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In principle, German standards to construct fumatidfish passes demand basically the installatioa caw-
textured substratum to facilitate upstream migratid benthic invertebrates and inefficient smatlesi fish as
well as juveniles. It is expected that fishes wofifdl sufficient stagnant retreats there behindnelets of
roughness during resting periods.

Using ethohydraulic tests it was analyzed how déffé structured types of substratum meet the reqeénts of
fishes. Therefore the bottom of a glazed model duma water research laboratory was arranged dtioss
with different types of roughness. Next, the bebawif small sized fish as well as juveniles of Ergpecies was
studied in combination with different types of amgad substratum respectively different types ofghmess
especially in regard to habitats and swimming bairav

These tests bring home that zones behind eleméntsighness are no areas of moderate flow velooitythe
contrary flow gets small scaled vortices and trmeftuch zones will be avoided by many specimengétca
positive and supporting effect to upstream migratihe substratum of fish passes has to fulfill aart
properties: The level of a 30 cm thick substratgetashould be covered only by a small number ofdar
supporting stones which should not overtop the tsateslayer for more than 5 to 15 cm. The distane®veen
the supporting stones should be at least more38am.

1 INTRODUCTION

Obeying the specifications of relevant standardisbfpasses in Germany, a 20 cm thick substrger laf river
typical rough substrate has to be built in erogiomefed [1, 2]. A corresponding and continuous gggtem
should facilitate migrations of benthic invertel@stFor juveniles and inefficient species of fisis also thought
that they use areas of low flow velocity behindnedmts of roughness, for example stones, duringngest
periods. Until now, there has been no comprehersink consistent study whether these ideas willnbkne
with the natural requirements of fishes. Furtheemtinere are no studies in arrangement of elemeits o
roughness especially in frequency and dimension.

To answer this practical issue, ethohydraulic tgsksstioned on substrate preferences of inefficact small
sized fish taking place in corporation with hydiaubngineers of the Institute of technology (KIT) the
university of Karlsruhe and were funded by DeutsBoeadesstiftung Umwelt. The focus of the study whees
impact of different types of roughness on used atign corridors and the resting behavior of fishes.



2 METHODS

2.1 Probands

For behavioral observations within the context thibbydraulic tests all in all 66 fish out of 11 sjees (table 1)
were used. Probands were small sized fish and jl@gemrespectively preadult individuals of largeesigs with a
total length between 7 and 26 cm.

Table 1. Number and total length of observed sgeafidish

species of fish number [n] total length [cm]

brown trout Salmo trutta f. fario 7 16 - 22
bitterling Rhodeus amarus 4 7-8
common bream Abramis bramal 10 17 - 26
European perch Perca fluviatilis 6 17 -20
gudgeon Gobio gobio 8 12-13
white bream Blicca bjoerkna 3 18-19
Northern pike Esox lucius 1 25
roach Rutilus rutilus 9 15-26
tench Tinca tinca 9 12 -25
Sibirian sturgeon Acipenser baer 7 11-26
bleak Alburnus alburnus 2 13

2.2 Model flume design

The ethohydraulic tests taking place in a 30 m land 1 m wide model flume (Figure 1) which wasefitwwith
safety barriers at the entry and the outlet to @névhe escape of fish. One side of the model flwas glazed
on a length of 15 m for behavioral observationsvall as film and photographic documentation. Wittiiese
15 m, the model flume was divided into three intption-free sections of 5 m length with substratam
different types of roughness (Table 2). In betwdencoarse gravel as filling substrate with gréwes of 20 mm
to 60 mm, several supporting stones of differeaesiand different distances were integrated. Behalvi
observations taking place in the following set-lgg®en against the direction of flow:

1. typel-type?2-type3

2. type 3-typel -type 3.

Comparing the individual behavior towards suppagrtsiones with different sizes, a larger stone hbmut
0.3 cm length and 0.5 cm was positioned in onegfatie model flume.

The model flume was charged with a flow of 320ufsto 350 I/s for adjusting different flow veloeis with a
water depth about 0.6 m (Figure 2). Flow velocitiear the bottom and within the water body weresuesd by
using a current meter for three minutes at seymiats of the model flume, so minimal and maximalues can

be documented. According these measurements the vildocity at the bottom was between 0.15 m/s and
0.4 m/s and increased in parts of type 2 and ®up& m/s in middle respectively 0.9 m/s in the expihird part
near to the water surface.

These point measurements were specified by threesdiional flow velocity measurements using an asus
Doppler-velocimetry (ADV).



Figure 1. Model flume with substratum Figure 2. Model flume during a test

Table 2. Charakteristic of different types of ronghs in the model flume

type 1 7 type 2 _____ type 3

supporting stones: supporting stones: supporting stones:

clear height: 0.08-0.16 m clear height: 0.18-0.29m clear height: 0.11-0.40m
space: 0.40-1.00m space: 0.20-0.50m space: 0.10-0.25m
max density: 5/m2 max density: 7/m2 max density: 9/m2

2.3 Progressof the observation

The probands were divided into two equal groupsthWttie beginning of a test one group was taken @nto

starting-box in the downstream part of the modein# (Figure 3) for acclimatizing toward the flowlaety

before starting the observation time after a whifth opening the starting-box.

During a test the mean flow velocity of;y= 0.1 m/s was increased successively by stepslom up to

Vmax = 0.9 m/s. Mean observation time with low velasti< 0.4 m/s was about 30 minutes, whereas the mean

observation time with flow velocities < 0.4 m/stkx$ more than 2 hours. All behavioral observatiomse

documented in “ad libitum” protocols [5] as well gisotos and films (Figure 4). After the test thel@nds was

taken carefully out of the model flume and intoravided tank, before the same test with the segvodp of

fish was repeated.

During the tests of several hours the study of fishavior was focused on the following aspects:

» How is the swimming behavior of fish in relation ddferent flow velocities and flow conditions witha
different roughed flow path?

» Where are the fish located preferentially?

The focus of the comparative observations was #iatior of fish within the three different typesrofighness.

As relevant and meaningful noticed were only theskavioral reactions which were reproducible ursiene

hydraulic conditions.



Figure 3. Group of fish in starting box Figure 4. Darkened observation post (non flooded)

3 RESULTSOF THE ETHOHYDRAULIC TESTS

3.1 Swimmingin current

On principle all specimen showed active and pasitiveotactic behaviour at flow velocities > 0.2 miisile
they orientated with their heads against the ctiramd swam upstream. As soon as the specimenupted
their swimming against the flow direction, they redvto the bottom in order to stay in a preferresitpm with
few slow fin movement. Especially clear was thisidgour at currents > 0.4 m/s, because the specimee
and more gave up their preferred passageway neavater surface and swam to the bottom (see 3.2.1).

3.1.1Behaviour at currentsv,, < 0.4 m/s

Nevertheless the juvenile tenchiEr(ca tincg retreated already at moderate increased flowciteds active in
the interstitial spaces, where they stayed ungilehd of the tests.

Smaller sized exemplars of the other species &f fimved close to the bottom and searched thererior
upstream passageway between the supporting stimdsing so they altered their swimming directiontie
section with high density of the supporting stoftgpe 3) and moved from one side of the model fluméhe
other while they swam around the supporting sto8esthey reached the end of the model flume nstraight
way but after a longer and winding distance.

3.1.2Behaviour at currentsv,, > 0.4 m/s

At a rise of the current beyong, ¥ 0.4 m/s the only few centimetres long bitterirf@hodeus amarjsand the
juvenile Sibirian sturgeonsA¢ipenser baejireached their power limit and drifted with therremt against the
safety barrier at the end of the model flume. Theseausted probands were drew out of the modelelum
carefully and were not at further disposal for st of the test with higher flow velocities.

The more powerful and active swimming probands shawdifferent behaviour against higher flow velmst
which manifests in the different horizontal andtiead use of the passageway: from» 0.4 m/s they more and
more gave up the closeness to the bottom and igeduperior third of the body of water as passagewa
Furthermore they looked for the practicable straigdty to move upstream.

3.2 Reactionson elements of roughness

A stay of specimen in the leeside “shadow of theresu” of supporting stones was never seen. Rather
probands stayed always downstream beside the elenoérroughness, although there existed higher flow
velocities, caused of the reduced flown througlssigection between the supporting stones.



3.2.1Stay in sectionswith different roughness

While the specimen distributed at flow velocitie®.4 m/s steady in each of the three types of roegh of the
model flume, at higher flow velocities they conseily switched over to the section with the minirdahsity
and clear height of supporting stones (type 1)ctvisorresponded to the height of the body of thleefs.

From a middle flow velocity of 0.7 m/s no individaastayed permanent in the sections of type 2 gpd 3
(Figure 5). This reaction of the different typesrofighness was reproducible in all tests. Afterrdraodelling
of the model flume in sections with the followinggsience of type 3, type 1 and again type 3, thbgmus
assembled equivalent in the middle section of tbdehflume with the lowest roughness (Figure 6).

Figure 5. Fish emptiness in section type 3 ... Figure 6. while all fish are assembled in sectiygetl

3.2.2Behaviour to more compact elements of roughness

If fish draw head against the flow direction nearthe leeside of a more compact supporting stdmey, turned
around there at 180° and stayed head downstreasa tbothe bottom. Problematical was the short tinthe
turning, when the side of the body of fish was etffd most by the current. Especially the less pfulspecies
drifted away in this situation with stronger curtieen

Similar to the behaviour against the single pos&ibelements of roughness the specimen left aéstedside of
the compact supporting stone if the current getsnger and switched over into the section with tijyyge of
lowest roughness (type 1).

4  DISCUSSION

All observed specimen belonged to juvenile stadiamd species with low efficiency, which showed pesi
rheotactic behaviour at a flow velocity > 0.2 mfgla specific behaviour against elements of roughn€his
principle behaviour is also the cause of the reactf specimen on the leeside of compact elemehfts o
roughness: in this area of a local reversed cutrenfish also turned around their head and stagsdhst the
main flow direction of the model flume.

Nevertheless the spectrum of species of fish fer dthohydraulic tests contained with bitterlinggh¢deus
amarug, juvenile Sibirian sturgeon#\€ipenser baejiand juvenile tenchsT{nca tincg species and age groups,
which reached their performance limit with a flowlacity of 0.4 m/s. While this result correspondishvihe
stagnophile habits from the bitterling in watershamo or only weak currents, the cause of the tabondition

of the juvenile sturgeons is not clear. Experierfcesn America (Alex Haro, oral communication) suggée
suspicion, that it is caused by their origin frorfish-hatching, where they grown up in basins withcurrent.

The observed swimming behaviour, that the fish gigetheir contact to bottom wile the current isre&sing
and switch to the free body of water, seems to ligndamental strategy. Same results are known fitzam
nocturnal downstream migration of eefng@uilla anguillg, which prefer a migration corridor with a distinc
distance to the bottom until to the water surfa@e [f possible the specimen avoids with this bebawv a
collision with towered up obstacles when the cdadg to manoeuvre are unfavourable or while a kHss
visibility. In the presented tests the only speeiddch swam independent from the flow velocity ampiple in
the free body of water above the supporting steveessthe pelagic blealdlburnus alburnups



The consequent behaviour to avoid the leeside effldwn around elements of roughness can be eXdda
with the existence of so called “Karman vortexetsg which develop at the edge of flown aroundiesd7]. It
is the matter of opposed vortices, which producebotin sides of the contours of an element of roeghra
downstream spreading street of turbulent currefite intensity of the vortices and with it the tudnce
increases with the flow velocity and the densityhaf elements of roughness.

These different conditions of turbulence can beashwith a primitive ,harp of filaments” (Figure td 8) and
measured with an acoustic-Doppler-velocimetry (AD¥)gure 9). In this way it gets clear that fishvbao
spend a lot more power to keep their swimming e@arsd not drifting away in the sections of the nhdldene
with strong, sometimes overlayed and with interfiess intensified turbulences. The observed veheeneffin
movement with the increased frequency indicates ttiea manoeuvre under such conditions requires higla
degree power and dexterity.

With this background at such hydraulic conditiohsiclear that small sized and less efficient spea avoid
the turbulent flow conditions within the free body water and searching as much as possible less and
directional currents close to the bottom. Corresium the fish avoid verifiable the turbulent flowrditions
leeside an element of roughness. Consequently #rdést no potential resting-places for fish leesafethe
supporting stones. Otherwise small fish find mardess directional currents in the water layer ahi bottom
if the supporting stones are not higher than theidies, so they can persist there nearly unlimitgth
permanent swimming speed.

Figure 7. More or less directional current in tylpe Figure 8. Turbulent current in type 3
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Figure 9. Development of turbulence within the ehdéfferent types of roughness, € 0.6 m/s)



5 CONCLUSION

The results of the ethohydraulic tests show theessary, that only on anthropocentric consideratizased

recommendations for the arrangement of fish palsaes to be adapted to the real demands of the Sistfor

instance the tests refute the wide-spread inteafioet that the fish use the leeside of towered topes as

resting-places. On the opposite the results shotwedpreference of directional flow conditions wiss

turbulence direct onto the bottom to stay for egkrtime.

From these perceptions derive the generally acdepgeommendations in practice for an arrangement of

substratum in fish passes (Figure 10):

e The granular size of filling material should amofmtm 20 mm to about 90 mm and the thickness of the
substratum should have minimal 0.2 m.

» Per square meter the filling material should bertmypped from maximal 4 or 5 supporting stones wltar
heights of 0.05 m to 0.15 m.

These results of the ethohydraulic tests are afrerdpped into the revised state-of-the-art tecbgplfor
construction and operation of fish-passes in Geyni&h and realized within Europe’s biggest fishgpas
Geesthacht at the river Elbe [9].
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Figure 10. From the ethohydraulic tests derivedmaoendation for an arrangement of a fish-frienaiygh
bottom
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