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Zusammenfassung

Zusammenfassung

Der 6kologische Zustand von FlieRgewéassern hat sich aufgremsdhiedeneanthropogener
Einflisse weltweit stark verschlechtert. Die Bestanden diadromenFischarten leiden
malf3geblich unter der érdnderung ihrer Wandearridore durch QuerbauwerkeUm die
Durchgangigkeit fur wandernde Fische an Wasserkraftanlagen zu erhdhen, werden héaufig
Fischpasse verschiedener Bauart errichtet. Diese Mal3hahme kann die Durchgangigkeit fir die
stromaufwarts geridbte Migration an Wasserkraftanlageerbessern. @ Effizienz ist jedoch

meist deutlich geringer fur stromabwarts wandernde Fische. Des Weiteren existienemiger
technische Losungedje explizit die Durchgéngigkeit fittie stromabwartgerichtete Mgration
erhdhenund die bestehenden Lésungen wurden haufig nicht vollstandig evaluiert. Daraus
resultiert, dass eine grof3e Anzahl von stromabwarts wandeFisiehen, wie z.B. Smolts des
Atlantischen LachsesS@lmo sala)y, gezwungen sind, die Turbinen v@viasserkraftwerken zu

passierenum den Ozean zu erreichen.

Diese Radiotelemetri8tudie bewertetnoderneMalinahmen zur Durchgéangigkeitssteigerung fur
abwandernde Smolts des Atlantischen Lachses an einer Wasserkraftanlage in Stidschweden, im
Vergleich zur da bisher verwendeten Losung. Am Versuchskraftwerk wurde, im Zuge einer
extensiven Modernisierung, der konventionelle Turbinenrechen mit anschlie3endem Oberflachen
Bypass durch ein innovatives LeitrechBppassSystem ersetzZudemwurde ein naturnahes

Umgehungsgewasser angelegt.

Die Ergebnisse deArbeit zeigen, dass die Modernisierungdie Bedingungen fir die
stromabwaérts gerichtete Smadlligration gegeniber der urspriiggien Loésung deutlich
verbessertDie Effizienz der Bypasénlage konnte um 68 %egteigert werden, wohingegen die
Anzahl an TurbinefiPassagen um 63 % reduziedrde. Auch wenn ekomplikationen mit dem
Betrieb der BypasMonitoring-Stationgab, sind die Ergebnisse vielversprechend und es sollte
moglich sein, die Bedingungen fir diecshabwaérts gerichtete FisdWigration an weiteren
kleinen bis mittleren Wasserkraftanlagen durch die Installation des bewerteten Systems zu

verbessern.



Abstract

Abstract

The ecological state of streams and rivers has aggravated on a global scale due toreyavife ra
anthropogenic influences. The disruption of migratory routes for diadromous fishes by
hydroelectric power plants have led to major stock declines over the last century. As a result
fishways have been built at many hydroelectric power plants in Eudmpgmprove migration
conditions at such obstacles. This measure may improve upstream migration, but typically does
not solve corresponding passage problems for downstream migrating fish. Consequently large
numbers of downstream migranesg. Atlantic semon smolt(Samo salaj, are forced to pass
turbines on their way to the ocedrhere are few rehabilitatiomeasures specifically targeting

downstream passage conditions and most of them lack scientific evaluation.

This thesis reports on a radielemetic-study to evaluate innovative rehabilitation measures
targeting downstream migrating Atlantic salmon smolt, at a hydropower plant in southern Sweden.
There hadbeen extensive renovatiamorks at the study site to improve passage conditions for
migrating fishes. The conventional turbine rack and a modified conventional trash gate were
replaced by a low slopinfgrrack adjacent to a full depth bypass channel. Moreover, a Hideire

fishway was built at the site.

The results show that the evaluated rehbitin measures were able to significantly improve
downstream passage conditions for Atlantic salmon smolts. Total passage success was high (94%)
and bypass efficiency hascreased by 88, whereas the number of smolts passing through the
turbines wagedwed by 63%6. Althoughtherewere someassuesassociated with the monitoring

station in the new bypass, the resaligpromising andgoprospective constructions lofv-sloping

b-racks with fulldepth bypasses should lead tmproved downstream passage conditions at

additional hydroelectric power plants.
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1. Introduction

1 Introduction

Various humanactivities are affecting and shifting the ecological state of streams and rivers
worldwide (Rosenberg et al., 1997; Dudgeon et al., 20B@bitatchangeshigh nutrition input

and alteredwater regimes are just a few examples of anthropoggraagesn river systems
(Rahel, 2002; Bunn and Arthington, 2002; Smith, 20D&dromous fish species, i.e. species that
migrate between mime and freshwater, are especially affected by the disruption of their migratory
routes by structures such as weirs, damisydroelectrico o we r p | a (Larigier,Q00EP 6 s )
Hydroeledric power plantspresenta severe prol@m for migrating fishand are known to be
responsiblefor 50% of all threatened fishes in Eurofiorthcote, 1998) The longitudinal
connectivity between spawning grounds and other relevant habitats, which is needed to ensure
swecessful reproduction of diadromous spedies, beemsignificantlymodifiedin mostEuropean

rivers (BehrmannGodel and Eckman, 2003; Lucas and Baras, 2G@dhways have been built at

many HERs in Europeto allow ypstream ngrating fish to pass obstacl@ratrich et al., 2004;
Saltveit, 1993)This measurean bean effectivetool for restoring upstream connectivjtiyut tre
efficiency is typically considerablylower for downsteam migrating fish(Larinier, 1998) To

ensure survival and recovery séverelydecreased stocks of diadromous fish, both amd
downstream connectivity must be restof@dnekleiv, Kraaboland Museth, 2007; Calles and
Greenberg, 2009 onsequently a separate passage for downstream migrating risbded. ¥t

there are few technicablutionst o i mpr ove downstream connecti vi
lack scientific evaluatios (Larinier, 1998; Calles and Greenberg, 2005; Rivinoja, 2005%

crucial to evaluate existing innovative fish passage solutions in ordesassheir respective
efficiencyand generate knowledge timaay faciliatethe development afewand highly efficient

measures that rehabilitates migratory pais inregulated rivers

The Atlantic salmor(Salmo salar)s of high commercial value and thasnong the mostvell-
studied species @uropeamnadromous figks (Jonsson and Jonsson, 2013{ocks of Atlantic
salmon in Europe decreased drastically during the last century and it is know tléaiakee

of the main factors behirtlis negativarend(Parish et al., 1998; Hindar, Gallaugher and Wood,
2003) Salmon migration has been thoroughly studied resulting in a variety of solutions to improve

upstream connectivity for them at marade obstacle@vicCormick et al.,1998; Noonan, Grant
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and Jackson, 2012) esser attentiorhas been paid to downstream migrating kelt and smolt
(Noonan, Grant and Jackson, 2Q13}Jill, many populations of Atlantic salmoare on an
alarmingly low level thusindicating the need of a holistic approach for rehabilitation measure
targeting up and downstream migrating figiCalles and Greenberg, 2009Yhile some studies

have been carried out on downstream migragaimgonds, there § still a severe deficit in scientific
approaches and evaluations in order to improve downstream passage success at hydropower plants
(Ferguson, 2005 a; Scruton et al., 2007; Calles et al., 2012)

In the life g/cle ofthe Atlantic salmopsmolt stagds especially vulnerable to negative effects of

H E P @-jeldstad et al., 2012 he characteristidoehavior of following the main current during
downstream migratigriend toguidesmolss into the turbine intake@-erguson, 2005 a; Rivinoja,

2005) Due to their relatively small body sizzonventionatrashracksdo not preventthem from

passing As aconsequencgesastnumbers ofmolts are forced to assthroughturbines o their

way tothe sea sometimes even on more than aeeasion Even though direct turbireduced
mortalitythrough blade strike@onten, 1985pr shear injurie§Mathur et al, 2000)might be low

for commonly used Kaplan turbindkarinier and Dartiguelongue, 1989)ossiblelong term

damages caused by passing a turbin&iaogvn toinducedelayed mortalityfor salmonid smolts

(Ferguson et al., 20067 he longterm effects of turbine passage difficult to study and quantify,

yet most likelyit hasa negative effect on large proportiorof the smolts that survive passing

through turbinegEbel, 2013)St udi es have shown that HEPOGs car
migrating smolt(BeamesDerfer et al., 1990) The increased duration of time spent in the
headwater of HEPG6s i s KknownontsamonichsmoltEergson t he a
et al., 2005 band should hence be minimized.

The aim of thigadio-telemetricstudy was to evaluate newly buithabilitation measuregaHEP
targetingdownstream migratingtlantic salmorsmolts in southern Swedefhe studiedHEPwas

extensively modernized in 2013 to improve passage success for diadromous fishes. Key features

of the modernizatiomare the replacement of the forntwnstream passage solutieonsisting

of aconventional ttbinerack andasurface trash gatesitha h or i z o n t -satkfolowetip o si t e
by afull-depthbypasschannelEbel, 2013)
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With this studypresentingthe first quantitativee v al uat i on o facksargetimgmp osi t
downstream migratinétlantic salmon smoltthe general resarch approach was comparethe
performance of the new passage solution to the old in regards ©ferall passage success; 2.

Fish guidance efficienayf thenewbypass system; Route selection i.e. passage through turbines

in relation toother routes4. Mortality caused by the HEP;Belay on smolt migratiarnro achieve

this, data generated in this studsgere comparetb the results of a pretudy which took place at
thesamesite in 2007 Calles et al., 2012)
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2 Materials and methods

2.1 Study area and study site

The studied HEP isituatedat river Atran in the city of Falkenberg Bouthwesern Sweden

(N56° 54' 3.348" E12° 31' 19.56 Figurel). River Atran, with dotal length of 24&m, a drainage

area of 3342 km?and the mean annual discharget8f0 nis? (1961 1993) and9.6m3s? during

the last decade€l990 2011) (Olofsson, 2013)origins from a wetland areanearthe city of
Gullered.Theriver flows through theSwedishprovinces of Vastergotland and Hallaaudentes

the North SedKattegatt subbasinh the city of FalkenbergT her e ar e ei ght HEPO
stemoftheriverSi x out of those ei gwetcatthBdnttasea adtheerivel o c a't
system (about 58 km from the river moutnd in additont her e are sever al }

tributaries of which two are émted in the biggest tributariver HogvadsagFigurel).

\ Obstacle without fishway

é Obstacle with fishway

10 km
- . .

Figure 1: Lower catchment area of river Atran with obstacles inthe main stem of the river:the studied HEP
Herting (1) and the next impassable obstacle Atrafors HEP (2)and in tributary Hogvadséan:the Nydala HEP
(3) and the nextimpassable HEP (4). Major rearing areas for salmon are located in river Atran and
Hogvadsan between sitet and 4 (Modified from Calles et al., (2012).
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Available spawning and rearingbitatsfor Atlantic salmorare limitedin the river systendue to
theseobstaclesas compared to pristine conditiaeschnical databoutthe studied HERas well
as general data about river Atran, was providethegompanyowningthe Hertinghydroelectric
power plantFalkenberg Eneryi Nowadays mostpawning andearingof Atlantic salmontakes
place intwo river stretchesAn about24 km long stretch in river Atran, from the river mouth to
the impasable Atrafors hydropower pla(ffigure1) and a approximately 34 km long stretch in
tributary river Hogvadsanfrom the river outfall to the next impassable HERgure 1). The
Nydala HEP, an old mill in the rearing stretchrigr Hégvadsanis located abous km from the
river mouth. Thisbstacle is equipped withonitoring stationgor up- and downstream migrating
fish. Salmon can pass this obstacle by eitherguess/er a weiror by entering one of the fish
traps. Fish caughtare subsequently, depending on their migration direction, put back either
upstream or dwnstream of the HEP.

The stug object, the Herting HEP, consiss of two powerhousegqFigure 2). It is the last
hydroelectricpower plant encounteretly downstream migrating fistand hence the first to be
encaintered by upstreammoving fish, situated approximately 2 km upstrearthe estuary
Longitudinal connectivity athe Herting HEP is of high ecological importance for the entire river
system, as successful reproduction of all indigenous diadromous fishes is limited by the amoun

of migrants successfully passing this HEP.

The first powerhous€H1), a diversion plant, was built in 1903. It is equipped with two Kaplan
turbines (turbine 1: 250 rpm, 15m@3s?; turbine 2: 187 rpm, 25.0n3sY). In 1945 a second
powerhouse was addedtte site.The second powerhouse, theqafrriver plant(H2), is located
inside the old riverbed arefjuipped with on&aplan turline (187 rpm, 25.0n3sY). There have
been extensive renovation worksHertinghydropowerplant throughout 2013 in order to ingwe

up- and downstream migration success of diadromous f(shgsre2).
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Dam wall with spill gates
Former channel used as T
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Figure 2: Herting hydroelectric power plant before andafter the rehabilitation works in 2013. Facilities that
were removedduring the modernization are colored red, whereas the new implemented facilities are shown
in green. Facilities remaining unchanged are displayed in blacKOld powerhouse (H1), New powerhouse
(H2)). The blue arrow indicates the direction ofthe current.

2.1.1 Downstream passage conditions before the rehabilitation works

In the original statépre- 2006)therewereno fish migration facilities at the old powerhoisg).

Hence it situated an impassable obstaide upstream migrating fish. The only way to p#ass
obstacle for downstream swimming fish was to pass via the turfiihesold powerhouse was
equipped with two trash racks to prevent flotsam from entering the turbines: a 40 mm trash rack
at the beginning of the intake chanfiecated under a bridgegnd a vertical 90 mrurbine rack

angled about 60to the vertical(Figure?2). Fish that were too large to pass these racks were not

able to pass the oldowerhouseon their downstream migratiotn 2006 a temporary surface
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bypass was introduced to the oldweerhouse(Calles et al., 2012)This surface bypass was
positionedon the side of the intake channel immediately before the turbine rack discharging
2 mPs maximum.The 3.3 m widdypass dischged water ira90° anglein relation to the intake
channel, past the old powerhousw® the former channeTo allow largefish to enter the intake
channel and te@ontinue their migrationo andthrough thisbypass, two one meteide panels

were removd from the 40 mm rack at theeginningof theturbineintake.Iln addition to the surface
bypassa pipe (200 mm diameterpcated at the base of tbheginal 90 mmracksiphoned water
(0.25 n¥s?) to improve passage success for Europeanfaeila angulla). The pipe proved

unsuccessful for the intended purpose, and is not further describghkes et al., 2012)

The second powerhouse, the+affriver plant,waslocatedat the end of the dam that credshe
old riverbal. The dam wall was equipped with spill gates releasing water into the former channel
if the intake capacity ahe Herting HERvas exceededhe new powerhousgas connected to a
Denil-fishway (1.4 nts!) and a separate spill gate for increased attradiothe fishway
(1.6 m3s?) sinceits constructiorandwassupposedlpassable for upstream swimming fiSihere
were nopassagéacilities targeting downstream swimming fish at H2. Downstream migrasing
thatddnbt pass t hr odtgfind thehestranceito thei Dedshwayaor pass via the
spill gates of the dam walPowerhous&i2 was equipped with 40 mm turbine rack angled about
77° from the verticalDuring the annual smolt migration spring a rack with smaller bar
S p a c (28 mnd) was placed in front of the original turbine rack, to prevent salmamiolts
from entering the turbine at H2. There wadgpass available for smolssopped by theeplaced

rack, they hencbad to locate the other available routes for downstream passage

2.1.2 Study site after the rehabilitation works

In order to improve downstream passage conditions at the old powerhouseiginal 90 mm
turbinerackwasreplaceth y a 40 m | egoidjingmak,mjthaadarizoetal I6 mm gap
spacing, and a 3@ngle in relation to the sides of the intake chankejufe 3). The former
downstream passage facilities at the old powerhatese removed andfall depthbypasqEbel,
2013)with an average discharge of 0.3shwas implementedn consequengehe 40 mmrack
situatedunder the bridge at the entrance of the intake chanagtemovedin order toenable

downstream migrating fish to enter the bypass.
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Apart from the novel material of the rack and the hydrodynamic shape of the bars (CompRack®,
Halmstad, Sweden) the downstream passage facility followed the original design by Ebel, Gluch
and Kehl(Ebel, 2013)Another difference between the original design and the famtalledat
theHertingHEP s, that no weir wasstalled inside théull depthbypass Figure3 A). The new
turbine b-rackis equipped with an automated cleaning device, stantirenthe pressure gdient
exceeds a certain levalg. at a certain heddss over the b-rack typically caused by trash
impingement The entrance profileof the bypassand hence the discluys, is regulated by an
electrically controlled hydraulibatch which automatically opens when the rack cleaner starts its
cycle, resulting in a temporary increase of figtotal 2 ms?) released through the bypaSte

bypass channel is connected tiish trap,(Wolf, 1951)with a 6 meter long and 1.2 m wibawv-

sloping bottom rack(8 mm barspacing for dewatering, leading to holding containemwith
impermeablavalls at thebaseandan8 mm dewatering rackvall at the topFigure3 B). The low

sloping bottom rack adjacent to tfigh trapremovesmost water from the bypasshich is spilled

into the new fishway The amount of water left is gathered insidehatelocaed in the middlef

the bottomrack-screen. In consequence fish passingthebypass channelre guided into the
chute. The discharge in the chsfglls into the holding containewere fish are kept untihe trap

is emptied

A second migration corridor wastroducedto the site by removing thdam across the former
channel The forner channel now serves as natlike fishway (minimum discharge

11 m3s?) primary targeting upstream migrating fish. Two weirs were build inside the forebay of
the new powerhouse, guidingipstream migrating fish througdn optical fish counter station
(model Riverwatcher, VAKI, Icelandjtuated at the downstream end of the limiting wetigyre

2). The fish counter station, consist of a passaldleotunnel and twauidingrackscreens with

35 mm gap spacingdownstream passage Miae naturdike fishway is yet possible, sindesh

that are todargeto pass through the guidiragreenslo not necessarily have locate the camera
tunnel in ordeto descend, abe weirs are designed to be overflowed at all times, which was also
the case during the entire study peridtie new powerhousgthree large djacent spill gates
(capacity 15; 2626 m°s?) and the Denil fishway remain unchangeaiwill be kept operational
Sinceno rehabilitation measures weneplementecat the new powerhouse, power productdn

H2 is limited toperiods of minimunfish migrationever since the modernization work#jich is

expected to occur during winteronths.The newpowerhouse was not running during gtedy.
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(A)

Rack cleaner in Powerhouse
standby mode Full depth
bypass

Turbine outlets

Guiding screen
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entrance
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shear forces

(B)
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with low sloping bottom
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Figure 3: (A) General sketch of a giiding-screenbypasssystem as publised by Ebel, Gluch and Kehl(Ebel,
2013) (B) Aerial view on the old powerhousef the Herting HEP including 30°-angledb-rack, full depth bypass
and, adjacent fish trap.
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2.2 Discharge distribution

The dischage situation changed due to tingplementatiorof the new passage facilitiesainly

as a result othe removal of the dam walthe loweredupstream water level@verage40 cm
lower) and thefact that the new powerhouse was nobperationduring the studyEven though
the new powerhouse was not running, a small percenfdbe total discharge flowdtrough the
run-of-river plantand theremaining spill gateg§Table 1). The distribution of relative discharge
between intake channel and fishwsgnainly influenced byheminimum discharge of theshway

(11 ms?) and the maximum capacity of the old powerhoikm?®s?). If the total discharge of
the river is lower than 1 m3s?, all water flows through the fishway. The old powerhouse is
operating at discharges greater than £&'randreceives all inflow untifull capacityis reached

at a total discharge of 58°s. All additional discharge exceeding 58sis spilled through the
fishway. Average discharge was distributed equally between the two main routes (fishway 49%,
intake channel 47%) during the study period average of 0.83n°s? flowed throughthe nev

bypassThedischargalistribution during the study is shownTablel.

Table 1: Mean discharge (m3s?) distri bution and recorded min. and max values(m3s?) for all contributing
discharge pathsat the study site duringthe study period, April -15" to May-07".

Discharge paths H1 H2 Spill Fishway Bypass Total
Mean discharge 21.5 1.3 0.5 22.6 0.3 45.9
Minimum discharge 0.2 1.1 0.4 7.0 0.3 58.9
Maximumdischarge 40.1 1.5 0.6 37.7 2.0 33.3

10
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2.3 Tagging and tracking of Atlantic salmon smolt

2.3.1 Fish taggingand releasprocedure

To evaluate the efficiency dhe newpassage facilitiefor downstream migratingiild Atlantic
salmon molt, fish (N = 44) wereradiotagged releasedand trackedat the HertingHEP. The
tagged individuals were divided into a treatment group and a control @mgits of the treatment
group (N=35) were released indatchesranging from 4 to 8 individual§ able2), approximately
390m upstream of H{Figure4), which was the same release site as during thetpdy (Calles

et d., 2012). The control group (N 9) werereleased in two batches at a pedestrian bridge

approximately 160 m downstream of Haigure4, Table?2).

The treatment group did not differ from the control group in regards of length, height, weight, or
degree of smoltificatiofindividual Manri Whitney U testsall p >> 0.05) All taggedfish were
caughtin one of thefish trags at the NydalaHEP in tributaryriver Hogvadsar{Figure1). Before
tagging, solts werecheckedor injuries andheir general conditionvas assesse®nly healthy

fish were taggedSmolt tagging followed th@rocedure for surgical implants of trailkvghip
antenna radio transmittétepsen et al., 2002pne type of transmitter weresed during the study
(Model ATS F1525weight 0.65 g, life 21 days Advanced Telemetry Systems, risia USA). Fish
wereanesthetizeth an immersiorof a solution oBenzocainevith the time for sedatioranging

from 1.65min to 4.14min (mean 2.63min). After the initial incision, a needlewas used to
penetratehroughthe skin into the bodgavity. The antenna was extracted with theedleand the
transmitter was inserted into tlvedy cavity. The incisions were closed by one sufdieryl,
V391h, 5/0; Ethicon Inc., USAJ)otal procedureincluding anesthesia arslirgery lastedfrom
3.53min to 7.13min (mean4.96 min). Body measures were taken for: tdedgth (mm) height

(at the posterior end of the dorsal, finm), weight(+/- 0.1 g), and degree of smoltification ¢13)
(Tanguy et al., 1994)All tagged fish were kdgfor postsurgery okervation 4.2% (mean) in a

700 holding tank with constant freshwater supply from the river to ensure recovery after the tagging

procedure. Five fish died during this period, and have therefore been excluded from the study.

11
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Table 2: Release datesbatch sizes, purposgcontrol group (CT), treatment (TR)), averagebody measures
(length, height, weight)with standard deviation and median degree of smoltification of all releasedsmolt
batches.

Date and time of N Purpose Length Height Weight Degree of
release (CTITR) (mm) (mm) @) smoltification
(1-3)
April-14" 20:30 6 TR 144+ 5 23+3 242+ 33 2
April-16™ 20:31 8 TR 147+ 9 24+ 2 26.0+£26 2
April-16" 20:24 5 CR 151+8 25+1 26.2+ 3.3 2
April-18" 21:20 6 TR 147+£5 25+ 2 27.3+3.0 2
April-18" 21:10 4 CR 146+ 3 25+2 278+6.6 2
April-215t20:40 8 TR 146 £ 5 24+1 272+20 2
April-23919:50 7 TR 149+ 5 25+1 264+2.2 2
Total 44 TR +CR 147 +6 24+2 26.3+3.2 2

Release
treatment group

o

Release
control group

approx. 1100 m | | /\
100 m N

Figure 4: Placement of logger statios in the study area (L17 L8) indicated by gray arrows, pointing in the
direction the antennas were directed. Rel ease | ocatior
Areas used for reconstructng the migration paths of tagged smolts are shown by shaded areas (outside study

site (OS), approaching HEP (AH), approaching turbine intake (Al), inside turbine intake (Il), at turbine rack

(TR), approaching fishway (AF), inside fishway (IF), downstreamithway (DF), inside bypass channel (BP),

inside fish trap (WT), inside tailrace (IT), leaving study site (LH).
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2. Materials and methods

2.3.2 Fish tracking procedure

Fish trackingvasperformedby placingautomatidoggers (L1 L8) (model R4500sATS, USA)
connected t@-element Yagiantennas ireightlocationsin the areaaround the HERFigure4).
Logger station L1 was placed at the western end of the small island about 75 m downstream of the
old powerhouse. The main purpose of L1 was to record data ofitéighdeaving the study site

L2 was installed on a handrail directly above the turbine outlets of the old powetbandicate
turbine passagetogger station L3 was connected to a stripped antenna @hdla, Grant and
Hane, 2004)positioned at aboubne metemwater depth inside the Welfap to indicate when
tagged smolts entered the trdjme bypass channel and threack were monitored mainly by L4
locatedon the opposite river bank of the turbine rack, approximatiy Lipstream ahebypass
entrancelL5 was placed at the end of the new power plant tailracegisterfish preseninside

the fishway Logger L7wasinstalled on the platform housing the electric fish counter to record
smolts that approael andbr entredthe fishway Logger L6 was placed at the entrance of the
intake channelabout 180 m upstream of the old powerhots&overthe area upstream of the
study site L8, the loggerpositioned furthestlownstreamwas installed approximately 1100 m
downsteam of H1to indicate if tagged smolsuccessfullycontinued their migratioto the sea
after passing the Herting HEPogger stations L4, L&nd L7, consisted ofwo automatidoggers

connected to one antenimaorder toincrease detection rate.

To veify automatic generated logger datdl fish were manually trackieand positioned daily,
using amanualreceiver(R200Q ATS, USA) and a 2element Yagiantenna. The positiorieund
during manual trackingvere inserted in a tablet computer (iPad, ApplSAY using a GIS
softwae (GIS Pro, Garafa, LLC, USA).

2.4 Maintenance of thefish trap

The fish trap was emptied eyanorning at approximately 9:00sduring the entire study period.

All caught fish were identified to species level and total length wasureshdo the closest
millimeter. Due to high abundance of salmonid smolts salysamples (mediacount10, range

81 45individualg of randomly picked individuals were measured. Fish were checked for injuries
and other abnormalitiesf irregularities wee found the fish were photographed. All fish, except

tagged smolts, caught in the fidhap were released downstream of the bypass channel.

13



2. Materials and methad

When tagged fish were recaptured, the transmitter was removed (i.e. fish wagged) before
they were releasedror this reason, individual transmitters were used for up to three different

individuals.

2.5 Data analysis

A pilot-testwas carried out tgatherknowledgeabout thestrengthof therecordedsignalduring a
typical passager-or this purpose thrdeansmiterswereheldinto thewater at a depth of Orb for
120sec at 46trategicsites within thedetectiorareas of loggestationd_1i L7. The results of this

test were used to create a sigaengthmap indicatinghe average signal strength foratively
recording logger stations per si@ppendix1). Theriver at the study sitevas dividedinto 12
specific areaso set time marks foimportant events during a passage e.g. entering the bypass
channel or leaving the study skeyure4. Distinct signal strength signatures/combinatidressed

on the results of the pilot testere used to set rules in order to identifitagged smolts entered

or leftthesespecific areas.

The term fAartelmes HBPBA rwialmMm olfereafter refer to t
(0S), approaching HEP (AH), approaching turbine intake (Al), inside turbine intake (ll), at turbine
rack (TR), approaching fishway (AF) ,reammobi de b
the HEPO will refer to: inside fishway (I F), c
tailrace (IT), leaving study site (LH).

The passage pattern acquired through this method was used to reconstruct the path of tagged smolts
as well & the timing of choserparts of the passagghe following requirements were set to define

if fish passedheold powerhouse and successfully continued their migration after passing the HEP.
Total passageuccesy TPS) wasdeclared iftaggedfish continuel their migrationafter passing

the obstacleand passed the logger positioned afftindhestdownstream point (L8pr if fish were
caughtin thebypasdrap The control group were relsed downstream of HHence they didnot

have topassheHEPIin order to reah the sea. Instead aftal passage success, migration success
was analyzedwhich was declared if tagged smolts of the control group reached the last logger
station (L8).The new bypass was evaluated dajculating the corresponding fish guidan
efficiency (FGE). FGE refexto tagged fish and was determined as the percentage of fish entering
the bypassout of the total numberf smolts, which visited the turbine rack at least once

14



2. Materials and methods

(Scruton et al., 2003T hreedifferent timgperiodswere analyzetb quantify how much the radio
tagged fish were delayed when passing the:HEPTime spenfrom release to passage. time
from release until either entering the fishway or, if fish passed via the intake channé&lptime
release until enterinfish trapor turbinesy2) Time spent from passing the HEP until reaching the
last logger(L8); (3) Total passage duration,e. time from releasauntil reaching the most

downstream located logger (D8)

Further, nigration ratevasanalyzedn order tocompensate fothat fish following different routes

had toswim different distanceg¢Table3), which hencewas expected taffect passage duration
Migration ratewas analyzed for the same stretches uséderecordingof passage time and was
calculated by dividing the length of a certain stretch by the corresponding duration of time spent

in that stretch

Table 3: Length of all measuredstretches used to calculate migration rae and their corresponding relevance
for either treatment or control fish.

Measuredstretch Relevantfor Distance
(Treatment/Control : route) (m)
Release poinf treatment fish bypass channel  Treatmentintake channel 400
Tailracei last logger (L8) Treatmentpossible turbine passage 1090
Total migration path intake channel Treatment possible turbine passage 1490
Release poimf treatment fish fishwayentrance  Treatmentfishway 200
Fishwayentrance last logger (L8) Treatmentfishway 1390
Total migration path fishway Treatmentfishway 1590
Release poindf control fishi last logger (L8) Control 930

2.6 Statistical analysisand acquisition of abiotic data

Acquired data was analyzed through univaretalyses. Normalitypf all data setsvastested
using the ShapirdVilk test Data sets of two grouping factors were tested using theWWlaimey
U-test.Data setsvith more thartwo groupingfactors were analyzedith the KruskalWallis test
and if significances were foungosthoc pairwise MamWhitney Utess were condicted
Correlations betweemigration rate an@dbiotic or biotic parameters weneerified by individual

S p e a r makmoéredatiors. In addition, dinea regression model waserformedto assesthe
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2. Materials and methods

overall effect of abioticand biotic parameters on migration rate, wherebmary logisticmodel
was used to verify the impact of those parameters on route clageeficances in regression
models weretested witha Wald test.n all statistical analyses carried out, significangas
accepted when-pal ues of O 0 .Syrficamce wik be avdttgruagip < 0d0%
significant fip > 0.50forp >  00.10aBdf{O>> 0.0% for p >0.10. The gatistics programs
Sigma Plot 12 (Systat Software Inc, USA) @SS 21(IBM, USA) were used for statistical
analysis and plot®ischarge data was provided by the owner of the Herting hydroelectric plants,
Falkenberg Energi, and Fiskevardsteknik ABater temperature was measured daily using a
digital thermometer, installed inside thygpasdrap.Geographical measurements were realized on
satellite pctures provided by Google Mag&oogle, USA) Plans, Mapsand sketcheswere
created in Adobd’hotoshop CC 2014Adobe, USA)and Corel Draw HCorel Corporation,
Canada)
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3 Results

3.1 Fish trap catches

A total of 5167individualscomprisingof 13fish species were caugimthebypasdrapduringthe
study(Table 4) The totalsalmonidsmolt catch was 5078®f which 4435were Atlantic salmon
(87%)and 638wvere brown trou¢Salmo trutta (13%,Figure 5). he median length afaughtnon
taggedAtlantic salmonsmolts was 140 mmrangel22 mmi 184 mm N = 346 and 145mm
(rangell0 mmi 201 mm, N = 21) forbrowntrout. Daily catches of salmonidmlts decreased
graduallyduring thestudyperiod (Figure5) ranging from 28 to 41ihdividualsper day forAtlantic
salmon and one to 68 ftwrown trout.A total of 12 radio-tagged smolts were caughtthebypass
trapover thestudyperiod In addition,ninesalmon kelt an@5 browntrout kelt were caughn the
bypasdrap A total of 82 individuals of different species were found dead on the bypass rack or
inside the holding container of the fish trap, resulting in a mortality of 2% causied impnitoring
facility for nontagged fish.

Table 4: Species and nmber of fish caughtin the bypass trapover the study period (April -14" i May-07").

Species Number of fish caught
(N)
Atlantic salmon (smolt)  Salmo salar 4435
Atlantic salmon (kelt) Salmo star 9
Brown trout (smolt) Salmo trutta 638
Brown trout (kelt) Salmo trutta 25
Burbot Lota lota 1
European eel Anguilla anguilla 7
European perch Perca fluviatilis 2
Northern pike Esox lucius 2
Rainbow trout Oncorhynchus mykiss 10
Roach Rutilus rutlus 28
Rud Scardinius erythrophthalmus 2
Ruffe Gymnocephalus cernua 1
Silver bream Blicca bjoerkna 1
Zander Sander lucioperca 6
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Figure 5: Daily catchesof (A) Atlantic salmon smoltsand (B) brown trout smolts in the fishtrap over the study
duration. Arrows indicate the day of maximum catch.

3.2 Route selection

All but onetagged fistof the treatment group (N = 35) passed thetiHg HEP.Thesingle smolt
that didnot pass the HEBtayed upstream of the power plant for therergiudy period This
individual stayedin areas with overall low velocitgwimmingback anl forth between the areas
floutside study ar@aOHl), fiapproacmg HERO  ( Adgproachfishwayd(AF) andpaidone visit
to the turbine rackTR, Figure4). The individual was acti\gg moving for about 13 daysifter
release A change in movememattern i.e. decreased movement speeauld be identified 6.40
h after release indicatingpossible predatioevent Out of the 34 (= 100%)taggedsmolts that
passed the HERS individuals (4%) choose the new fishway as gp&ssage routehereas 19
individuals (%%) passed through the intake chanf@fjure6). Oneindividual did not continue
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its migration after passirthe obstacleria thenew fishway but stayed insidéhefishwayuntil the
end of thestudy. Thepositionof thistagged smoltlid not indicate predatiome. it was holding in
lotic positions,andthe individual showed movemennside the fishway until theattery of the
transmitter ran outNone of the tagged smolts passed viartbe-operatingnew powerhouse or

the adjacenthonoperatingDenil-fishway.

20 56%
44%
-~ 15
£ 35%
@
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. I HE =
1 Fw 11C IR IT

Route

Figure 6: Distribution of tagged fish that successfully passed the Héng HEP (N = 34) on all used routes.
(Routes: fishway (FW), intake channel (IC), intake channel fishtrap (IW), i ntake channelescaped via bypass
rack (IE), intake channel washed up on hyyass rack (IR), ntake channel turbine (IT))

3.2.1 Sub outes at the oldowerhouse anldypassefficiency

Foursub-routes were identified famoltspassingria the turbine intakéFigure6): 12 of 19 smolts

were caught in theypasdrap (IW); 3 of 19 escaped through the low sloping bottom rack adfjace

to the fish trap and continuedeihmigration (IE); 2 of 19 got washed up on the low sloping bottom

rack of the fish trap and -ratkaadiconsdqientlythr@ughahfe 1 9
turbines(IT) without observed direct turbiraduced mortalitysince both individualproceeded

swiftly to the last logge(L8). In total 17 of 19 tagged smolts migrating via the intake channel
enteredhe new bypassesuling in the fish guidanceficiency (FGE)of 85 % (17 of 20jor the

new bypassThe FGEwasbased on the individuathat passed the Herting HEP via the intake

channel plughe individual that paidnevisit to the turbine rackoutnever passed the HEPhe

completeopening of théhatchat the entrance of the bypass and the resulting temporary increase
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of flow in the byass channgetlid not influence the passage behavior of smolts migrating via the
intake channelsince wne of the passages through the bypass occwitkoh 4 h before or after

the hatch opened

3.2.2 Total passage success and total mortality

After removing he 14 detaggedsmoltsfrom the study12 caught in théish trapand two washed

up on the bottom rack®l1 taggednigratingfish remained Of those 21 smoltthe btal passage
successvas declared for 19 smolt&s stated above, one fish did not pasdtbeinghydrgpower

plant at all and one fish stayed inside the fishdiyng the entire study periotihetotal passage
success(TPS) for the treatment groupas 94% (33 of 35) based on tbdginally declared
definition for TPS or 89% (31 of 35if mortality caused by théow sloping bottom rack of the
monitoring fcility wastaken into accounAll fish of the control group reacheddger station L8
Migration siccess for the control group was therefore 100% (9 of&pl mortality was 9%3

of 35)astwo fish died due to the monitoring facility and one tagged smolt was declared as possible

predation.

Table 5: Number of turbine passages,dtal mortality, fish guidance efficiency of the new bypassand total
passage sccesdor r adio-tagged Atlantic salmon smolts in river Atran, 2014.

Investigated factor Result
Number of turbine passages 20f 35=6%
Total Mortality 30f35=%%

Fish guidarce dficiency of the new bypass 17 of 20 = 85%

Total Passage Success 33 of 35 =94%
31of 35 = 8%%a

aalternative definition of total passage sucdashkidingmortalities caused by the monitoring facility
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3.2.3 Influence ofabiotic and biotic parameters on route selection

There was no indication that body measuméilsencedtheroute chace of tagged fistiAppendix

II), since no differences were found between fish migrating through the intake channel and smolts
passing via the fishway in regards of length, height, weight and degree of smoltifisativi(al
Manri Whitney U testsall p >> 0.05 Appendix Ill). Furthermoreno differencesvere foundn
length, height, weightr degree of smoltification for tagged smolts regularly passing via the new
bypass (N = 12) as compared to the other alternative routes at the old pow@xhsusdManni
Whitney U testp >> 0.05).The route selection of tagged smolts wassignificantlyimpacted

by changes intotal discharge, since threeanof total discharge from release to passtgesach
individual did notdiffer between fish passinga the fshway and fish pasgy through the intake
channel(Mani Whitney U test p >> 0.05).Additionally there was no difference between the
ratio: intake channeinean dischargkfishwaymeandischarge, from release to passage and route
choice (Manri Whitney U teg p >> 0.05 Table 6). Consequentially59% (20 of 34) of all
individualsthat passed the HEP, did s@ the route carrying less disarge at the moment of
passageAppendixIV). Route selection of smolseemed to bdistributed equally between release
datesand during an average day of release 40% of tagged smolts passed via the Wtenegs
60% passed through the intake chanfei (s h e r 0 s p % 8.@5pAppentdiel\é)t Analogto

the individualcomparisons, no correlations were folredweerabiotic- and biotic parameters and

route selectiomn a binarylogistic regressioomodel(Appendix V).

Table 6: Medians of meandischarges(m3s1) from release to passagéor fish migrating via intake channel and
fishway. Values in brackets state min. and max. values.

Selected Discharge path
route

Median total Median discharge Median discharge intake Ratio

discharge fishway (MQF) channel (MQI) MQI/MQF

Intake channel 54.7 27.04 245 0.9
N=19 (50.47 58.9 (24.11 33.4) (21.31 24.5 (0.57 1.0)
Fishway 52.9 259 24.5 0.9
N =15 (47.07 58.0 (22.37 31.5 (19.67 25.]) (0.671 1.0
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3.3 Passagalelay and correspondingmigration rates

The median smolt passed the obstacle 9.8 h after release. There sigsificantdifference in
time from release to passage between smolts migrating through the fighedgpn 9.9 h) and
smolts passing via the intake chah@edian 10.1 hMannWhitney Utest, p >> 0.05)A
comparison of correspondent migration rateswed higher swim speeds for tagged fish that chose
the intake channgimedian 39.8 mih, N = 19) compared to fish passing through the fishway
(median 20.6 mf; Figure7). This comparison was, however, not signific@¢ruskarWallis test,
K2=5.277 p> 0.05;Figure?).
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Figure 7: Migration rates of tagged smoltsper route from release to HEPpassageby either entering bypass
and turbines (intake channel) or the fishwayand the total migration rate of the control group. Box: 25%
quantile, median, 75% quantile; whisker:O 1 . 5outlin®rR >1.5IQR are true values Groups shown in this
figure were not significantly different.
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After passing, smolts proceeded swiftly towards the sea and96247) of all remaining smolts
passed the last logg@r8) in lessthan24 hafter passageMigration rateafter passagéo the last
logger L8 differed significantly between the selected ro{KesskalWallis, Kz3=9.313, p < 0.05;
Table7). Fish that chose the fishway, or passed via the turbines contimeiesnigration faster
than smolts that escaped the fish trap or disthe control groupPost hoc pirwise comparison,
however, was insignificant for all routeall(post hoc pairwise Manwhitney U comparisonsp
> 0.05 Figure8).
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Figure 8: Distribution of migration ratesfor the stretch downstream of thehydropower plant to the last logger
(L8)f or all different routes and the control group. Box:
IQR, outliners: >1.5 IQR are true valuesPost hoc comparison was insignificant for all shown routes.
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The comparison of migration rates for both stretches dnd downstream of the HEP) and the
control group indicated that the swimming behavior of taggmedlts changed after passing the
obstacle KruskalWallis test k = 14.698, p < 0.05Figure9). Migration rate of tagged fish was
significantly lower for the stretches upstream of the Herting HEP (median 23:91Nnh 34)
compaed to migration rates calculated for the stretches doeanstrof the obstacle (median
689 mh, N = 19; post hoc pairwise Manwhitney U comparisons, dfore passage ~ after

passagep < 0.05 other: p >> 0.05).
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Figure 9: Calculated migration rates for all passed smolts in th@reas upstream of the Herting HEP (Before

passage) and after passing the obstacle, until reaching the last logger station (Affemssagg Box: 25%

guantil e, medi an, 75% quandrs 316 JQRwarke irue kadues:Signfiicarices@mre | QR , 0L
shown by the use of different letters (A) and (B)Groups labeled with different letters are significantly different.
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Table 7: Time durations and migration rates of tagged fish migating via the intake channeland sub routes
smolts passing the hway and, the control group forall three analyzed stretches.

Stretch Number of fish Duration Migration rate
(N) (h) (mh)
Route Median Range Median Range

Releasd passage 34 9.8 0.27 171.3 23.9 1.17 1846,1
Fishway 15 9.9 1.17 171.8 20.6 1.1671 125.0

Intakechannel 19 10.1 0.21 73.0 39.8 5.47 1846.1

Passagé last logger (L8) 19 1.1 0.47 159.3 689.0 8.7-2978.5
Fishway 14 1.0 0.471 159.3 1391.1 8.71 2978.5
Intakechannelturbines 2 1.07 0.571 15 1335.1 688.4i 1981.8
Intakechannelesc. trap 3 21.8 5.131 22.0 49.8 49.31 212.3

Releasd last logger (L8) 19 18.6 1.67 195.6 65.3 4.771 769.3

Fishway 14 17.9 2.071 194.8 107.9 8.17 769.3

Intakechannetlturbines 2 28.94 26.671 31.2 63.8 47.77 55.8
Intakechannelesc. trap 3 23.33 7.67 53.4 63.8 27.81 194.7

Control 9 8.2 1.67 195.6 112.5 4771 563.3

3.3.1 Influence of abiotic and biotic parameters on migrationfrata release to passage

Time from releaséo passage was shortest for the last group released-@&riAppendixIV),

but there was no statistical correlation between migration rate and date of (leakalWallis
test,Ks = 4.89,p >> 0.05).Discharge expressea@stotal discharge from release to passage and
ratio of intake channel mean discharge / fishway mean disclieogerelease to passage, water
temperaturefrom release to passagmd body measures (length, height, weight, degree of
smoltification) did notseem toinfluence migration rate, as individual comparis@mdividual
Spear manos r,alpk>005pApperdixId)tdid mohshow any significances. Analog
to the individual correlations, no signifidacorrelations betweethese parameters and migration
rate were found by a linear regression mgégdpendix V). A linear regressiormodel, using
logarithmic migration rate valueisnplied a significant impact of smolt weight and date of release
on migraton rate from release to passa@ependix MI). The found significances, however,

proved to be highly dependent on the selection of variables and were therefore not further.analyzed
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3.4 Seaarch behavior of smoltsupstream of the obstacle

Tagged individuals siwed different patterns of movements before passing the(FigEre 10).
The mediarsmoltpaid five visits(range 2i 25) to sevenexistingareasupstreanof the Herting
HEP: 1) outside study site (QS2) approacing HEP (AH); 3) approaching fishway (AFM)
approaching intake channel (AB) inside intake channel (118) at turbine rack (AR)7) inside
bypass (BP)Figure4), beforefinding a migration route past the ¢ésle This searchbehavior
did notseem todiffer betweenindividuals eventually choosing one thfe two different main
routes since fish migratingia the intake channel paidsamilar number ofadditionalvisits (.e.

all visits except the ones obligay for the shortest poss¢ebarea sequence before passagajeas
upstream of the hydro power plantddian 2visits) asfish pasang through the fishway (median
2 visits; MannWhitney U-testp >> 0.05) Most tagged fish did not tend to explore thieraktive
routes before passing.n@ five out of 15 smolts migrating through the fishway first visited the
start of the intake channiist (Figure10) and none of them entered the intake channel. Mase
not a single visit madi the area just upstream of the fishwA¥) by smolts migrating into the
intake channelThe median time spent ithese sevenareasupstream of the HERaried
significantly (KruskalWallis test, k= 34.304 p < 0.05;Figure11). Post hoaccomparsonof the
duratiors for all visits (N = 219) to the seven different areas upstream of the Herting HEP showed
that taggedmolts spent ledime at theturbine rack, compared to the areas further upst(past
hoc pairwise MarkWhitney U comparison: A~ TR, AH ~ TR, Al ~ TR, Il ~ TR, OS ~ TR,

p < 0.05; other p >> 0.0%jigurell, Table8).

Table 8: Median time spent in the individual areas upstream of the HEP based on alisits of fish that
successfully passed.

Area Visits (N) Time spent per areah)
Median Range
Outside study site (OH 27 0.48 0.1771 7.68
Approaching HEP (AH) 81 0.80 0.017 26.05
Approaching fishway (A} 20 1.33 0.061 171.@
Approaching intake channel (Al) 44 0.77 0.017 14.30
Inside intake channel (Il) 22 0.36 0.017 15.83
At turbinerack (AR) 15 0.01 0.017 3.90
Inside bypass (BP) 10 0.01 0.017 0.02
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FishID Route Passage pattern
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Figure 10: Passage patterns for all tagged fish that passed the Herting HEP. Each bracket represents a visit to
a pre-defined area. Areas are color coded. Bracket size does nofresent the duration of a visit. The first
registered visit to an area after passing the HE i s ma rXk.eRduteds fishwidy (FW),N = 14; intake
channel escaped tlough bottom rack (IE), N = 3; intake channé washed up on bottom rack (IR),N = 2; intake
channel turbines (IT), N = 2; intake channel fish trap (IW), N = 12.
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Figure 11: Distribution of time spent in theindividual areas upstream of the Herting HEP for all passed smolts.

Box: 25% quantile, median, 75% quantile; whik e r : O 1.5 | QOR, outliners: >1.

Significances are shown by the use of different letters (A), (Bzroups labeled with different letters are
significantly different. Outliners exceeding 15 h were excluded from this graptAreas: approacding fishway
(AF), approaching HEP (AH), approaching intake (Al), bypass (BP), inside intake channel (Il), at turbine rack
(AR), outside study site (O%

Smolts that passed the HEP and continued their migration did not pay any additional th&its to
five areas downstream of the Herting HEPR 1pinside fishway (FW)2) downstream fishway
(DF); 3) bypass channel (BP%) turbine tailrace (TR)and5) downstream HEP (DH). All of the
19 fish followed the shortest possib@iteuntil they reached thieirthestdownstream positioned

logger (L8)(Figurel0).
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4 Discussion

Thereplacemenbf the conventional 90 mm rack aradtachedsurfacetrash gate by a 36sloped
b-rack and djacentfull-depth bypasst the Hertinghydroelectric plant significantly improved
downstream passage cotidins for Atlantic salmon smolts river Atran.During the prestudy
most salmonid smolts (69%) passed through the turbines, and relatively rfewtagged
individuals(about 1000) were cght in the bypass trap (Calles et al., 2012).With the new solution
in place, however, a very small proportion of tagged smolts passed through the turbines (6%) and
as a result more than 5066ntaggedsalmonid smolts were caught in the bypass trap dtineg
smolt migration in spring 2014. Taking into account #habnsiderable number of taggadolts
passed the HEP via the natlites fishway, the results are even more encouraging. Although some
problems associated with the new bypass were experienced the first year of operation, the
solution is very promising and shoufdprove downstream passage condsianhadditional small

to mediumsized hydroelectric power plants in prospective constructions.

4.1 Overall passage success

This study showed th#tte new measures at the study site are potentially able to create conditions
with totalpassage success exceedingp3dr downstream migrating salmon smolts. Total passage
success for downstream migrating salmon smolt has increased from 90% i(C20l63 et al.,
2012)to 94% in 2014. The observed total passage success iswhigh compared to similar
studi es. Calles and Greenberg (2009) studied
brown trout. Total passage sucedsr brown trout smolts was 66% for the first an@o/®@r the
second encountered HEP. The main reasothé&overall lower TPS during this study were a high
amount of predation and high numbers of turbine induced mort@litjes and Greenberg, 2009)

This was not the case at Herting. The initial calculated peisgage success (TPS) o¥@4dased

on the original definition for PS, can even be corrected td®8ince one smolt successfully
passed the obstacle but seized tatioaie migrating to the sea. One reason that this individual did
not continue its migration could be that the necessary biological adaptions for a life in saline water
were not yet fully developed and this smolt thuas not ready to enter the océdftCormick et

al., 1998) The difference in total passage success between trstyalye compared to the study
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conducted in 2014 was overall negligible, yet the significant decrease in number of turbine

passages marks a fundamenabiovement.

4.2 Passage through turbines in relation to other routes and turbine induced mortality

Three key aspects guide attempts to successfully rehabilitate downstream passage measures: (1)
stop fish from entering turbines, (2) concentrate them to arc@dat, and (3) force or attract the

same fish into a bypag¢€alles et al., 2012)The cause of the large numbers of turbine passages in
2007 can be traced back to the failure of the turbine racks at both power plantp thesto
approaching molts (failure of aspect (1))'he number of turbine passages for tagged salmon
smolts has decreased by 63% from 69% in 2@xAlles et al., 2012)o0 6% in 2014 and total
turbine indued mortality was redudefrom 8% in 2007(Calles et al., 2012p zero in 2014. This
devel opment s i n drackaas abte totaddiess the magor igswee \{thatismolts were
not stopped by the old turbine rack and consequently passed the turbines) for migrating smolts
encountering the Herting HEP. The barspan g o f 1 5racksmemis approphage fobthe
evaluated rack type since the goal was to prevent the majority of migrating smolts (> 90%) from
entering the turbinegEbel, 2013) The significant decrease in turbine pa@esais a major
improvement compared to the former solution since turbine passages can lead to substantial
delayed mortalityfFerguson et al., 200@nd it is therefore likely that a high percentage of smolts
that passed the toines in 2007 did not survive long enough to successfully reproduce.

The number of turbine passages in similar studies varies correspondent to the type of rack, bar
S p a c ,andgadasable bypaq$cruton et al., 2007; dlles and Greenberg, 200%arrow bar

s p a ¢ maygtépsapproaching smolts but those require access to an alternative route to proceed
their migration(Fjeldstad et al., 2012; Ebel, 2013)

4.3 Fish guidance efficieng of the new bypass

The evaluated full depth bypass proved to be highly efficient for downstreamingghdtantic
salmon smolt. The fish guidanciieiency of the bypass at the gidwerhouse has increased from
17% for the surface trash gagealuatedn 2007(Calles et al., 2012p 83% for the newull depth
bypass used in 2014. Even if there are smientific evaluations for bypass systems targeting

downstream migrating sal mon s n66-85%sanbeiathieved st at
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underoptimal conditiongLarinier and Travade, 1999here are neomparativestudies targeting

an identical design combination fofll depthbypass and bbw slopedb-guiding screen targeting
downstream migrating salmonid smolts, but a similar solutié@ermany showed a FGE of 8%3

for downstream migratinguropearsilver eel(Ebel, 2013)In thestudyconducted by Ebg§P013)

however fyke-nets attached to turbine outlets and bypass exit were used to quantify the amount of
eel passing through the bypass. There is narnmtion about the number of eblat possibly
visited the rack without passing, whereas additional visits of taggettssmadeto the turbine

rack atthe Herting HEP affected the observed FGE during the smolt study in 201direkt
comparison of both recorded FGEO6s i, sbuthesuit al
general high performance of the evaluated systexpressed in a small number of turbine
passages, can be verified by this theSksel (2013)summarizedthat the relative discharge in a
bypass system plays a minor role for its efficiency if other core features, e.g. geometrical metrics,
hydraulics orentrance design, are implemented in a beneficial way. This can be reinforced by this
study as the relative discharge used in the bypass was reduced from 25% (G&@37et al.,
2012)to 1.4% in 2014 (with 100% being theeamge discharge in the intake channeirduthe
correspondent studyYhe combination of higlobserved=GE and low relative discharge is an
essentialeature othe evaluated bypass system, sitieeefficiency ofalternative bypass solutions

often relieson diverting large parts of the river discharge into the bypaskse cost of power
production(Johnson and Dauble, 2006; Fjeldstad et al., 2012)

Other studies have shown that salmonid smolts can be reluctan¢ta bgpasgLarinier, 1998;

Scruton et al., 2003 his was not the case for the evaluated bypasmiolts that found their way

t o trdcleprobeeded swiftly into the bypass channel witlsayrificantdelay. This ndicates

an opti mal gui di n g-rack farfd arcideal positioniniy and entramde designeod b
the subsequent full depth bypd&bel, 2013) One major issue during this study was, however,

that the monitoring fadtly of the rehabilitatethypass caused mortality
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4.4 Total mortality

Even if turbine induced mortalitwas significantly reduced, total mortality for tagged Atlantic
salmon smolt passintpe Herting HEP did not changpetween 2007 (10%)Calles et al., 2012)

and 2014 (9%). Thistagnationcan be traced badlo the mortality caused by the monitoring
facility. Total mortality in similar studies may vary depending on the circumstances of the study
in question but isusuallyrelated to predation antbr turbine induced mortalityLarinier, 1998;
Ferguson et al., 2005 b; Fjeldstad et al., 20A2)esearch conducted by Aarestrup, Jepsen and
Rasmussen (1999) showed a total mortality of 36P4agged hatchergeared Atlantic salmon
smolts navigating through an about 8 km long reservoir on their way to a HEP located at the end
of this reservoir. The high losses for tagged smolts were mainly caused by predation during the
long time spent pasy) through théotic river stretch Another similar study carried out by Scruton

et al. (2007) evaluated the efficiency of a retrofitted bypass system for Atlantic salmon smolt in
2003 and 2004espectiveln this studytaggedsmoltswere released diregtinside the forebay of

a HEP andh total mortality of 16% was observed in 2004 (total mortality was not assessed for
2003). The mortalitpbserved bycruton(2003)was mainly attributed to turbine pag®.Turbine
passage (0%) and predation (3%) caugaddd mortality to downstream migrating smolt at the
Herting HEP in 2014The fact that the monitoring station at the new bypass was responsible for
the majority of mortalitypresents a notable challenge to the evaluated downstrem passage system.
The matality caused byhefish trapinstalled at the Herting HERas not limited to tagged smslt

as several netagged dead Atlantic salmon smoltatead fish of other species were found on the
bypass rack or inside the holding container of the trap. It segsadverse hydraulic conditions

at the bypass rack and inside the holding tank resulted in fish getting stuck between bars and other
gaps of both dewatering aseaf the rack and holding tanRddressing this challenge should be

of the highest priorityn prospectiveconstructionsas the trapping facility seems to be one of few
sources of mortality at the Herting HBYRortality caused by the monitoring facilitpased on the
individuals that entered the bypas&s higher for tagged smolts comparedhdo-tagged fish

Earlier studies have shown that the transmitters used in this study typically do not significantly
impact on the swimming behavior of tagged salmonid sniiditschie, Cooke and Schreer, 2004)

The antennas of éhused transmitters may still have resulted in fish getting stuck dyotteam

rack thudeading toa higher mortality for tagged smolt at the monitoring facility.
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The single observed possible predation during this study could not been verified.dn Sinadiies,
piscivore predation on tagged fish is often proved by the capture of the predator through
electrofishing or by retrieval of the naligestible receiver shortly after the observed predation
(Aarestrup et al.1999; Dieperink, Pedersen and Pedersen, 200dither was possible in the
context of this study. It is likely that the fish was not taken by a predator since the signal of the
tagged individual displayethovements for another l#ays.The low predatiomrate on tagged
smolts can probably be explained by the relatively short migration delay caused by the Herting
HEP, as the risk of predation is typicafigsitively correlated to delag migration(Ferguson et

al., 2005 b)

4.5 Migration delay and searchingbehavior of tagged smolts

Time from release togssage has been decreased 9 8bm median 14.4 h in 20QTCalles et

al., 2012)to median 9.9 h in 2014. The most time consuming route during tketymhe used to

be the bypass (median 35.4Culles et al., 2012)which is no longer the case as the median smolt
migrding via the new bypass took %0less time to find the entrance of the bypass than in the
study of 2007(Calles et al., 2012)The behavior of tagged smolts in the areas upstream of the
Herting HEP indicates, however, that some tagged individuals were reluctant t@entere not

able to findthe available routes as seen in tigniicantly higher overall migration rates after
passing the obstacle. This shows that the evaluated rehabilitation measures, although generally
convincing, were not able to entirely prevent a migration delay caused by the Herting HEP. Still
the total deay of less tharl5 h for both years is relatively low when comparing the results to
similar studes(Aarestrup and Koed, 2003; Scruton et al., 2007; Calles and Greenbergth2(309)
indicating a minor effecbn smolt migration. This can be affirmed by the fact that tagged smolts
that approached the HEP were not exposed to elevated predation rates which is often observed in
similar studiegRuggles and Murray, 1983; Fergusorakt 2005 b) We suggestthat the cause

for the observed delay is a combination of reduced velocity inside the forebay of the Herting HEP,
compared to riverine stretchesther upstream, as suggested Bifan et al, (2009)and the
observecsearchingppehavi or for a migration corrdeldyor . We
at the Herting facility is any different from what would be observed at e.g. a rapid or some other

kind of natural obstacle that may require time for a smolt to overcome.
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The smilar distribution of tagged smolts between the two maigrationroutes corresponds with

the average discharge distribution (which was close to equal between fishway and intake channel
during the study period)as salmonidsmolts generally follow the nyaicurrent during their
migration to the se@Hansen and Jonsson, 1985; Rivinoja, 20@8®%h available main migration
routes proved to be importanorridorsfor tagged smolts on their way to the sea. The equal
importarce of both routes is especially noteworthy because the new fishway is primarily designed
for upstream migrating fiskiFiskevardsteknik ABunpublished) The naturdike fishway was
expected to be of limited importance for downstream migrating fish, dwecevater intake was
partially blocked bythe guidingscreens ofthe opticalfish counter.Both, rack screens of the fish
counter, and the weirs limiting the upstream entrance of the fishway were expected to constitute
behavioralmigrationbarriers thus preenting tagged smolts from entering the fishwagft and
Bazarian, 1983; DWA, 2005Jhe median smolt, howevewras not reluctant to enttére fishway,
since40% of all tagged smolts passeih the new fishway and abb53% through the turbine

intake channelThere are no published evaluations targeting downstream pasfBeigacy of a

similar fishwayentrancedesign, but Aarestrup and Ko€2l003)recorded delays of more than
seven days at two small water overfloweesirs for tagged brown trout smolts. The observed delay
was shorter at the Herting fishway, and it did not seem like the typical smolt was reluctant to enter
the fishway by passing over the weirs or by swimming through the screens and/or fish counter.
There were no recordings afmolts passing the fish counter andeg that the resolution of the

used telemetry system was not high enough to differ where tagged smolts entered the fishway in
particular, we can only speculate if smolts migrating through #mevlly did drop over the weirs

or swam through the guiding screens of the fish counter.

4.6 Total number of smolts produced in 2014 and 2007

During the period of the study, 50% of all taggeshtmentfish that passed the Herting HEP
entered the new bypass &rkas only 10% of taggeédlantic salmon smolts used the surface trash
gate in 2007 (Calles et al., 2012). The corresponding calculated number of total smolts migrating,
by using the total number of ndaggedsalmonidsmolts caught in the fish trap ane thercentage

of tagged smolts that migrated through this route, was 10,510 smolts in 2007 and 10,146 in 2014.
The similarity of these numbers supports the initial observation that the new bypass is working

more efficiently than the old temporary solutidience the possibilitythat an increased number
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of smolts produced in the rivers system in 201#egponsibldor a highercount of smolts caught

in the bypass trap is loweredigh daily catches of salmonid smolts during the first days of the
study showthat smolt migration was already occurring at that time, thus indicating that the study
period did not cover the entire migration period. An unknown number of smoledghssHerting

HEP before April14", but we argue that the main migration run waseced by the study since
daily catches for both trout and salmon smolt peakeihg the study period (April 7" andApril -

22", respectively). Furthermore only about 10% of the total smolt catch was regotdedypass

trap before April14™ during thepre-study in 2007 Calles et al., 2012 or trout smolt, however,

the corresponding catch before Aprif"lwas 41% in 2007 (Calles et al., 2012), and so the study

in 2014 may have missed a significant part of the trout sraolt

4.7 Conclusion and management implications

The evaluated measures improved the passage conditions for downstream migrating salmon smolts
in river Atran. The installation of B-rack and adjacent full depth bypass resulted highly
improved FGE of theypass and a significantly reduced amount of turbine passages at the Herting
hydroelectric power planfotal passage success and total morality, both of which were already
above average during the gidy compared to similar studies, could not be ctamably
improved due to mortalities induced by the monitoring facility. The mortality caused by the
bottom rack of the fish trap must be taken into account in prospective constructions (e.g. through
increase of slope of the bottom rack). If the monitoriagility at Herting is to be used in
prospective smolt migration researches, we suggest to run the fish trap #sargulb style, e.g.

one day per week, to reduce the negative effect and to combine trap catches with respective

telemetrystudies.

In spite of the concerns related to the maintenance of the monitoring facility, the overall results of the
evaluation are very convincing. We therefore recommend to install the tested measures on additional
small to medium sized hydro power plants, not only twease local passage conditiobst also to

set the basis for further evaluations of the full depth bypas®-aack with varying factors such as
discharge and velocity. The installation of such measures is associatesigthntial construction
costsand, in the case of the Herting HEP, an increased head loss. Yet in some casesltss lcaad

be reduced instead of increased as a result of the increased surface area of low sloping tusbine rack

(Calles et al., 2013)Hene, under certain circumstances lashloping racks can both improve the
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longitudinal connectivity and increase production of electricity (Calles et al., 2013). Furthermore, the
Herting HEP hasraoveralllow production of electricity and is situated in tlogvermost part of one

of the most important rivers for diadromous fish species in Sweden (Calles, Rivinoja and Greenberg,
2013). We thus arguehat the value of improving passage conditions for migratinges$ighy far
exceeds the loss of electricity protioo.

Although we proved that the implemented measures successfully increased passage conditions for
Atlantic salmon smolt at Herting HEP, further investigations to evaluate the passage efficiency for
additional diadromous species and life stages are atiper Of parttular concern are salmonid

kelt, sine the fish trap catches of keliere considerably snial in 2014 compared to the pre

study in 20071 Calles et al., 2012)'he explanation for thamited bypass catches oflkeould be

due to a poor performancé the bypass foarger salmonidsor a preference to pass downstream
using the naturike fishway. Additional telemetry studies conducted at the Herting HEP
throughout summer and fall 2014 included an evaluatiorthef new measures targeting
downstream migrating silver eel and upstream migrating Atlantic salmon spawners. The insight
gained in these observations in combination with the results presentedihgmevide a detailed
evaluationabouttheoverall perfoman c e o f -tatkend fuledepth bbypassystemfor upi

and downstream migrating diadromous &shThis combined evaluation will help to improve
sparse overall knowledge on how to successfully improve downstream passage conditions at

hydroelectric poweplants(Fjeldstad et al., 2012; Noonan, Grant and Jackson, 2012)
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Appendix |: Locations of all strategic pointsused during the pilot test conductedto create a signalstrength-
map, and the results in form of theaveragesignal strength of the corresponding loggerper point (table below)
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34
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45 46
a
% o) 16
a4 =
0 S N
39 ~ 15
- 13
7 12 1
35 7
10 2
? 2127
20
= 17 13- 19

31

26

24 23

Location Recoredet sgnal strenght (mean)  Location Recoredet signal strenght (mean)
number per logger number per logger

1 L6: 0 L7:0 24 L1:88 L4: 90
L2:133 L5: 91

2 L6: 885 25 L1: 95 L5: 102
L2:129 L6: 90
L4: 87

3 L6: 94 26 L1:108 L5: 96
L2:113

4 L6: 95 27 L1:111 L5: 84
L2:101

5 L6: 105 L7: 1105 28 L1:109 L5: 91
L2:92

6 L6: 107 L7: 106 29 L1: 96 L2:93

7 L6: 109 L7: 1065 30 L1:93 L5: 87
L2: 95

8 L6: 1215 L7: 119 31 L1:101 L5: 945
L2: 95

9 L4: 805 L7: 1045 32 L1: 835 L2: 96

L6: 125
10 L4:875 L7:98 33 L1: 79 L2: 88

L6:

1295



Appendix

11

12

13

14

15

16

17

18

19

20

21

22
23

L6:

L6:

L6:

L6:

L6:

L6:

L4:

L2:

L2:
L4:
L4:
L5:
L4:
L6:
L1:
L2:

119

114

94

110

106

107

125

79

91
1075
105
795
1225
119
76
132

L7:

L7:

L7:

L7:

L7:

L7:

L6:

L4:
L6:

L6:

L6:

L6:

L5:

118

1065

103

147

1375

1155

103

112
111

109

1195

96

87

34

35

36

37

38

39

40

41

42

43

44

45
46

L1:
L2:

L1:
L2:
L4:
L1:
L2:

108
107

99
117
84
76
122

L1:86.5

L2:
L1:
L2:
L1:
L2:
L1:
L2:
L5:

L5:

L2:
L5:
L5:
L5:
L5:

1195
84
1075
79
1125
735
99
111

935

93
137
111
107
92

L5:1125

L6:

L5:
L6:

L4:
L5:

L4:
L5:
L5:

L4:

L5:
L5:

L6:

L6:

L7:

L7:
L7:

97

109
955

91
102

785
115
120

83

127
130

925

935

1025

1055
111




Appendix

Appendix Il : Median body measures in relation to route- and sub route selection of all tagged smolts that
successfully passed the Herting HEP. Values in brackets display min. and max values

Route Number of Length Height Weight Degree of
fish (mm) (mm) (@) smoltification
(N) (1-3)
Total Fishway 15 148 24 26.5 2
(1361 156) (237 27) (24.27 31.5) (17 3)
Total Intake 19 145 24 26.0 2
channel (137 160) (187 29) (21.27 33.7) 17 3)
Turbines 2 156 24 255 2
(1431 164) (237 25) (22.07 29.0) 17 2)
Escaped through 3 146 25 30.0 2
fish trep (1457 153) (251 27) (24.01 31.0) (17 2)
Washed up on 2 148 26 28.0 2
bottom rack (1457 150) (237 28) (22.01 34.0) (27 3)
Regular bypass 12 147 24 26.5 2

passage (1387 160) (237 27) (24.01 31.0) (17 2)




Appendix

Appendix Il : Results of all individual comparisons conducted toverify if abiotic- and biotic parameters
affected route choice and migration rate from release to passage.

Purpose Test Result
Influence of smolt length on route choice Mann Wthtney U Test p =0.157
U = 183.50
Influence of smolt height on route choice Mann Whitney U Test p = 0.607
U = 157.50
Influence of smolt weight on route choice Mann Whitney U Test p=0.111
U = 188.50
Influence of degree of smoltification on route choice Mann Whitney U Test P =0.811
U = 135.00
Test if fish passing the turbines differed from other fish passin Mann Whitney U Test p = 0.659
via the bypass in length U=7.00
Test if fish passing the turbines differed from other fish passin Mann Whitney U Test p = 0.659
via the bypas# height U = 14.50
Test if fish passing the turbines differed from other fish passin Mann Whitney U Test p = 0.659
via the bypass in weight U=9.00
Test if fish passing the turbines differed from other fish passin Mann Whitney U Test p = 0.659
via the bypass in degree of smoltification U=9.00
Test if fish escaping the fish trap differed from other fish passi Mann Whitney U Test p =1.000
via the bypass in length U = 18.50
Test if fish escaping the fish trap diffedréom other fish passing Mann Whitney U Test p =0.233
via the bypass in height U = 26.50
Test if fish escaping the fish trap differed from other fish passi Mann Whitney U Test p =0.180
via the bypass in weight U = 27.50
Test if fish escaping the fistrap differed from other fish passing Mann Whitney U Test p =0.840
via the bypass in degree of smoltification U = 19.50
Test if fish washed up on the bottom rack of the fish trap differ Mann Whitney UTest p =1.000
from other fish passing via the bypass in length U = 12.50
Test if fish washed up on the bottom rack of the fish trap differ Mann Whitney U Test p = 1.000
from other fish passing via the bypass height U = 13.00
Test if fish washed up on the bottom rack of the fish trap differ Mann Whitney U Test p = 1.000
from other fish passing via the bypass in weight U = 12.00
Test if fish washed up on the bottom rack of the fish trap differ Mann Whitney U Test p =0.264
from other fish passing via the bypass in degree of smoltificat U=18.%









