement with the of Clay (1961) and Vibert (1967) who concluded that electrical
barriers were of no value in fish protection. It seemsthat at certain electrical tensions the rheoreaction is
depressed and fish are captured by the approach flow and carried to the intakes. However, with a decrease
in flow velocity and the creation of transit currents, there are better conditions for fish orientation. Thus
there is still some hope that techniques which moderate the flow velocity will be able to be used in
conjunction with improved electrical barriers for the protection of fish over 5cm long.
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Figure 31.A The horizontal drift distribution of young fish under velocity gradient conditions: 1-5, during the hours of
during daylight hours and, Diag7, the comparable of dead fish . a. = velocity curve across width of chute,
b. = distribution of fish in natural drift, C.= distribution of fish released at 1st section, d. = distribution of dead fish.
X axis = chute length in m, Y axis = relative concentration of fish (N) and relative flow velocity
cross hatching = part of chute where fish are released.



453 METHODS EMPLOYING HYDRAULIC STIMULI

These methods are based on the discovery that young drifting fish redistribute in aflow under the
influence of velocity gradientsin the current and transverse circulations. Several technical designs utilising
this method are still under evaluation, despite which, they are considered here because of their promise.

If avelocity gradient occurs across the width of a current, .. if atransverse gradient exists, in darkness,
the young fish are moved towards the zone of highest velocity (Fig.31) according to Pavlov & Shtaf (1981).
Redistribution of dead fish and non-living objects does not however, occur and this therefore suggests that
an active mechanism isinvolved in the redistribution of fish. In experiments with a chute long and Im
wide, Pavlov & Shtaf succeeded in accumulating 47-52% of transitting fish in 25% of the chute section and
70-87% in 50% of its section. The most effective redistribution was obtained using asymmetrically posi-
tioned current accelerators, which produce the strongest transverse gradients (Paviov & Pakhorukov,
1983).

In addition to the use of transverse current velocity gradients for the re-distribution of fish, the blades
used to control siltation (Fig.32) generate a transverse circulation, and experiments have shown that this
redistributes young drifting Rutilus across the surface layers (Pavlov et al., 1982). Experiments were
undertaken to assess the influence of transverse flow circulations and transverse current velocity gradients
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Figure 32.—The influence of the jet diverting blades of Potapov, on water and the distribution of drifting fish with a constant
approach flow of 55cm/sec: a. with blades set at 60°, b. with bladessetat |, c. with blades set at 30°, bottom histograms = fish
distributions at inlet, top histograms = fish distributions after influence of blades, middle diagrams = velocity gradients.
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at artificial bends in chutes and small rivers with curvature radii between 7 and 112m (Fig.33) (Pavlovet al.,
1982; Malevanchik & Nikonorov, 1984). Large quantities of young fish were found to be redistributed to

the concave bank from where they could be led off into fish-diverting devices, and engineering designs are
now being made on the basis of this work.

Figure 33.— Data on fish distribution and current velocities obtained from field studies using a chute with a 15m radius of curva-
ture, mean initia flow velocities of and with the bottom sloping down towards the wall. = sections: A. %
fish distributions across the flow, B. current velocitiesin across channel, C. cross-sections through channel showing the
boundaries of discrete current elements.

In recent years much attention has been given to the design and development of vertical fish-concentra-
tors (Barekyan & Lupandin, 1987; Nikonorov & Malevanchik, 1987). In these devices the flow is separated
into an upper layer, in which the fish accumulate, and alower layer which goes to the water-intakes. The
young fish are first lifted by a baffle at the entrance to the concentrator, to the upper layers where they are
retained by a combination of vertical and horizontal current velocity gradients (Fig.34). Here the ratio of
the vertical to the horizontal component of current velocity is 1:4. The walls of the concentrator chute
narrow, and the young fish pass through an area with a succession of baffles, and are concentrated towards
the end of the chute, and remain in the upper layer. From here they move to a diverter at the end of the
concentrator. This device makes use of afish's responses to both pressure and current.
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Figure 34— The influence of an obstacle (barrier) in awater flow on the distribution of fish: 1. obstacle, 2. curves of fish distribu-
tion before and after the obstacle, 3. curves of current velocity distribution, 4. direction of flow, h = height of obstacle in metres.

When the young fish, which are adapted to the pressure of the lower layers, are lifted to the upper
layers, their swim bladders are immediately dilated. This makesit difficult for them to submerge once they
have passed the baffles. It is important to know the latent time for the compensatory process which will
allow them to diveto their previous depth, and the strength of the downward vertical flow component
directed to the water-intakes. This latter component must not exceed the critical velocities for the fish. The
average value of this component is below, or equal to, (Malevanchik & Nikonorov, 1984).

The mechanical arrangements of these devices is shown in Fig.35. Vertical fish-concentrators were
subjected to both hydraulic and biological tests over many years and thereafter on the water-intakes of the
K alininskaya Thermoelectric Power Plant-3. In the test sites, a chute discharge of 2m?sec was used, while
on the intakes it was 12m®/sec. Protection of 48-57% was achieved for fish long, and of 71-80% for

Figure 35.— Diversion device based upon differencesin the vertical distributions of fish; a. in plan, b. in cross section (after
& Nikonorov, 1.water intake basin, 2. water supply canal, 3. water intake canal, 4. entrance section, 5. concentrating
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fish long (Barekyan & Lupandin, 1987). Concentrators of this type are currently under construc-
tion for anumber of power station and irrigation intakes.

454 THE USE OF TACTILE-HYDRAULIC STIMULI WITH PERMEABLE BARRIERS

This combination of stimuli provides the basis for the design of several different structures. These are
principally the effects of sharp changes in the structure of the water flow (Fig.36) and tactile and visual
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Figure 36.— a. Flow structure in front of a panel barrier with a mesh size of 2mm. b. Pulsesin current velocity 5cm in front of
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changes. The application of these stimuli varies quantitatively between processes, but from a design point
of view the structures used are essentially barriers which influence flow structure. These barriers are
characterised by their varying permeability to fish, and by their permeability to the current. Three levels of
permeability to fish can be identified; impermeable; physically permeable, where the fish can be carried
through clear spacesin the barrier by the current; and behaviourally permeable, where the fish have the
ability to pass the barrier by virtue of their own activity.

The chief quantitative index of permeability tofish .. istheratio of clear space (open area) to
fish middle section Hf . Relative permeability is given by:

Hf

Theindex . isuncommon in the literature, but is often alternatively expressed as relative fish length,
whereH; KLwhereL.  fishlength. Thevalue of Kin and larvae of most Teleostei is 0.09 -
0.15 , but for fmgerlings with torpedo-shaped bodiesitis 0.17 - 0.23 , and for fmgerlings with deep bodies,
€.g. Abramis brama and Blicca bjoerkna, it is up t0 0.3. For impermeable barrierstheindex  islessthan1
(i.e. thetransverse size of the fish is greater than the clear space size) while for permeable barriersit
exceeds 1.

Permeable barriers include such devices as louvres (Bates & Vinsonhaler, 1957 , suspended chains and
ropes (Brett & Alderdice, 1958 , air bubbling lines, line-curtains (floating segments of fishing line fastened
to the bottom at intervals), nets permeable to young fish (mesh sizes  4-20mm, line thickness
0.5-1.5mm , water jets, pivots and cylinders (diameter 3-60mm , straight 10cm wide plates and L-shaped
plates (Fig.37) (Pavlov & Pakhorukov, 1983 . A comparison of results obtained in operating these devices
identifies the following factors:

A.Theinfluenceof theangle,  of thebarrier relativeto the axis of water flow. The smaller O is, the
greater is the efficiency of fish protection. The optimum value of this angle for an air-bubble deviceis
Kuragina 1978 , whilefor louvresit is between 10-16° (Bates & Vinsonhaler, 1957 .

B. Theinfluence of the approach flow velocity. This was greatest when suspended chains, line curtains,
air-bubble devices or louvres were used for fish protection. Studies have revealed atendency for fish-di-
verting efficiency to increase as the value of increases, but thisistrue only up to a certain velocity,
after which protection efficiency declines. For air-bubble devices the optimum value of isequal to the

for the fish. Studies of impermeable fish-protection devices (see below) have shown that relative
current velocity normal to the barrier, is important, while studies on some permeable barriers,
including air-bubbling devices, permeable nets and pivots, have indicated the range 0.14-0.33
to be most effective. However, further investigation of thisimportant factor is reguired.

C. Theinfluence of flow velocity in fish-diverting devices. An increase in flow velocity in the diversion
channel, leads to an increase in the efficiency of fish-diversion. Theratio in the diversion
channel is smallest at optimum values of Calculations indicate that at optimum levels of fish-diver-
sion in louvre systems, the value of was about 1.4 when For other devices tested

1 (except for those employing chains or line curtains) and 4.9-7.8 (except when chains
are employed).

D. Theinfluence of barrier permeability on the fish. The relative permeability,  of the structures tested
varied between 1.0 and 21.8. The most complete data were obtained from tests of devices using nets, rods
and louvres. Maximum efficiency was attained when 1.3-3.0. The critical values of behavioural
permeability, i.e. where fish pass actively through the barrier, are thus outside these limits. Behavioural
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permeability is associated with fright/escape responses which depend on and N, and on the width of
the forebay immediately in front of the barrier. The gradual movement of fish towards the narrower
forebay zone intensifies the fright response of the fish and concomitantly the search for an escape path
from the critical situation. As a result the fish more often pass through the barrier. An increase of flow
velocity mobilises the fish, intensifies the reaction to current and limits the search and escape response. An
increase in the limits of Vappr, up to increases the efficiency of the fish-protection device because of the
decrease in behavioural permeability. However, increasing above V,, increases the probability of fish
being carried through the barrier, i.e. physical permeability sets in, and this then begins to reduce protec-
tion efficiency. Thus, application of permeable tactile-hydraulic fish-protection devices is subject to both
upper and lower flow velocity restrictions. In practice the effective operation of these devices is possible in
only a rather narrow range of current velocities.

E. The influence of light. All permeable barriers have high protection efficiency while illuminated. How-
ever, in the dark there is a sharp decline in the efficiency of protection afforded by air bubbling with large
mesh net panels, from 80% down to 30% (Pavlov & Pakhorukov, 1983). The efficiency of devices using
chains and ropes is significantly enhanced by light (Brett & 1958). The illumination of a barrier
during the night causes a fright response in fish and decreases protection efficiency by increasing the
numbers passing through the barrier.

F. The shape and arrangement of the barrier. Barriers were either rectilinear and arched, with a fish
diverting device on one side, or V-shaped, with a fish diverting device at the apex of the V. Investigations
showed that the greatest efficiency was obtained when the elements of the barrier were placed in arched
form, because this led to greater uniformity of current velocity (V.) along the barrier. The V-shaped
arrangement led to lower efficiency because the fish became agitated when they reached the apex of the V
and began to make jumps, thus increasing the number which passed through the barrier instead of into the
diverting channel.

G. The comparison of efficiency between different types of permeable barrier. This aspect has proved
difficult to evaluate. Most types of barrier have been assessed as diverting 70-95% of young fish in
optimum conditions. However, some devices attain these levels of protection only when 50% of the total
flow enters the diverting device, and then only during daylight hours, with fish lengths exceeding 150mm.
Clearly the different types of device are not equivalent. Tests were made to determine the efficiency of
different devices with barriers made of air-bubbles, chains and ropes, line curtains, rods, louvres, cylinders
and L-shaped plates. A redistribution coefficient KR, was and used to compare efficiencies; K
= where Ci is the fish concentration in a fish-diverting device, and c2 is the concentration in the
water-intake device. This coefficient was determined for larvae 4-18mm long, in darkness, using barriers
set in experimental chutes. Best results were obtained with arched barriers made of cylinders 40mm in
diameter, arranged at intervals of 20-60mm. Under these conditions, when water discharge to the fish-di-
verting device was only 7% of the total flow, K was found to be 39.9. Using L-shaped plates arranged at
intervals of 30-100mm, and with 11% of the flow going into the fish-diverter, K was 11.2. For all other types
of barrier, even if 60-80% of the flow entered the fish-diverting device, K never exceeded 4.

H. The way in which permeable barriers work. This matter has so far attracted little attention. It was
mentioned earlier that permeable barriers provide three main types of stimulus, visual, tactile and hy-
draulic. When illuminated, fish perceive all types of barrier visually and at optimum flow velocities they all
divert the fish effectively. In darkness the barriers are perceived by virtue of other stimuli which they
create, and here, hydraulic stimuli are of greatest interest. They are connected with sharp changes in flow
structure i.e. boundaries between gradients, both longitudinal and transverse, and with changes in the
direction of flow, and changes in the velocity pulse pattern of the current.
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Figure 37.A a. Flow structure in front of a barrier composed of L-shaped plates at 8cm intervals, b. Pulses of current velocity 5cm
in front of barrier in cross section: ., = t=1sec;U' = U'el = 12.7%; c = 3.1 hertz,c. Lines of fish
in light, 2. in darkness, 3. of dead fish.

Any object in a current sets up a local flow disturbance in front of it, i.e. it changes the pattern of the
flow locally. The efficiency of fish-diversion in darkness depends upon the degree to which the barriers
influence the flow pattern (Figs 36-38). Small disturbances have differing degrees of constancy depending
upon the stability of the object setting up the disturbance. The lowest levels of continuous disturbance are
set up by air-bubbles, and chains, ropes, line curtains and nets which vibrate freely in the current. Thus in
darkness, when visual perception of these barriers is limited or non-existent, their efficiency is low. Tests
have revealed that the barriers can be ranked in ascending order, according to the degree of disturbance
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they create, line curtains, nets, rods, louvres, and L -shaped plates, which created the maximum
disturbance.

When abarrier is set at an acute angle with respect to the axis of water flow, thelocal disturbances
which each element creates oblige the fish to move along the barrier from one element to the next, but this
does not occur with dead fish or inanimate objects, thus confirming the role of behaviour in the phenome-
non of fish redistribution along inclined barriers (Figs.37 & 38). In addition to local disturbances, inclined

permeable barriers also create a transverse gradient in front of them. This also contributes to the redis-
tribution of fish towards the diverting device.

The coincidence of the local disturbance zone with the points at which fish begin to exhibit obstacle
avoidance responsesin the dark, strongly suggests the hydro-dynamic nature of the stimuli received by the
fish (Pavlov & Tyurukov, 1986). However, for smaller objects with fish 30-60 cm long, either the disturban-
ces could not be detected, or they were detected, but failed to trigger the avoidance response. Apparently
the fish detected these small objects only by contact.
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Figure 38— a. Structure of flow around a plate10cm wide, b. Lines of fish movement: 1. in darkness, 2.in disturbed by plate,
3. of dead fish.

The largest disturbances were created by plates and cylinders and when these were used to construct
barriersin experimental chutes, up to 75% of fishes (6-17mm long) were diverted. The fact that fish can be
oriented by means of hydrodynamic stimuli suggests that artificially created flow disturbances could be
used to bring about redistribution of young drifting migrants.
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4.5.5 THE USE OF STIMULI WITH IMPERMEABLE BARRIERS

This combination covers a range of structures. An impermeable barrier presents wide possibilities for
controlling fish behaviour, because the fish cannot pass into the intake devices at any current velocity.
However, the strength of the stimuli generated in front of impermeable barriers forces fish to resist the
current to the limits of their swimming capacities. Where these devices are used, protection can be
achieved by behavioural as well as physical means. Some of the more important designs are assessed
below.

455.1 PRINCIPAL DESIGNS

Filtration fish-protection devices can be divided into two groups (Fig.39), those with and those without
fish-diverting devices. The first group includes rotating belt nets, vertical and horizontal inclined plane
nets, vertical and horizontal inclined rotating belt nets and conical devices. These devices can be further
divided into those with barriers located perpendicular to the axis of the flow, and those with barriers
located at an angle to the flow. The second group includes crib and frame filters, filtration dykes, plane
screens, drum screens (with forced cleaning) and rotating belt nets. Among the more important filtration
devices without diverters, are:

.

Figure 39.C of protecting structures: a. without diverting device, in rivers with pronounced currents; b. without diverting
device in sluggish water-bodies; c. with diverting device and protective screen perpendicular to axis of water flow; d. with
diverting device and protective screen set at an acute angle to the axis of the water flow.
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A. Filters. Often filtration dykes made of heaped stones are used at water intakes for domestic and
purposes (Fig.40a,b). Crib and frame filters are boxes filled with pebbles, gravel, ceramsite,
broken glass, bricks, or sundry other materials. Filled frames are placed in slots in the fish protection pier.

Figure 40.— Protecting structures without diverting devices: a. Filter dam: 1. filter dam, 2. water-intake canal: b. Device with
gravel filters: 1. filter elements, 2. water-intake, 3. supporting structure; c. Vertical screen: 1. flat screen; d. Drum net with
blade: 1. turning blade 2. stationary blade base, 3. bearing, 4. drum axle, 5. brackets, 6. stiffening ribs, 7. water intake, 9. screen;
€. Drum net with forced (arrowsindicate currents): 1. wash distributor, 2. washing jets, 3. filter panel;

f. Fish-protection head: 1. perforated cone, 2. water intake, 3.wash pipe, 4. washer.

Because filtration units are expensive and their use involves cleaning, which is not easy, these types of
filters are generally used only where water abstraction is small, up to about 5m*/sec. The velocity of the
current in the filter poresis avery important index for fish protection. This velocity, in filter material
10-20mm in diameter, must not exceed the cruising speeds of the young fish under protection. Work isin
progress to perfect filter designs by improving the cleaning system, decreasing flow through the filter,
rationalising the arrangement of the protective screen, and choosing new filter materials. The designers
have given much attention to the use of a material made from particles of inert filler with polyethylene,
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known as poroelast. Frames and plates of poroelast are of low specific gravity and are easily cleaned. The
average filtration Viv,in in the pores of a poroelast filter is, according to Malevanchik &
Nikonorov ( 1984):

_ 0.34Hd

where: H = the pressure head on the structure,
d = the mean particle size of thefiller, and
B = the thickness of the filter element.

B. Plate screens. The plane of the screens can be flat or curved. They are set in frames built into
fish-protection piers (Fig.40c).

C. Sdf-rotating drumswith blades. These are hexagonal in section with the surface covered by a screen
with mesh size of 1-2mm. The blades extend externally from the ribs, and consist of afixed basal part and a
manoeuvrable part hinged to this (Fig.40d). Rotation is brought about by the pressure of the current on the
open blades. Cleaning is achieved by vortices formed along the blades as they open and fold with

but the speed of rotation must exceed In ariver flow these drums are used even for the
protection of early fry. They achieve amost 100% protection when water throughput is

D. Drum screenswith for ced cleaning. There are many variants of this device, but they fall into two main
categories. In the first, the drum is stationary and the cleaning device rotates (Fig.40e). In the second the
drum itself rotates around its axle. The current velocity through the net must not exceed 0.1-0.25m/sec and
the water throughput can be up to These are among the most widely used devices for both
floating and stationary pumping stations.

E. Protection heads washed by water jets. Fig.40f gives details of aconical screen with external cleaning by
water jets. The velocity of the current in the cell must not exceed 0.25m/sec and these devices are designed
for throughputs of Devices for throughputs of 0.25m%sec (known as ROP-175) have been
tested and are now installed in many low volume water-intakes in the VVolga Basin and on the Ural River.

The more important fish-protection devices with diversion facilities are as follows:

A. Vertical screens. Essentially this comprises a plate screen with a cleaning device and a diversion
channel. There are several arrangements, see Fig.4la,b,c. Cleaning is by means of awater jet, and a
mechanism for moving the jet back and forth over the screen. Often the cleaning device is operated
automatically when the screen becomes blocked. The distance between the nozzles of the water jet and the
screen should not exceed 25cm, and the movement of the jet along the screen should not exceed 0.2m/sec,
although the optimum speeds are lower than this, €.4. about The screenislocated in a
chamber at an angle of to the axis of flow, either in astraight line or acurve. These devices are
recommended for water-intakes with flow rates of and faster. The discharge of water through the
fish-diverting channel is usually less than 1-2% of the total volume throughput. These devices are widely
used, some even built to cope with intake volumes of 160-330m?sec, 0. on the Donskoy main channel, the
Mariyano-Cheburgol skaya irrigation scheme and the Kuban' irrigation scheme. Despite the use of nets
with amesh size of 2 x 2mm, these devices are really effective only for the protection of fry with lengths of
30-40mm or gresater.

B. Vertical belt screens. The original design for this device, by Kharchev (1940), comprised a continuously
rotating vertically located screen set at an angle to the water flow (Fig.41d). The net is driven by an electric
motor and the fish-diverting device is a prolongation of the net screen. Several different of this
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Figure 41.— Protection structures with diverting devices (arrows indicate direction of currents): a. flat screen with diverting
device, b. vertical screens with V-shaped screen and diverter in each section, curvilinear screen, d. rotating belt screen
located at an angle to the current, e. vertical rotating belt screen located perpendicular to the current, f. barrier with
diverting device (lower diagram in plan view), g. conical multi-sectional fish barrier 1. screen, 2. rotating belt screen, 3. fish
diverting device, 4. intake, 5. support piers, 6. washing jets, 7. drive of rotating screen 8. conical screens, 9. sectional partition.

type have been developed handling water flows of 3-20m%sec (Bates, 1970; Bates & Van Derwalker, 1970;
Bates, Murphey & Prentice, 1970; Bates, Murphey & Beam, 1971). The efficiency of these devicesin
protecting young Salmonidae (less than 30mm long) has reached 97-100%.



66

C. Horizontal belt screens, designed by Kiselev-Tsetskhladze (1981), have been tested under laboratory
conditions. At an angle of , the velocities of the approaching water flow were uniform along the entire
length of the protective screen. The diversion efficiency for Abramis 15-30mm long, and Acipenser

30-40mm long, was 96-100% in trials. A model for industrial use, handling a water flow of
19m¥sec, has been constructed, Fig.41e.

D. Cone screens. These devices (Fig.41fg) consist of truncated conical frames, covered by a cloth net
which is swept clean by a water jet. A coarse screen may be placed in front of the cone to protect it from
large sized debris. Cone screens have been tested under both laboratory and field conditions. The water
throughput in the experimental models was 0.05-0.8m?sec, and under optimum conditions they afforded
100% protection. Currently some cone devices have been installed at pumping stations where intake
volumes are between 1.5-20m*sec and tests show that they protect 90% of very small fish and up to 95% of
larger juveniles.

Thus a range of devices for fish protection is available and installed, but the lack of field data, different
methods of describing results, and differences between working regimes, make it impossible to make true
comparisons between the different devices. The only comparisons which are valid are those based on small
scale experimental tests (Pavlov & Pakhorukov, 1983).

4552 FISH BEHAVIOUR IN FRONT OF A BARRIER

The different signals received by fish from barriers placed either perpendicularly or obliquely to the axis
of flow, produce radically different behaviour patterns. A perpendicular barrier stops the drift of the fish,
forces them to resist the current, signals danger, but does not indicate the best way to a safe place, i.e. to
the fish-diverting channel. Young fish enter an impasse zone and make search movements along the
barrier, but in doing so can injure themselves on the barrier. By contrast, a barrier set obliquely to the flow
gives danger signals to the fish, but also restricts the possibility of accidental movements and directly
concentrates the young fish towards the fish-diverting channel. When the flow velocity is increased the fish
remain in front of the oblique barrier only for a few tens of seconds, whereas, with a perpendicular barrier
they can be trapped there for tens of minutes, or even for hours. The fishes in the reception chamber of the
fish-protection device with an oblique screen have little time to avoid the screen and respond quickly.

Interpretations of kinematic observations of the behaviour of young Salmonidae in front of a louvre
barrier led Bates & Vinsonhaler (1957) to propose a scheme of fish movement in front of a such barriers

(Fig.42a). They deduced that the fish resist their drift towards the barrier with avelocity = .. H,
while the speed of their displacement, in this situation is equal to cos whereO0 is the angle of
the barrier relative to the current and is the velocity of the flow approaching the barrier. This

correlation is possible if the fish resist the velocity perpendicular to the barrier screen.

Later interpretations, also based upon kinematics were made by Pavlov & Pakhorukov (1973, 1983).
Their results suggested that fish behaviour in front of the barrier is controlled by two responses, reaction
to current and avoidance reaction (Ray), the latter being a defensive reaction which prevents a fish from
being damaged by the barrier. In the absence of a barrier, reaction to current causes the fish to align
parallel with the lines of flow, and as a rule, to resist the current. If a fish, faced with an obstacle, sought
only to avoid it, and nothing more, it would, ideally, simply resist the flow towards and perpendicular to the
obstacle, .. it would resist the flow  in the scheme of Bates & Vinsonhaler (1957). However, faced with
a barrier, and displaying both reaction to current and avoidance reaction, the fish behave differently. Their
reaction to current is depressed to some extent, and the avoidance reaction becomes dominant. The
direction of their resistance to the flow (Fig. 42b) diverges from the direction of the current by an angle a.
The fish's resistance swimming speed, is calculated as:-
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= V,[sin +

where Vn is the velocity of the flow normal to the barrier, a is the angle of the fish's body position relative
to the axis of water flow, and 0 is the angle of the barrier relative to the axis of the water flow. The
displacement speed of a fish which resists the flow relative to a barrier is calculated as:-

appr

Vres

Figure 42.A Scheme of fish movement in vicinity of a barrier: a. after Clay (1961), b. after Pakhorukov & Kuragina (1978).
vappr = Velocity of approach flow, V. = velocity of flow normal to barrier, = velocity component parallel to barrier, Vres =
resistance velocity of fish, . = velocity of displacement of fish, 0= angle of barrier relative to axis of water flow,a = angle of

fish's axis relative to flow,X = angle of fish's axis relative to barrier = (O + a).

This scheme of fish movement, incorporating behavioural responses, is to date, the most complete and
precise description of the process of fish interaction with protective screens. It unites the hydraulic indices
of protection devices and the swimming speeds of fish, which had earlier been compared only empirically,
and thus concentrates choice on the conditions which will allow fish with known swimming speeds to enter
fish diverting-devices voluntarily.

4553 THE OF VARIOUS FACTORS ON EFFICIENCY

A. The angle and the velocity of the approaching flow. These are the most important factors involved
in the diversion process (Fig.43). A high level of diversion can be obtained at any angle of barrier
placement, but the smaller the angle the better the conditions for concentration and subsequent diversion
of the fish, and the greater the permissible velocity of the approaching flow. Under optimum conditions
the velocity of an approaching flow can reach 2-3Vecr.
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Figure 43.A The influence of the flow velocity normal to barrier and the angle of the barrier (0) relative to the current, on
the efficiency of fish protection: A. Cone devices: 1. cone with exterior diverter where 0 = 90C; 2. cone with exterior diverter
where 0 = 15€; 3. cone with exterior diverter where 0 = 8C; 4. cone with exterior diverter where 0 = 5C; 5. cone with
interior diverter,where0 = 8C. Xaxis=V,,,  axis = % protection of fish. B. Vertical screen with 1. Blicca
of 42mm mean length, 2. Scardinius of 43mm mean length. X axis = angle O of barrier,

axis = % protection of fish, V. =

B. The size range and species composition of the community under protection. Swimming performan-
ces and critical velocities increase with increase in fish length. As a result there is a concomitant increase
in diversion efficiency (Fig.44) Thus species with higher average indices are generally better protected by
impermeable barriers than those with lower indices.

C. Conditions for visual orientation. Investigations of different screen type protection devices revealed
that at night when visual orientation was precluded or diminished, the capacity of fish to enter the
diversionary flow was seldom diminished by more than 10%. Indeed in field tests, diversion efficiency at
night could even be higher than during the day when the number of specimens manifesting the fright/es-
cape reaction is increased (See Fig.45).

D. The velocity of the fish-diversion (transit) flow. An increase in the velocity of the diversion or transit
flow (Vdiv) leads to an increase in diversion efficiency for an approach flow (vappr) Of constant velocity. An
increase in requires an appropriate increase of In the devices tested, with a diversion efficiency
of 100%, the volume of the transit flow was usually some 1-6% of the total flow passing through the device,
and it never exceeded 11% of the total flow.

Thus in these devices it is possible to achieve high efficiency by varying different parameters. First at
high values of vappr, with low values of 0 and high values of second at high values of ~ with low values
for vappr and high values of Vdiv; and third, at low values of  with low values of and 0.
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Figure 44.— Protection of a youngRutilus rutilus and b Abramis , both of different sizes, by a cone device on the IPdj
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Figure 45.— Lines of fish movement along a barrier screen: a. typical pattern in light, b. the touching pattern in light, c. the touch-
ing pattern in darkness.
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4554 FUNDAMENTAL HYDRAULIC INDICESAND THEIR INTER-RELATIONSHIPS

The optimum hydraulic regime for fish protection can be calculated (Pavlov & Pakhorukov, 1983). Such
calculations are based on biological and hydrological criteria, and correlate fish swimming performance
with the hydraulic and technical parameters of a given fish-protection device. Two parameters of the
device can be distinguished which influence the fish independently; the length (L) of the barrier (i.e. the

screen) and the velocity of the flow in the fish diverting channel of the device In addition there are
two inter-related parameters; the angle of the barrier relative to the flow (0) and the velocity of the flow
approaching the barrier The resultant of the latter parametersis given by:

= sin9

[

where isthevelocity of the flow normal to the barrier.

The expression of all biological (e.g. species, fish body length, state of development of
sensory organs, capacity for orientation in a flow, swimming capacity and strength of the avoidance
reaction) under high flow velocities, in front of abarrier, are reflected in two resultant indices. These are
the fish's resistance swimming speed and the angle of the fish's body relative to the axis of flow (a).
Three indices may also be derived; the velocity ratio in the meshes of the net screen the velocity
ratio in the fish diverting device (K.,), and the duration of afish's drift dong the barrier (T.). These
indices permit the calculation of working regimes at which a protection device incorporating a diverter
device, will exhibit adiversion efficiency of 85-100%. Some notes on these indices follow.

A. Theveocity ratio in the meshes of the net screen. Dataindicate that the effect of the interacting
biological and hydraulic indices may be described by:

In the most dangerous situation, when a fish touches the net, it must be possible for the fish to resist the
current in the meshes of the net V. thenormal component of the fish's resistance velocity,
whichinturn mustbe V.

thus V. = 1
Ve
where expresses the ratio of the two velocities. The velocity  isrelated to the current velocity
normal to the barrier net by the expression:

\Y,
VvV =

where p = the coefficient of net perforation, i.e. the open mesh arearatio (Pavlov & Pakhorukov, 1973).
the critical velocity, can be related to the resistance velocity by thefactor thusV.=KkV .-;
k 1, where = [sn(a+ . It therefore follows that:

(V./p)
~ Viksn(a+ 0)

ksin(a+ Q)
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Kinematic data show that at the maximum permissible levels, in the bulk flow, where p = 1, when fish still
enter the diversion device of their own volition, young Cyprinidae at the end of an experimental screen,

resist the current when Vre, = (k = 0.95), and the anglea isequal t024.70 3.2. At agiven vaue of
a;,when =

Thus K —=_0.95sin — +15) 40.6061

In these conditions, to resist flow at the mesh, wherep = 0.533,

o.eo61 — Ksin (24.7 +15)
0.533

k =0.51,and thus . should be

In practice, as fish may change their orientation when touching the net, to align themselves directly against
V, theratio may be nearer to 1in value.

B. Theflow velocity in a diverting device. Researchers usualy correlate the velocity of the diverting flow
with the velocity of the approach flow according to arelationship = (Tsyplyaev, 1973). To
develop a general basisfor different relative indices, a new index, the velocity ratio of afish-diverting flow,
was proposed, and is given by:

k
As Vg — o«
y sin
As Vv = ) . -
Sin s
Thus =K, sn

Theoretically the diverting flow has to ensure the carry-over of young fish which have passed to the end of

the net screen on their own; in this case the velocity of the fish-diverting flow must not be lower than the
critical velocity for the fish under protection; and thus

aiv Ky A

C. Theduration of swimming in front of the net screen. As mentioned earlier, the greater the flow
velocity, the shorter the period over which fish can maintain station against the current. Sharp changes of
swimming speed, from burst to cruising speed, occur over comparatively small time intervals, say 20-30 sec.
Bearing in mind that the critical speeds are equivalent to 0.5-0.7 of the burst speeds (Pavlov & Saburen-
kov, 1974; Saburenkov, 1975; Pavlov, 1979) one can assume that when faced with flows near VR, young fish
will seldom be able to resist the drift towards the net for more than 20-30sec. Hence it is necessary to
calculate the duration for which the fish will be in the zone of the net screen under different hydraulic
regimes. An index was proposed to help in determining this duration, the 'relative duration of drift along
the screen in fish avoiding being pressed against the screen’ = (Pavlov & Kuragina, 1978). Thisindex is
calculated as follows:-
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Ty — = z
r © V2 A2V cosa

where L is the length of the net screen; is the displacement velocity of the fish (see Fig.42) and a is the
angle of the fish's long axis relative to that of the flow.

D. Experimental values of hydraulic indices. These were calculated by A.M.Pakhorukov, for the situ-
ation when the of fish protection is high, using data from tests of models of protection screens.
For an efficiency of 98.2 U 0.4% the ratio i the bulk stream =0.88 U 0.05; the ratio in the
fish-diverting device = 2.74 U 0.29; the drift duration varied between 4.2 U 0.5 to 18.4 U 1.7 sec,
depending upon screen sizes. At an efficiency level of 89.1 U 1.1% the value of ~ was 2.42 U 0.15, and
the value of was 1.17 U 0.07. A statistical analysis of experimental data indicated a high level of
reliability for the indices Knet and K. Their values are significant at probability levels of 95% and above.
Thus the proposed hydraulic indices Kt and and  connect behavioural characteristics with the
hydraulic characteristics of the protection devices. The use of the maximum permissible values for these
indices ensures efficiency, with a high level of fish protection. These indices also allow working efficiency
to be forecast according to the indices of current reaction which can be determined in simple field
experiments.

4555 FISH-PROTECTION DEVICES WITH AND WITHOUT DIVERSION

The decision as to which particular type of protection device to use is made largely on the capacity of
the fish to resist the filtering flow and the presence or absence of a transit flow in the device under
consideration.

A. Protection devices without diversion. These devices can be considered when there are natural transit
flows. There is a great difference between water-bodies with rapid and slow flows (Fig.39). In water bodies
with a slow outflow, e.g. lakes and reservoirs, the natural conditions for the diversion of fish under
protection are absent. The fish tend to remain in a water-intake current for a long time and may become
fatigued and pressed against the protective screen. They then have to make their own way off the screen
and away from the water-intake zone. Because of this, the intake velocities have to correspond with the
lower cruising speeds of the fish. It has to be remembered that the upper limit of cruising speed, which can
be sustained for about an hour, is only 1-4 lengths/sec. Hence, in order to create conditions in which a fish
can swim away, an enormous area of filtration screen is required, to permit the necessary volume intake in
unit time, and this can be done only in a very limited number of cases.

The choice of permissible filtration velocities depends not only on the swimming performance of the
fish, but also on the correlation between the transit flow and the water-intake flow. In most cases the
filtration (intake) velocities may not exceed the cruising speed of the fish, and the transit ones have to
exceed the critical velocities of the fish. In these circumstances the distance from the net screen to the
transit flow should not exceed 20cm in general. Because of these considerations, protection devices
without fish diversion can be used successfully only where transit flows occur in the vicinity of the water-in-
take zone, and where intake velocities correspond to the cruising speeds of the fish. In practice it is
extremely difficult to find these conditions, hence the application of this type of device is limited.

B. Protection devices with diversion facilities. These devices can be used in a range of water-bodies.
The protective screen in these devices can be placed either perpendicularly or at an acute angle to the
water flow (Fig.39). Placing the screen perpendicular to the flow makes it difficult for the fish to get into
the diversion device. They are confronted by the filtration screen for a long time, and because of this the
filtration velocities should not exceed the cruising speeds of the fish. However, decreasing the angle of the
barrier screen relative to the axis of the water flow improves conditions for diversion. In this situation the
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behaviour of the fish tends to remove them from the screen and into the transit flow. In addition it
becomes possibile to wash off any trapped fish from the screen. The angle at which the screen is set is of
great importance for correlating the velocity of the approaching flow velocity and that of the filtration flow.
In the interest of economicsit is usually desirable to remove water at high velocities, but with afiltration
barrier setat  thisisimpracticable. By decreasing the angle of the net screen relative to the water flow,
without changing the filtration velocity, one can increase the velocity of the approach flow.

Table 3 compares the uses of these two groups of protection devices. It is clear that protection devices

using a protective screen and incorporating a diversion facility are the most effective and are of wide-
spread application.

TABLE 3. CONDITIONS FOR USING FISH PROTECTION DEVICES WITH AND WITHOUT

DIVERSION
Design of Character of transit Type of water body Conditions for FPD use
FPD device flow: body V appr
Without diversion Natural: V>V Reservoirs, lakes, none none
river banks, bays
Natural: V> Rivers
With diversion screen Artificial: V> Any )
at 90° to flow
Screen at angle less Artificial Any type <1V, 0.7-3V,
than 90°

At present three different schemes for the arrangement of the net screen are used. The screen may be
horizontal with flat or rotating screens, it may be vertical with plane or rotating nets, or it may be three
dimensional, e.g. having conical nets. The three-dimensional type allows shortening of both the screen
length and the protection device, and permits the section, of the diverting channel to be significantly
reduced. While decrease in the length of the protective screen isimportant, it al'so has biological signific-
ance, since with along screen the time the fish spend in front of it isincreased, |.€. Tar is large. Further with
alarge protective screen the structure of the transit flow deteriorates.

A flat screen is made up of sectionsin frames, which are placed one after another in the grooves of a
supporting structure. With an increase of screen length the sections of the frame and supporting structures
need to be increased, and these often protrude in front of the screens by 1-5cm. With an increase in size of
the supporting elements, adjacent hydraulic conditions are altered, and the conditions for the lateral
movement of fish along the screen deteriorate. By contrast, rotating belt screens lack grooved protruding
supports, and the amount of metal used in them is small. Rotating belt screens offer other advantages as
well. Higher approach flow velocities are permissible because if fish become trapped on the screen this
occurs only briefly, before the trapped fish are carried along to the diverting device.

In summary, devices with three-dimensional screen arrangements are the best, followed by those with
rotating belt screens. Flat screens suffer from the greatest limitations.
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1.6 THE SUITABILITY OF DIFFERENT FISH-PROTECTION METHODS

Successful fish protection depends upon a thorough knowledge of fish ecology and behaviour. Measures
based on such knowledge should be applied, especially at water-intakes involved in large scale abstrac-
ion, while protection devices based solely on physical principles may only be applied on intakes with low
low rates. Devices based on behavioural principles are the most widely used, and depend upon the control
pf fish behaviour by means of stimuli to divert fish away from the water-intakes.

M ethods based upon the use of repellent stimuli are common and the search for optimum operating
Fegimes for barriers providing repellent stimuli could help to reveal some general principles for controlling
Fish movement in flowing water. In overall terms the efficiency of operation depends upon flow velocity
Vs), the optimum value for which is determined by the quantitative indices of the current reaction (R6),
the angle of the barrier and by the strength of the fish's overall response to the stimulus received
from the barrier, such that:

=f Run; i Rp

A high level of fish protection can be achieved with any angle of barrier disposition, but with a decrease
of down to certain limits, the conditions for the consecutive concentration and diversion of the fish are
mproved, and the velocity of the approach flow isincreased. Flow velocities normal to a
barrier must be constant, independent of the angleO.

The action of different barriers is determined by the strength of response to the stimulus offered.
Barriers may be either permeable or impermeable but in both cases the defensive reaction, whereby fishes
seek to avoid contact with the barrier, is combined with both the search (for a safe place) reaction and the
reaction to current:-

R, = f ; ;

Where Rb is the resultant strength of the combined response to the barrier stimulus,  is the strength of
the avoidancereaction and  isthe strength of the search reaction.

The regular way in which these indices change in relation to changesin flow velocities are indicated in
Fig.46. R. hasa initial level. When there is no current there are no limitations in space for the
manifestation of this reaction. When the current velocity exceeds the threshold velocity the search
reaction against the current becomes limited. A velocity increase, up to the cruising speed (V.), in the
limited space of an intake-chamber, leads to an increase in discomfort and in consegquence to an increase
in the strength of the search reaction, At the same time, when the current velocities exceed the
reaction to current increases in strength and its mobilising action, manifested as a movement against the
current, begins to suppress the search reaction. When current vel ocities are close to the critical ones,
approaches zero, and Rth reaches its maximum. The search reaction may lead to a completed passage
through a barrier, but the frequency of this depends upon barrier permeability and naturally fallsto zero
whenthevalueof |, reachesunity in an impermeable barrier.. The strength of the avoidance reaction
|Ray depends upon the strength of the stimulus and reaches its maximum in front of an impermeable
barrier.

The values of these indices influence the efficiency of different kinds of barriers (Fig.47) outside the
zone in which the current velocity iscloseto V. In the zone below  the fish can pass through
permeable barriers by virtue of the search reaction, and in the zone above  they can also do this because
|the flow velocity exceeds the fish's swimming speed. When impermeable barriers are used the fish seek to
avoid being trapped against the barrier and the strength of their response in this extreme situation is
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maximum. Therefore, under such conditions, a higher velocity normal to the barrier is permitted. At
impermeable barriers its optimum values are whereas for the permeable barriers tested =
0.14-0.33 V. This indicates that in the first case a more rigid regime of fish control is admissible.

Figure46.C The influence of water flow on the main behavioural reactions of fish in front of a R.y = avoidance reaction,
Ravperm = avoidance of permeable barrier reaction, Rayimperm = avoidance of impermeable barrier reaction, Rth = reaction to
current, = search reaction, n = threshold current velocity, i = fish cruising speed, .. = critical current velocity,

= flow velocity, N.B. where there is a lack of experimental data on fish behaviour, velocities are shown by broken lines.

Ve
~
Ve
AN
Ve
/ 1
v Vv
Figure 47.C Model of the dependence of fish-diversion on flow 1. protective device with impermeable barrier, 2. protec-

tive device with permeable barrier, n = diversion efficiency, . = threshold current velocity, = fish's cruising speed,
V¢ = critical current velocity, = flow velocity, the velocities for which there is a lack of data on fish diversion are

shown by broken lines.
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The functional relationships described will become more precise following future investigations,
particularly as permeable barriers will be improved. At the present time impermeable barriers are highly
reliable in controlling drifting fish and have no limitations in the lower current velocity ranges, but with
permeable barriers, increases in flow velocity increase the probability of fish entering water-intakes.

The other parameters of protection devices apparently have similar quantitative values. For example,
the velocity, in fish-diverting devices at impermeable barriersis about 5V,, while at permeable barriers
itisabout 4.9-7.8 V. In both cases the barrier length should not exceed 20-30m, and also in both cases,
the equalisation of velocities along the length of the barrier is desirable. The method of achieving this
latter end is normally to use curvilinear barriers (Fig.41c). The types of devices recommended for differ-
ent rates of water abstraction are given in Table 4.

The problem of choosing a method for diverting the fish out of water-intake zones can be resolved
according to the design of the system and the character of the water-body. However, in general, if early fry
have to be diverted, the entrance to the diverting (transit) flow has to be placed in the diverter operating
zone. The velocity of the diverting flow has to exceed the critical current velocity for the fish under
protection > In the absence of a natural transit flow, €.9. in reservoirs, lakes and on stretches of
rivers with slow currents, it is necessary to use diverters with fish diversion flows; gectors,
centrifugal pumps, air-lift pumps, vacuum pumps and rotor pumps are used for this. These are selected
with aview to ensuring the maximum viability of the fish (Pavliov & Pakhorukov, 1983; Maevanchik &
Nikonorov, 1984).

TABLE 4. RECOMMENDED TY PES OF DIVERTER FOR WATER INTAKES OF
DIFFERENT CAPACITIES

Type of FPD Water Intake Capacity Length of fishes
in m3/sec protected
<0.5 15-5.0 5-10 10-300
Net drum in + - - - - >10mm
transit flow
Washed fish
protection head + - - - - >10mm
in transit flow
drum

with blades in + +
transit flow
Umbrella- >5mm
shaped head + + - - -
Vortex diverter with
central fish divert- + +
ing device
Cone net diverter + + + + +
Vertical fish

+ + + + +

Vertical plane net + + + + + 230-40mm
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5. CONCLUSION

Thefirst stage in ensuring natural reproduction in diadromous and semi-diadromous fish is the provi-
sion of a pathway for them, through dams, to the spawning grounds. This requires the construction of
fish-passes, satisfactory designs of which are available, and those constructed in the USSR during the past
15 years have proved effective.

The next, and no less important stage, is to preserve spawning activityper ~ To thisend, in the USSR,
natural spawning zones have been protected by structures which control water level, mainly for the
semi-diadromous species. Artificial spawning grounds have also been built in suitable areas. By spreading
pebbles and maintaining a suitable current velocity and water depth, these can attract Acipenseridae, and
have been constructed .., on the Volga and Kuban' Rivers. Artificial panels with surfaces which mimic
those of natural spawning grounds are also being tested. Such panels are placed at selected sites, and
removed and cleaned after each spawning (Malevanchik, 1980; Nikonorov & Malevanchik, 1982).

The next important stage is to ensure the success of the seaward drift migration of young fish. To
protect farm reared Acipenseridae from predators, the young are carried in special vessels directly to the
estuaries. Y oung Salmonidae, by contrast, are released directly into the rivers and make their own way to
the sea. Special techniques are employed at the hatcheries to imprint the defensive reaction (Nikonorov,
1984; Zhuykov, 1986).

The tasks of ensuring the seaward drift through dams, and of preventing the young fish from being
drawn into water-intakes, still prove difficult. In the USA and many other countries the devices and
measures employed to these ends are directed mainly at protecting drifting Salmonidae. These are 10-30
times larger than the young fish which require protection in the USSR, where specimens just 5-20mm long
undergo drift migrations. Significant progress has been made with devices which afford high levels of
protection at intakes removing water at rates of 10-30m%sec. Where intake rates are higher, effective
protection is still only available for specimens more than 30-40mm long.

Over several decades researchers have concentrated their efforts on screening devices, because imper-
meable barriers are too cumbersome and expensive for intakes of high capacity. Thus results from the first
industrial vertical fish concentrators are eagerly awaited, asis the further development of screen devices,
and of methods not using barriers at all.

Since even the most effective protection devices are of little use in protecting fish less than 10-12mm
long, protection of the earliest stages can be achieved only by engineering manipulations based on
knowledge of the ecology of individual species. In some cases these measures may be effective even for the
protection of fish eggs, but protection methods founded upon an ecological basis are not yet widely
employed. Ideally, the search for afish-protection system at a water intake should begin with a consider-
ation of devices of thistype. For the best protection of later developmental stagesit is envisaged that
future measures will be founded upon both ecological and behavioural principles.

Ensuring the safe passage of drifting fish through reservoirs and damsis another problem, and involves
not only those species which migrate to the sea, but also several species which spend their entire livesin
rivers. In order to help choose strategies which will ensure that healthy fish stocks are maintained in rivers
and lakes, where impoundments have retarded water flow, one needs to know more about downstream
migrations in different systems. Drift migrations occur in all water bodies with controlled water-exchange
so far studied. Usually, the length of the drifting fish does not exceed 120mm. Differences in the species
composition of migrating communities, and of their size, and that of the individuals they comprise, are
connected with the morphology of the bed of the system, and with the quantities of water removed from it.
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Migrations are governed by the distributions of fish in water-bodies, and by seasonal variationsin current
velocities, with some water-bodies changing seasonally from lentic to lotic and vice versa. In water-bodies
with strong surface flow, migrations usually occur in early summer, while in water-bodies with near-bottom
flow (e.g. the Volga Reservoirs) migrations occur all year round and are typical of fish inhabiting the
bottom of the open water zone (Coregonidae, Osmeridae & Percidag). Fish move to lower water levels as
they grow bigger, and also with the advent of cold weather, which helps explain the seasonal variationsin
their migration patterns and distribution by size.

The largest migratory populations belong to species living in the pelagic zones of reservoirs, e.g.Morpha
spirinchus and Osmerus eperlanus, and these provide the bulk of the migrating fish each year. These are
followed by species inhahiting the sub-littoral and benthic zones, Abramis brama, Acerina cernua, Albumus
albumus and Perca fluviatilis. The smallest populations are those of species inhabiting the near-bank
vegetated areas, e.g. Blicca bjoerkna, Esox lucius, Rutilus rutilus, Scardinius erythrophthalmus and Tinca
tinca. These specific distributions are influenced by a decreasing gradient in the influence of run-off
currents and a corresponding improvement of conditions for orientation towards the banks. The pelagic
fish have the highest migratory coefficients (K = 0.15-0.24) which explains why their stocking in reservoirs,
to increase fish yield, has generally been unsuccessful.

It should be noted that the large plankton-eating food fish are almost absent from reservoirs, whilein
large lakes in the same regions, these species comprise up to 43.3% of the total annual catch (Kuderskiy,
1970; Shimanovskaya et al., 1983). Analyses of catches on 10 reservoirs on the Volga, Kamaand Don
Rivers, showed that the number of pelagic speciesin catches was significant only in the Tsimlyanskoye
(Abramis Pelecus cultratus and Stizostedion lucioperca), Rybinskoye (Abramis and Sizos-
tedion lucioperca) and Verkhnevolzhskoye (Stizostedion lucioperca) Reservoirs. These were distinguished
from the other reservoirs by having comparatively slow throughputs, with respective water-body turnovers
of 1.0, 1.3 and 2.6 times ayear. These are the reservoirs where water has the longest residence times, and
the ones in which the process of drift migration is most retarded (Pavlov et al., 1981; Pavlov, 1986).

Unlike the situation in most |akes, the open water zones of reservoirs, with their high rates of water
exchange, are best exploited by small short-lived pelagic species. In many reservoirs of the European
USSR these are Clupeonella delicatula and Osmerus eperlanus eperlanus. The high migratory coefficients
of pelagic speciesin the USSR lead to mass mortalities during their passage through the turbines of
hydro-€electric power stations, and this, coupled with the irreversible character of their migrations, quickly
leads to the depletion of their resident populations in reservoirs with near-bottom run-off. The degree of
thisinfluence islargely determined by the residence time of water in the reservoir.

Most rivers of significance for fisheries purposes are aready regulated and suffer from multiple-user
impacts. What then are the chances of preserving fish migrations under such circumstances, and what are
the possihilities of utilising inland water-bodies for fisheries in the future?

In order to maintain populations of diadromous and semi-diadromous fish we are obliged to conserve at
least a part of their spawning grounds, as well as ensuring their migrations up and downstream. From an
ecological, and indeed an economic point of view, the advisability of such action is beyond question.
Further, an appropriate technology for this already exists. However, the construction of dams should not
be permitted in the lower reaches of rivers since in such positions they have greater ecological consequen-
ces for migratory fish than if placed farther upstream. Hydrological projects do not in general threaten the
existence of those species which spend al their livesin rivers; nevertheless they do not promote the
development of maximum population sizes in some species in reservoirs. Therefore the restoration of full
migratory cyclesin such casesis dictated by the interests of fisheries, but is only one of several possible
strategies for increasing reservoir fish yield. Other strategies include attempts to make the throughflow
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conditions of reservoirs approach those of a natural lake; attempting to prevent fish drift by the use of
fish-protecting devices; and, regular stocking with large fingerling (10-15cm) of pelagic species.

The development of these strategies is an important and urgent scientific and technical task. It is only by
identifying, developing and applying measures to support fish migration and reproduction that inland
fisheries reserves can be fully preserved.
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GLOSSARY OF SYMBOLS AND NOTATIONS

Hf The mid-section area of a fish’s body.

The intensity of turbulence ( = d/V, where d = standard deviation of pulse velocity and

V = velocity).

The velocity ratio in a fish diverting device, relative to =\VdaVappr).

The velocity ratio in a fish diverting device ( =

Coefficient of irregularity the velocity distribution across a section of fish collector).
The velocity ratio in the meshes of a net screen ( =

Kr Redistribution coefficient ( = where fish concentration in fish divertor and

C2 = fish concentration in main intake).
Clear space size or area in permeable barriers.
N. The quantitative index of barrier permeability to fish.
The coefficient of net perforation.
The avoidance reaction of a fish.
Rb The strength of the fish’s overall response to the stimulus received from the barrier.
The fish’s reaction to a current (i.e. rheoreaction).
The strength of the search reaction.
Tdr The duration of a fish’s drift along a barrier.
Swimming performance of fishes. The duration of active swimming as a function of a fish's speed.
The absolute swimming speed of a fish.
Vappr  The velocity of the approach flow.
The attracting flow velocity.
The average flow velocity.

/. Critical current velocity. The minimum current velocity at which fish begin to be carried away

by the water flow.
\/. A fish's cruising speed
The velocity of displacement or transit of a fish.
The velocity of the fish-diverting flow.
The velocity of the flow.
The average filtration velocity in filter intakes.
V., The velocity of flow through the meshes of a net.

"cr The critical speed of model fish.
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. The flow velocity in a model.
The critical speed of spawners in nature.
.  The flow velocity in natural conditions.
The relative current velocity normal to the barrier (= VO.
The optimum attracting flow velocity.
The fish's speed relative to fixed cues.
The resistance velocity of a fish.
The current velocity selected by a fish.

. Threshold current velocity. The minimum current velocity which provokes an orientation
reaction against the current.

The velocity of the transit or fish diverting flow (which diverts fish in the absence of a
fish-diverting device).

The angle of the barrier relative to the axis of water flow
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NDIX 1

LIST OF SPECIESCITED IN TEXT

Abramis ballerus
Abramisbrama

Acerina cemua

Acipenser

Acipenser nudiventris
Acipenser stellatus
Acipenser ruthenus
Albumus albumus
Anguilla anguilla

Aspius aspius

Barbus brachycephalus
Blicca bjoerkna

Carassius carassius
Chakal bumus chakoides
Clupea harengus
Clupeonella delicatula
Cobitis taenia

Coregonus lavaretus baeri
Cottus gobio

Cyprinus carpio

Esox lucius

Huso huso

Leuciscusidus
Nemacheilus barbatulus
Onchorhynchus gorbuscha
Osmerus eperlanus eperlanus
Pelecus cultratus

Perca

Rhodeus sericeus

Rutilus rutilus

Rutilus rutilus caspius
Salmo gairdneri

Salmo salar
Salmo
Scardinius
Slurus glanis

Senodus leucichthys leucichthys
Sizostedion lucioperca
Sizostedion volgensis

Tinca

Kmba vimba

aralensis

blue bream

common bream

ruff

Russian sturgeon

bastard sturgeon

stellate sturgeon

sterlet

bleak

common eel

asp

Aral barbel

silver bream

Crucian carp

shemaya

herring

tyulka

spined

whitefish

bullhead

common carp

pike

giant sturgeon

orfeor ide

stone

pink salmon

European smelt

sabrefish

perch

bitterling

roach

vobla

rainbow trout

Atlantic salmon
trout

rudd

sheatfish

Caspian inconnu

pike-perch or zander

V olga zander

tench

vimba
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APPENDIX 2

PLATES

1. Fishretention grid of the Krasnodarskiy fish-lift on the Kuban' River.

2. Fish-pass duice of the Kochetovskiy hydraulic scheme on the Don River.
3. Fish protection screens with movable screen elements.

4. Drum screen with blade.

5. Placing the drum screen with blade at the water-intake head.

6. Fish-protection intake with a flow-former.

7. A horizontal panel screen with afish diverting device

8. Vertical pand V-screens with afish-diverting devicein each section.

9. Conical fish-barriers with fish-diverting devices.

Photographs 3,7,8 & 9 by A.O.Kuchis.
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Plate 1. Fish retention grid of the Krasnodarskiy fish-lift on the Kuban' River.
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Plate 2. Fish-pass dluice of the Kochetovskiy hydraulic scheme on the Don River.

Plate 3. Fish protection screens with movable screen elements.
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Plate 4. Drum screen with blade.

Plate 5. Placing the drum screen with blade at the water-intake head.



96

Plate 6. Fish-protection intake with a flow-former

Plate 7. A horizontal panel screen with afish diverting device
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Plate 8. Vertical panel V-screens with a fish-diverting device in each section.

L ]

Plate 9. Conical fish-barriers with fish-diverting devices.
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