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Abstract

Ant hropdgaritawres in rivers have caused the
bodi es to beagmenlhheigshlhyas caused an overall
has maj ormiygn éppahby pdpul ati ons by bl.Bckhng t
passes are therefore required tandl tompl est¢
their Jibatcgegakbth obstruction preasepgasr dttes
solutiloantlkeimerghegi $ hreats and current fi sh
andewassage solutions are tefted béhauvugbut
ki nematic in response tprodecemdnbypult bheepasdy

Thexperi ments welraebocraartroireyd roewti ricrul.dahieng op

curEemtope@ngui |l | dsamaganilda regul ations wer ¢
screening materials, s¢Cbap.t alnhge gcsur raenrdt frl e
did not produce any i mpingement adr vertorcaitn
all owed by the regulations but shawted thba:

the regulvaet iagpgms opri at €ewelred ethyw ersdn gead ed a
solution for hidgheveédlydaiotdyCOleapitre veera@d) leyds it & at
arange of flow conditions the tandadsslpegardulcaey
when in contact with thadopeghehapasbagduv
presence of thewerkeab( E€Ehapt pras4) upsdr eam
effort c onspnaorte du stionge ettvei ned estGaBilreegbmasctkesu ¢
aculeasumil arly Dbteinleds tamred d$hoal itrhgg sti ckl €
highegepasasas (Chapter 5). The esrtebalrienor dy
i nves{iChapemdd tHhese anal yses rymnwamil e dbdrheafti
stickl ebackThsh oeaflfiencgt s of sPoabrhgnopmus amy
i nteracdii mfgerwarntth hydr oki neptriecs etnu reldi nbeo | cdcerr f i
towards thbeeturbubheand increased the fishos
swi mming ef f.orBy (u&Ghianpgt ecrol70)ur t o I ncwietahse t |
t he bac&kmgdnovwamd ed turbine interacti owist t hat
the rotor were dBElteg easedal(lChaphdrngg . from
hydrodynamic conditions and behaviour al f &

passage.
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Each velocity profile plottedi oy phefl ket f
flow condition tested and denominated 1in

n
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condédééddméécecééceececéeeceéeceeeeceeee.e..n?

Figure 6. 2. Side view diagram showipngetdhe

stickleback that make up one complete fin b

from an angle aroundb80Ondegtéeashktdomot hbebb
stroke, the pector al fin is first turned si

////////////////////

finally br oughété éleperéiégghéte é(ésttéetpt €3¢). ééé 18

Figure 6. 3. Side vitdhwsed inedr assi ckH eviarck da r
swi mming configurations. Both are | ine diag
of the swimming trials. I n A, the dorsal, a

these fins areadl dsend iasnd itltheedcaywar ds anc
adopted when S Wi

Steagdiclepéeecééeecéeecéecéecéeéececeéeeée.eely

Figure 6.4. On the |l eft, flow velocity dist
On the right, the distribution of where fi s
mi ddl e of the channel to thealwaldre Tcemahb ime
flow condition for the histogram dat a. The
to the nearest wall and the data from both

rrrrrr

l eft were used to fiickkd etbhae kf |&#@ve éwadlicoit thyy e a

Figure 6.5. RlICatusladed ¢cmi ingggeMent variati c

magni tude. At the highest fl ow velocities
i ndi viduaThef iprhobabi |l ity of t he f iosvlershoal
staggered (or diamond) formati on. The stag
than the square over al/l treatments and f|

,,,,,,,,,,,,,,,,,,,,

more frequentl| ¥ éatée eleiegeeré évveleexiéetéiée §3.1



Figurei Baxp!l cAt s-befatt he effuency ( FBF) i n eac
condition is represented by a colour and s
shade of the col our assigned to ddtes fdmod tcho
boxpl ots show the median, i nter quid&ratcihl efr ar
the four plots corresponds to the fl ow conc¢
pl ot shows the FBF di ff ertehnec ef obleltoweeerns .t hTeh e
each of the plots also match the treat ment
significant di fferences between the | eader
combi nnéedB.F @ari at i obnetwietehn dtihset afnicseh f or whi c
and the fish in front of it in the shoal. F
in friohhe ®&®verage FBF in a shoal (or i ndi
shocaléeiérkgpéeééeéeéeéeéeéeeceéeeéeéeéeé . éel3s

Figure 6.7. Angul ar acceleration plots of t
for each flow condition. Dashed | ines repr
i ndividual fi sh. Each | ine iwshiasnk earvse roang ee aocf
point represent the standard error. The tre
of each plot. The rising | imb of each pl ot
the reco&véedéé &.téréockbec é e éeééeéeéeéeéeée. 513

Figure 7. 1. Schematic of the working area
flowing from top to bottom with the | ateral
direction as the y axis. The twecltachwines
( TVATXOt r eat merit),, iTmeTablngl e turbine tests
positioned on the flume centreline and the
removed. The col oured areas72r,e pwheesreenty etlhleo w
wak e, green = near wake, bl ue = t u

////////////////////////////

Figure 7. 2. Coavt eorua g epd odtsr eocd@ mwiismee vel oci ty
for all turbine configurations. The coordin
7.1. Acoustic Doppler Velocimetregt wals. u2d?2
turbine spacing was 1.5 turbine diameters

downstream of the turbines up to the fl ow

,,,,,,,,,,,,,,,,,,,,,,,,,,,,
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Figure 7.3. Violin and Boxplots describing:
The proportion of the working area expl or e

times each fish passes from downgstraenamft ¢ he

turbines by treat ment; D) Number of ti mes
every treat ment ; E) The average distance b
the trial by treat ment . I mtaelrlguaaded e trlae gl
percentile and théecéeédécédedmaéeséebeérmdBan

Figure 7. 4. A) Ti me wafgentrelgyohi $lgr eenthex

treatment; B) Total time spent per fish in
I n all cases, the boxplots show median, int
mar ks téhee éneen éééééeéecécécécééeéeéeéeée. . 915

Figure 7.5. Pl ots of average tailbeat freq
areas and shoal configuratidh)s.f & é&ach wiake
B) Near wake (gitpenhoboeach Firgatrment. C) Bo
71) for each treat ment. D) When swimming in
For the fish swimming in a shoal of 2 fish
treat ment . F) When swimming alonédg.eriquaall | ¢
range, and 95th percentéiéléecaaédéédéécadbss ma

Figure 7.6. A) The proportion of time spent
a shoal of t wo) per t-lea@txmdmutdedi t B) t rl emavtem
(GLMM, p=0.007, R2=0.15) between ttheei Ipbregtor
frequency (TBF) value in the bow wake C) N
resting on the downstream flow strai@htener

Figure 8.1. Experimental setup-saefcttibben,wdroloik
in the upstream direction. The motor that ¢
on a support structure that bbbl tdbhetherbunbi
inserted into a bearing on the flume bed. °
and the wupstream and downstream ends bounc

rrrrr

mounted above the fléameéeoéceéeéeéecred éféildh beha

Figure 8. 2. The working area represented a

used to pair the | o&3at iwint hofl obceahta voino uwist h(i Th
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The |l etters U, I and O were used to denomir

scabéééecécécécéeééeéeéeéeéeéeéeceéeceéeéee.... 717

Figure 8.3. A panel of boxplots of the main
i nterquartile range and the whiskers repres
OS = Orange Stationary, WR = WhiptleotRo tiant itnh
figure show different metriFcs Aby PmresatmenB,
swam, C = number of rejections, D-waknuanmgber
occurrences, F = number of eotcanébdéae@c®EB of e

Figure 8.4. Tracked paths of each indivi due

Tracker. Each fishdés path in each treat ment
on the tracked | ine represents feiaxcth. tThe kp a
the area near the turbine are interpolated
this region. The turbine is not to scale in
= Orange Rotating, OR = O¢hdange RIttattiimrmgar y

StatiéeEeeaegééeéééceéeéeeeéeéeeeeeeceeeeee. 1811

Figure 8.5. Average percentage of time spen
bl ue arrows indicate the flow direction, e
treat ment or a combination of treat ments o1
single zone of the working ar eascaalde afrreo nc otl

most time (green) to the | east (red). OR =
White Rotating, &NSéééewbeeeéebtateédrarlg?2



Li st of tabl es

Table 1.1. A review of smawbaldi mygratesngesp
species of eel being studied depends on wh
Amer Angu(l Il h oosBongopél @. ambaei fl awrates gi v
flowrate throughhaanl esthaergerpi assdaaed t he ¢
plant and size of the plant, where the fl ow
average. Mortality rate is given as the per
tur dihne, means passage rate can be higher t
are using other routes to migrate downstreses
for every turbine type, t he Ar chi medes

fri éedléepecééecececéééececeéééeececeééeeceeceeéee.

Table 1. 2. The effectiveness of di fferent
measured as percentage of successful upstr
passage. The pass type can be wher ewhdre ta

separate arrangement of channels (overpass)
with tiles that pass over the b-BaeBroiuecr .n o*tF |

"""""""""""""""""""

gi L@emééééééécceeceeceeéeéééceeceeeeeéeé ee

Table 2.1. Experimental treatments showing
velocity that the eels were exposed to in t
denotes screen type (H = HorizowetalP WedPdes
Hydrol ox), the number denotes the angle of
subsequent | etter denotes bypass type (FB =

rrrrrrrrrrrrrrrrrrrrrrrrrrr

Sur f aceé éBéyépéaésésé)é e e eeeééééééceeeeeeéé

Table 2.2. The kinematic parameters-bwere me
frame analysis was used to track the eel s n
the streamwise direction suchonhbBatleaedcntedh

,,,,,,,,,,,,,,,,,,,,,,,

t he éfeléecdw e éééeécééeecécée . e.ééeececéeececéeee. 5.4

Tabl e 3. 1. Recirculating flume flow conditi
depth and bulk velocity. Two series of fl ow
velocity was varied and flow depobi kgpt emali
constant and fl ow depth varied. Condition 4



the bulk velocity varying seriegssofboaseddiotr
hydraulic radius (R) and bul k velocity (U).

and H/ h is the rel at i véeé éséuébénéeérégéeéne e é @6f t he
Table 4.1. The fl ow conditions used for the
while flow depth (H) was varied by adjusti:
changing the flowrate (Q). The fhsemddsnReéene
hydraul i c r adsieucst ioofn.f |Tohnwe chredisgsht of the til

,,,,,,,,,,

were used to cal cul at e étéheec éréeéléaét.ieée . SBb mer g

Table 5. 1. Fish total |l ength per treat ment
not vary significantly between treatments
0.89). The treatment codes reds)y dmd tthlee fru
of fish in the flume (1 = one fish, 3 = sh

,,,,,,,,,,,,,,

were performed and &a&lélé éféiésehe éweebréeé . oen.l Yl s ed

Table ®heé behaviours and metrics | ogged fo
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def iniétéiéca®®ééééeééeéceecéceéeeceeeeeceeeeeece.lsn

Table 6. 1. Measurements of the stickleback:
fish are given as the meanNSE and the sampl
val ues. Some fish are missing fromsthe meeae
contr ol (single fish) and in shoal s. Fin ar

//////////////////////////

trapeziaeamésbapeéedcececeece.eeéeéééééeeeeee. 2

Table 6.2. The treatments andrfelad weand rsdiatrieo
such that C represents the control conditio
The number following the letter in the trea

For each treatment 20 repeats were perfor me
The bul k velocity was varied whilst the f1l 0
and the weir at theécdewrtetezrzmdéerecédl4t he f
Table 6.3. Variables calculated with the ki
For all parameters where shoaling was anal

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
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Table 6.4. Relative percentage reductions i
for each treat meingni f*iTchaentondliyf fro®mnces ar e

fol | db&veé E5eééececeéé.éééceeceeeéééeeeceeeéeee. A2

Table 7. 1. Details of the treatments invest
C = Control, SVAT = Singl e-RdATa,t i MYAT GRB wx nC
Rotating Backwar-Hset atCRFg =F oComarmntdesr, and the
nmber of fish. I n the rotation direction ¢
relative rotational directions are 7lescri be
For shoaling treatments n = l191&ddéal B4 and f
Table 7.2. The variables calculated from t}
the current study. The x and y values (give
coordinates S h o7dn. AT e aFsi g uarree al so def i

71 eéée.éée. .914

Table 8.1. Average |l engths (and standard d:

,,,,,,,,,,,

groups, wWith 20 éécbéetéedecédépépcétééatlment

Table 8.2. Treatment details and fl ow condi
constant whil sytlandet ha rtbhu mbeéi éreg ecdall éqéul? 4 v ar i e

Tabl e 8. 3. Behaviours and their descriptor
framerate of 40 fps. Further clarification
826 .18
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TBF
T
TKE
TL
TVAT
SL
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USA
VAT
Ve
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Standard | ength
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Greek symbo
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n Solid volume fraction

> Tip speed ratio

€ Dynamic viscosity

} Density

Uy Hori zontal Reynolds shear
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g Kinematic viscosity
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Latin symbo
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Co Coefficient of drag
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Chapter 1. Gener al |l ntroducti on

1.1 State of ri ver s

Ri verost haenrd freshwater bodies are an i mport a
di verse ecosystems throughout the worl d. T
chall emgamomgidsome of the most t hr(eSaetle ngeedr a

& Zeiringefhi 2048¢tion gives an overview C

particul ar focus on one of the major t hr e

fragmentation of freshwater systems. Freshw
I mpacitvienrgs.r Overall, estimates of river fra
and |l ocation. Globally, only 23% of rivers

|l engt hs of 100 i kin et 4a80% eof20rli9yer vol ume
fragmeftGatl bnet FRrlagme2nla%)i on and connect i\

Europe highly i mpacted having an overall 6¢
km of rivers affected but YPutaot @5 %atrndad .t h
97% in GreahdndBgietai al . 2019; EPanasuewi de
rivers can be highly fragmented, in New Zea
i's upstream of mi g Faain&hi baetitdares , frergBipsh
currently being | ess fragmented, are at roi
pl anned dams, particularly in the Amazon

fragmented river volGmeltiste Theeom 28I IMatx3
derived from national and international dai
dams, but many of these exclude smaller sc:
and -hheoand dams and smadddst rticdbudamrueder dditiisme
barrier number and density byBeddteween eal %l
Jones et al ., 2019)

Esti mates of the barrier number and densit
grotamdthed. A conservative estimat2 owmfl ltiher
barriers with a dengiBtey |l et t 0. 2®h da&try,p e210af0p
fragmenting the river is also relevant t o

fragmemMbati athtapgme vligoubse etnd gmsv elnui |t for vary

such as hydropower, fl ood( Smdltiiggeart i & nZ e iamidn ¢
1



Large dams are typically def i(nBeed laest thiaveitn gal
Seliger & Zeiamecgekrob2l0DlY)58, 400( BEeEl theses&
Zeiringwirth2@l1lBarge incre@a&eil h eaneda pnaasnty2 8 1
more planned, especially in(Bekhsttihatet antk
Seliger & ZeiThensgeerl,ar2gel 8ddams, despite bein
than 1% of the (Baddieerts, iewh &lle @ap DD er

structures are more common wiSIET25, 88®@dI83h t

hydr opower7 3r% porfe stehret sant hr opogenic modi ficart

50,000 known dams, mogtedofanwhiaclctoane mod
i mpoun@d®&,einnti etWardryi 2@I2y3,) the regions wit
l i ke the Ba(Behbkbeini Eeroalk. ,, 2h0ax0; ter onolsit
pl annedCaraammisl i ,etanal des®»02&) accounting for

Europe) oO0Bebhetriiereoeterayl f,ew2020er basins re
(van PuijenbroeBkeldtetal . et2@19) (2020) pr odu
i nventories of barriers in Europe to dat e,
2 m or | ess, which also are the barriers |
i nvent oervye adlssoesrti mates for the proportion
ramps and bed sills at 31. 5%, and culverts

f ords.



{

Known barriers . Estimated barriers.

Rivers free of .

barriers  g&°

Figure 1.1. Maps of river fragmentation in
barrier densities from national and interr
represents the | owest density mplnat rwlde rteh egrf
signifies the | argest amount of frHleeekl|l ewir
al ., .(2019)

Al'l these barriers are known to fragment ri
natur al trans(peor tAoafl as eedi melnt,s 2021; Kondol

Vel §zlquneaz et andd ,c a2wslibng chemi cal and therm
(Raptis et Talk. ef2@eté6) of fr afgome mtr attioory ifs sim
navigate between different habitats within
complete their |life cycle. But fragmentati
bi odiversity, species riicohnes yEmavidi gg,buB @a
Further mor e, the riparian fl| or-fal cswiencg essi wd
(Andersson .etlnalEurop@00)37% of freshwater

threatened and a further 4% critically enda
most at risk taxonomic groups globally wit
overnatthuer d1Sell e gelr & ZeThisagktol |l a®d48) he tren
in fresihwhitweasdt especially migratory fish
Hydr opower dams have the potential to cause
(Larinier &bUtaeamdé) BAOR)ers, which are mu

3



been identified as an evémBel dregern grolalem R
et al ., 2021, Makewmngetr eamled, a20Db%) of this ar
i's the different passage re@uwinreeament &fiosrth €&
species differ in G@Wiomgmgetspakd, ad@4odyle
passage solutions have been focused on keys
some of the highest swimming speeds, maki n
(Clough et al ., 2004,; Clough & .TuAlIntpleoxing/h
remediations can hel p r e(dBirckei ntahreo ,eefufaeecltash | o&
fish passage efficiencies and flowSbawdeti o
al .,, 2806)the effects of fragmemRFultlioem atr e

201d5e)spite having a | arger ef f(eldaarmnetmialr.a,t c

The direct effects of these barriers must
t hermal ©pollution for example. This can cau
5AC measured on a yearly averagerpasesaswhi u
tempe( &b ptes et Oaher daO1L6B6yopogenic effects

f pollution (predicted to rise significan
ndercWeomdet ,albi,ot20l 7s)tpragasdrisessudchtasoft el
nvironmenbald streastershange. The | atter he
n

ceptible and whi(cHe rcraer a edtd diael .t édel2t Os)a o ¢

d
Y
d more extreme weat he(rWhMQ@,en26s2 & hriocrh dfriosuhg h
s
ange also affect human popul ations with
n

o o C

struction of the necessary mitigation m

' i on peop(lVeMd,n 2%s@ 3a3 aliodne on people wildl
rcityyWhbryg 280t5Patt i ngo0o2degn more pressure o

w J o o v 9 @® < O

(@]
o]

1.2 State of freshwater fish
This section briefly expands on the current

the various pressures faced |Iisted in the
species featured i n tAnguitlhleds,iad @l hreladErub ow
(Oncor hync)husamiy-ktptees etdhrs&Ga skéebattdué¢ Fa sl & &t
spend at | east part of their | iPbpull atifores ht

mi gratory frewvlowactleirnesdpebayl ean8id& according
4



considering 284 speci es( aenidn elt8 6e4t TFdelp.ahn iad G2 4
declines are found in Europe, Latin Ameri ce
91%, and 34% Deeisnpeetc teitvDealtya), f @0 2A3%1 a and Afri
making the estimated decline of 28% for A

analyses of the Mekong River revealed that

e

o

(
t

S

xti fdHwuighres, O2@24) |, 92 freshwater fish spe
f 15830 assessed species are threatened wi
| UCN,. 2Ma2Ms) and anthropogenic barriers are
hree threats (tIAJCNi, si20R2dpulMauthildSpdedi es 8what

pecific threats are in greater decline t he

with management plans i Delaee eeclailned 2102¢

The Eur ofdreq@umi leled g§sBgai cratically endangered
Europe and NoOArUuChNe r n2TOAk4r)hgat he Eur opean eel
as a baseline, this specieDakhkemiiphotr&cecad

recruitment numbers as |l ow as 0.6% in the N
(I CES,, 2A022)ugh estimates from provisional
9.7% in Europe exdICES,n dge@EIME SNoirltlh fSeecae man:
freshwater stages of their [|ife. Gener al p
i nvasi veAnmgarn adiitc®| av ecrrfaissshuisng and il |l egal
fragmentation are all reasonsCHS,r 202 ;i nkei ro
Puj ol ar et Tal. |i2@l2)ycle of the eel i's cor
Sargasso Sea as | arvae knownOOaskonmEptopephbsal
ocean dUWrrreesctis TABZOMature into glass eel s
sometimes remaining there indefinitely, bef
enter freshwater, t (eMc Cdreeavreqt 19t8r0qgan e g wia m|
they usesdlhecttiidee ti dal stoebhedl prahsemoent é
(Harrison. eThay .pogiottddh owhempehvesrimigdt he
then remain closer to the banks and riverbe
of water in t(hHearlrawnodareyNolaahybdry 204dl) s of al
near the riverbed t ¢Haxpl eit.t althhegy RDGE &) i vneclro
upstream swimming behaviour against the tid
effect of théHandiesdams. dtEsadpnatlt20l14how incr
behaviour in (Harupgen, es ttadahrei2dde )whi ch c:

5



expenddeumBee et Javenhi 2@2@krls are attracted
rivers, especial (¢€rdacing2620h ,Haeasncdh sad g e eete |
stages ar e( Blhwitdogeh odti miaggr at i2rOgt 8mor e i n t he
dar k(hBslsl and & Wright , -S20080s, B2oWwa; &HLrarsit s«
Leni han et Jauv.eeni2019%el s will even abstain

full (MHaomni son. efemper,atzrlet)and turbidity al

Bel ow 6AC, reduced eel activity has been

mi gration occurs vary between 10 and 15AC,

24. 5BR6ub®e et al., 200LrbHdrtysos pbsatiyel
eel mi (QH artriiosnon . etCoaldi ti 2884 avourabl e for
di srupted by barragBs|l an&l D¢ hkeat odBAATEGI @R
i mpl emented to facilitate elvers passage o0V
|l ocks and gates. The European eel regul atio
of silver eel shouwlhd meenbebt acioruend ,r ya md otdluate
pl an and as part of this, structures that
equi pped with a(@EgEr dd 0 iU & Qrieeaans uG oensmi .s sli to n .

is further required that connectivity is r

passabl eo.



Leptocephalus
(larva)
5 mm - 80 mmss
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» Glass eel
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Silver eel
(migratory adult)
450 mm - 1 m + for females
<450 mm for males

Freshwater

Elver
(juvenile)
80 mm-120 mm

Yellow eel
(non-mature adult)
120 mm +

Figure 1.2. The migration patAneguni |landd. alnigfuei
European eeb0s00pekrnh oming rtastoi ons i n their | ife
second as silver eels after having devel ope
fr&€mesci. (2020)

As eels mature, they change ftbhm &€bverr snt a
they wil |l be present within the freshwater
wi | | be obstructed when travelling both wup

sil vevamgGi nnekeat ewhiadh ,p aiOn0t7 )t hey are r ea

sea. The seaward migration of deélruiqaccwr Dua
20Q9)which all ows al l individual s to reach
the migration takes pllBacuea jfsr o&maDQaortisfibraird GaQdod )\
upstream migration can be influenced by mar



hou

-

s of( Bd awkn &&sahd otst n206069)s a cl ose correl
eel mass migrati fFjahdsradeet dabkcha\ods&; J

silver eels migrate one td¢Teweheays eiatf alkas h
even been theorised that a controlled shutd
which eels migrate could save many individt
resulting from i mpgaleti hwirtth eAsralvi. h b 20209 a s |
phase <can al so (Bddhmnu@adceel M8 gE@ak.mamhe @DO0B
obstacles faced by seaward migrating silve
faci(Btows a#adantCast20o09; Daihegrse ,eteealls n2a0yl
entrained and i mpinged, pot e(ti alyIsd/@Iic8 usi n
Ot her migration barriers include dams, ti da
the downstream passage of eel s, these may
severely delay the migration of eekesgyrap
expen@Veuhel st .Tehte &lur,opz@hdl)eel as atwoadi teidc 3
endangered species of high conseéervatabsal umn
ot her freshwater fci sghaistp eacnide su nidnidlaattesa rtkyg rnsewsnite
which remain | argely unstudied in applied f

The shpi@aed sGhskbebat®ué¢ sacaulferaetsuhswat er f i s
Amer i ca a(ndu@EN,rao2p®e2 4)i ke rainbow trout, exi
anadromous (Papul &t i eeradilng t2d1@egnetically

Compared to trout, however, these fish are

(Bl ake et al ., 2005; Dal zielThey afre, weOL2kn
in |l arge shoals and to |ive in habagabs wit
al . ,. 2DH®Yy are currentl Y ldICANs bpief0i2@dpas alt € @
fragment ed, |l eading to geneti(cScdhiavresrascikt ye ta
2012)This is has |l ed to sticklebacks being

di versity caused by different pressures. Th
used by researchers to i1 ndiefsft e rgandeu cathroms s o
di s ddewart et al ., ,2@6ab8; sWonnd aiBaf Benrd28 &

Ruxton, 2000; Mehtssraengalis 2618&8xtended tl}
use as an envi(rPoontme ntgaelr. Tdedt stadneeplc ICOPRY) s a s
bodi ed fi sh awidt hr inviegrr art @ iydCeomtb i me pl u Iwa ttiho nist

sSswi mmi ncg toyapan compari sartlstbor i odtohrentr fsoprent ioefs
8



t hi senfaibshes t he evalswdtuitomnasf tfoi-tdder gherss.dsepgescfi
| tds ver se nature compared to eels has the p

and scales .of fish passage

Sal monid fish are native to the northern he
i n the sout h®wr hl hams aphieabe, s2@1u)ys of speci

family (various sal mon species in particula
and sport fish. Many sal monids are migrat
( Mc Dowal.l ,Solnte9 2s)peci es | i k eSablrnoownt &tortiotuseta i annbdo

trout antdr @neolr hgad)hwasy emploitdhs di adr omous anc
popul ations known by different names. These
and are therefore particularly susceptible
(Wil liams aentd aals. ,mi2g0rla%)ory f i sh, river frag
threat to them. Currently, 73% of trout and
(Muhl feld, ewiah.th2a0otédp threats being invas

trout, which is invasive througho(uMuhmofsetl do f
et al.The20B9)hbow trout is also an ideal mo ¢
technalsogihes e is a&nl exeedsnigr e teddymida ver se f
and much is known about its tswhilnmli egcer eCem
wi t h i ts conservationalhewval utmnyn hydsokiiarnd
installations have been proposed, this spe

evaluhtibnsotechnologyiad paopotantioabk.threa

1.3 Abstractions and Screening
Water abstractions from surface waters exi s

supply, to agriculture, to electricity gene
l evel s in channel s. Il n Engl andoandi Wahe® sale
surfacéeDwBRArs2022,; Hol l eramd 2023 MHRW, ndQG
classified as mi grati on barriers or Sour c
connectivity o(fBdlalret teir atbualdancRO2BR®oudnweas
abstractions do not necessarily block the
these abstractions do pose a threat to fis
pumps, tur bi nes(,Caorrt eat h& rR epardoecre, s B2e0s(p0 ;e veE@d b
9



from being har med i n abstractions, t her e
(Environment. AQRIncyiL s2020¢n done by the pl ¢
prevent fish from gasusinpeninyyt & AN etelfeet, 3 ErOdC
currently in use stil!l produce injury and
| mpi ngement occurs when a fish is stuck on

flow field at the screen ysuchhitshatautslees fmios

i ncreasedq Hpaddeai ngh et al ., WwWBOReaRyéwinaki
occurs when fish are able to pass through

potentially h@Qamfed & oRelewar al2008¢t ors aff
efficiencyemihacéeéeralt al ., 2022; ,Mespacwm®irng
(Beck, 2020; Carter, dtncdli .n,at(2doeh 3Ba ned beatln,gd 12.0
Har bicht et al ., 2022d Rysisony@HBenastt €ro,8 02 ®.
Raynal et AllL ,tkR&48)factors must be correct

(Environment. AWheenrceyy, e r2 0Rdsgsi bl e, a bypass s/

to a safer area and allow them to progress

Ot her screening stratdgitescarensayvat habbkeca
active el ement to the design in which the s
of the most deployed simple screens describ
but their perlfyornmatn cbee ehna se vlaal rugaet e d .

()iy Spill way screens allow water to be abstr
the spillway, this is achieved by replacing
i nt o a c h(aDhonrerla thcedl @8we ) et al . |,

(iRot ary disc screens are usually employed
of wvertical cylinders. Each cylinder 1is ma
placed flush to the riverbank tadjtacentateha
(Nati onal Oi l.wellilt tMae cionf 2rOMa6t)i on i s avail a

screens in terms of fish exclusion and i nj
sedlfeappNagi onal Oi l.wel |l Varco, 2016)

(P $ubh gravel intakes can be used for very .
through a | ayer of gravel pl aced on top of

any fish, prevEehurmmenmpi&g@dintedaf e, 2005)

10



(i@ylindrical wedge wire screens are an enc
axis aligned WwKempetema &i ¥eé tuesfuhaplw 2y0 1160)c at e d
bank. This all ows tthmoawudglo teme ecy Iwihedisygdaln dg
keeping( Tursrhpemrurnty & a0 eiesf ep, a r2t0i0chu)l ar |y sui t
and other (Smakrlidanfiedthaly. reRP9ldbn the sweep
i mpinged and debr(iBd askheRYdd®downsdueammort al
are particularly susceptible to ice format.i
(Kempema & Ettema, 2016)

(v) Fish recovery and return systems invol
arrangement driven by Bhatckr, sA28adVe rn gj eats ias fl
them into a return chafnmel owherre Ttulwenyp ramanny i |
2013)Buckets attached to screens should be
escape while also holding(Bhaaokh TahBel 6ffji swhi tz

S

n

washed out of tphree sbsuucrkee tjse tb yofa waotwer i nt o t

consists of a channel that | eads back to ¢t
to keep the eel sEleacvteridd cand omdwiercdh.aver Aok
but al so cause imlbljaatyr i(cMefciadled es tar3er@g ttho s «
exclude some speci@&seodemeéesdal andmoéooeagafrf écts

Miller et al., 2024

There are also alternatives to increase scr
fish to deter them from the abstraction. Th
the flow of the river but tlgdt dihsaae&v an tdai gfe
behaviour al response to each stimul us. Beh
odour, and bubble curtains. Light (Ebhni dge us:s

et alas 80Mm8) speci d Haamre spmote®Sphlaobi,a@0Illi4ght
diode (LED) arrays and other | ight sources
various f(iBdhardspetci ab. ,ConGli&h,uoBB819) ght can
(Hadderinghaset eakempl i10i®&€d abyi stacaidals | i ght

Europewar eemimsre | i kely to pass iamddarfkomre sost F
fish, has been used to il lumingtTaarmppesinyal&
ObKeef e, D2&03Hy)N considerations include the |
and depth of the | ight source, and for al/l

11



Acoustic deterrents are another common for
installed in front of intakes at sever al I
(Turnpenny & bQubtK eaerfee ,n 02t0 0abl)way.s lerf fa cfilemme f
silver eel s were not influenced i(nDetlheeaiur, c
2018)buti ni mxgmri ment they showed slightly g

on a screen when sound wagDepl anpedebetawvean 2

forebay to a hydroelectric plant, a 12 Hz
passage was similar to control but eels sho
(Piper et al., 2019)

Odour can be used an attractant to passes &
to gui(dBe iaelds et |l al a, feedd) study, glass and
an eel |l adder were 140% of the nor mal |l eve

eels was direct e(dBrtioand eett ogpl .of 2®E2)pass

Bubble curtains are generated by releasing
form a curtain of bubbl es, usually achiev
(Turnpenny & .O0Ktied ei s 200BmNonl y wused to r ¢
under water construct(iWgnm salmg.e,reda2Dldégse |hi akvee darli
used as acousti c, vi sai elainds kiy d&.o 8 mn@imis &€ n ,
curtains have been successfully deployed fo
80% (Zi el inski aawndd wSoorrka nbdeet nt keBr® &d6 )ew iftehc tri evdeunc
i n dakFl ogarst ih e)f hbwevEe0D2a@t her studies hav
podM™Mussalli et al ., l19BaAact &hertdHanh aeffactt ,

bubbteeens are the density and size of bubb

1. Hiydropower plants
One hafangercsed by seaward migrating ffaicah idne

(Teichert, eeasmdci,al2l020t)hose which occupy th
the case for mo s t o f the | arger i nstall at
downstream. Here, fish may fbaecconnge rentirng iumeyc
deattharr & Who,r isrkemi, gr2®dt0i8gn can be severel"
upst(8amr-Gadal & Eckmann, 200 3; Kerr et al

Ver hel st .etMoaslt. st2aili4e)s conducted to evaluat
12



in Passive Integrated Transponder (PI'T) t
i mpl anting them with a PIT tag, so the fi sl
set up al oBgkeheetriakr, 2026) t Wwought t@aer al
many publications covering downstream eel p
gap still exists in finding an effective me
silvdmBoddland & .Wrlinghth,e 2JXKQ9)Y i sh passes are
i n rivers where migratory fish such as saln
Eel Re g(uAramd torneng et al ., 2020, The Eel s (E
No. 3344, 2009)

Screens are present before turbine inlets

(Gosset et halweve200Mmi)grating fish are attra
enter the idflCatrs ©&o WhtoheéTBuwrelyi,nes00Ban severe
fish, and eels are more I|likely to be injure
more than one Hydropower Plant (HPP) on a s
and there are hmarmsy amd el bleafskrea. ettF i aslh. ,c 02mOnPoOn’
show searching and circlingBbewmayv&add Disnot
2000r) perform rejectionBr amd & a®dawtigraconehl 0cghs t r
can cause del ayB8ebf-Geagls &r Ewlm&sn, 200 3; k
Trancart et al., 2020j) sVemiceleaatseast thleiyr 201
could i mpact ( Vdarei Demi Ohialtli almhte epta sasle.s, f2e0alt 4u)
sites are wusually tailored to sal monids an:
navigate since the entrancEeBr awr &ad@a&ntsroc
2

0009)

For | ow head installations, such as Archi me
15 mi(Kitkeel,, bad0&)or other types(Gbskgdrepoa
2005; Peder s,enmerte atl (Bre ROGRGalk & Eckmann,
mul ti pl(eHaweoe kest al . |, 2000r Medersleaneda m®@mbnt
(Brown &a@a otsr,oi0n0c%¢) on many rivers there a
del ays of 68 day(sPihpaevre & eVérm dgnihétd $ wrO0eld7gur e 1 s
| arger f@omsehscwomsio if delays of more th
pl ants. Most Esotoupdei aens af nale nAdnetmhi agtraant e 1 nt o t he
the (WBaglhltand & Wri ght ;Sa2n0t0o9s;, Br0o0Owdn;, &G oCsassettr oe

13



et al ., 2000; bst | wa het sHuurdoi=2dhlveedrg geeeslts ar
forebays indepen@dBehr-Gadatli nRe BEocfk. mh&me e 2 0® 13
downstream migration swimming has been rep
(Behr-Gadaeal & Eckmann, 2S0a0n3;o sBr 82whovogr Cast r mi
often show positive cor(rBduwh®e n& wWWitlhl iha ngsh, f
& Ca-Sanbos, 20009; Buysse etEuarlo.p,e an0 ladn;d QGarse

Silver eels display rejections at trash rac
(Behr-GadaEc l&mann, 2003;-SB8nobwaaf&2d&@gWwhioch (i
are not impinged) they show searcBemmgmammcd c
Godel & Eckmann, 23an3t;o sBr o2nn0 9& Clasrtrrbo&t Whor
this stage they will swi(nBrtohwno u& &@ dtshter, owh®0 &
Sonmemer ieedrs return upstr eani Bandvna r& a@dositsr,roe c
2009 )Mo st wi || attempt to pass downstream,
(Behr-Gadhael & Eckmann, 2S0an3t;o sBr o2wn0 9& (Barsutirjos
Calles et al., 2010; Pedersen et al., 2012)
Di fferent rout es, each with different pot e
bel ow:

(i) They become i mpinged in the(Bakerenetoral
2020; Boub®e & Williams, 2006; Bruijs & Dur

(ii) They pdasCsaltlhees tarhadsaharrea c2kdo i 2 8dX &6t he

Behr aondnel and2 ExX)mhacm@wcwcranin a number of way
turbine, lbywr oapadma)ecamepr sh@aomwrst eessal . |

Koukouvinis & Anaggndistsepauwmljas,i exs02ZX3)n cause
scale |1 oss, scratches, bur st ¢§Kodkmagedi s w
Anagnostopoul os, 2023)

(iii) They pass throbBgihg 86h;e 2KDiIQBeptierre au mh a rumr
designs ar e mor e fi(sBir ofwmni eentd| al .t,ha@ 0 23;he
Anagnostopoul os, . 2023; Larinier, 2008)

(iv) They pass through the turbine(8mrdgdie
1986; Boudb®rl,;etLaarli.ni,200 22a;ndB-8Gbhmlamd@nd Eck me
2003; Ga33@%; eBolall aa@0andBWowgGaarRd ¥Cgs tBr ai |

14



a

nd

2Wroig9f; Ca20k6; ePec2@s2n Buyadd;,etrjal dst

al2018)El ongated fish and small (Baulb®@eest ha

2001)
(v) They use the spill wbagr whieaer,280®sT Bodwd®e
and Wi,200@&amsS,2l0vieb ;e tP|j2Zplelr7 ;e tB a&ki®2a0nadt aale. mor ¢

i kely to wuse t he( Bsopuibl®@ewad Wihlan aansh y RaODE ;

Spill ways -6t0ham odampc dbWs ¢ LA0 O Wi enp r2e0a0iRiyfy a v a ¢
spill ways are stil]l a safer option than th
studSi | va et lafl .t,he20ulps)t ream sect-49n raft htelme
than a vertEkcradpedads | af®0more | i k8l kyvaoetpaasa
2016)The ramp guides the eels from the rivel
avoiding recirculation zones, which eel s a\
95%Si |l va et Qilgni f2i0clabnt del ays have been f
spill waygBakherdaemsal ., 20&R0;wheraemcfairsh ewe rad
use the( Brpanddawaty. eMonmratt al, i 2P2W9f bet r@p@ hin@ays
hi ¢harinier,2®dMm@® )Hirsahv acddeen be injured by the
(which can be mitigated by different surfa
turbulence in the basin below (which shoul
adEklurr opebn, need to stay within the descend
terminal( lverliorciidri,28Mm® ) Tr avade

(vi) They use &Bbuyp®eses&oW FishAmpas28G06f atGes
sluices are the(mast nécheunime® @ei0OPjldPRs hard t o
dwel ling fish andEbaovpebdowarédfBmewmc&gncCast:
SantosPe@2d®dmM9en etBatlt om?293132% cefsf iacdiee Mt2 c o mp
14% efficiency for a surfa¢&osketcetbiaper 2
et al . (2017) found that the overshot bypa:
percenEagep®drs compared to the undershot b
turbines). The route to the undershot bypas
at a debris boom and the entrance was al so
ent rtaonctehe bypass should have a bell mouth de
(Sheridan. et al ., 2011)

15



The type and design of turbine prEseopean a
eels (R@ao8nieKaplan turbines a(rBr uexjtsr e€meDwyr
20Q09)but cause a wide range oflleali nmer teal iat
(20¢8mpared a Kaplan turbine to a CINK cro:
times (100% vs 25%) the mortality rate of t

The Archimedes screw is generally <consider
Europebhs to pakKs,BebBarBeadb6iéd;, eBufbib;, ePiapkr
et ,2a0l1..Bhe mortality rate for these turbines
and use but is consistently |l ow in comparis

of the other common types of turbines® Mort
(Pipe2O0O28) ato 19% By smakieng atthi s t he most
has been found however b Abrhaami sothhreanma il she s uk
mortality (Rdweweltdhaent tahli.s, 2020)

Recent!l vy, there has been an increasing att
pumps t hat all ow fish to escape through th
mi ni mise the risk of injury throuadhgle barandEers:
and the housing, and( Kocwkaau vsitiriess s& aAnda gt nuor sbtt
New designs vary but incorporate the follo
bl ades, | ow rotational speeds, |l arger radiu
and | arge openings f@Br otvhne efti sdl .t,0 29002 3t hr

Anagnostopoul os, .20Madh;y Rfo tente seel .d,e sd @hds), hc
in widespread operation and most HPPs still

desi gns.

Most | arge river basins havdBcuwmylsat& Dar e ff f
Larinier, 200&)t, the escapement of silver
and [R2Wr0i9f) and this does not account for de
of mortality rate based on telemetry data
since fatarlbpebmj cmaeadr emain active for up t
(Hei se20®9 )Falrt her mor e, surviving eels may
increased energy expenditure means they ar

passed througptB&apAmamart uetboi mles, 2021)
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TablldA review of mortality rates experience
species of eel being studied depends on wh
Amer Angu(l Il h oosBongopél|l @. ambei fl awrates gi v
fl owrate through all/l the turbines and varie
plant and size of the plant, where the fl ow
average. Morhabastwyheapercendgowe of fal shfitlsd
turbine, this means passage rate can be hic¢
are using other routes to migrate downstrescs

for every turbinsecrteyw ei,s tohvee rAalclhitnteed enso st f i

wher e mor e than one HPP and |l ocation was

+denomi nates where the flowrate data i1 s not

LocatiolSpeciMort ¢Fl owrfTurbi nReference

(%) (_ris?)

Ri ver A. 2®0 |* Kapl an( Behr-Gaada

Ger manylangui & Eckmann

Neckar z|A. 50 480 Kapl an(Berg 198
angui

Cabot A. 25 262 Franci(Br own & -

Massach|rost | Sant os, 2

River AlA. 74 2@230|Franci(Call es e
angui

* A. 100 * Peltorn(Larinier
angui Travade,

* A. 18380 |* Kapl an(Larinier
angui Travade,

* A. 5a00|* Kaplan(Larinier
angui Travade,

Meus e A. 525 * * (Hadderin

Vecht R|langui Bakker, 1

Tange A. 58 21 Franci(Pedersen

hydropolangui 2012)

station

* A. 120 |* * (Larinier
angui Travade,

Linne A. 30 300 |Kapl an(Hadder in

hydropojlangui 1992)

station

Neckar z|A. 38 480 Kapl an(Berg 198
angui

Dettel b|A. 22 + Kapl an(Hol zner ,
angui

ObernaulA. 20 + Kapl an(Von Rabe
angui
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Beauhar|A. 24 + Kapl an( Desroche
rost

Raymond|A. 37 + Kapl an(Franke e
rost

Avrijev]|A. 97 8 Kapl an(Buysse e

canal angui

Leopol d/A. 19 14 Archin(Buysse e
angui

Leopol d/A. 17 14 Archin(Buysade ,e
angui

Leopol d/A. 14 14 Archin(Buysse e
angui

Leopol d/A. 19 14 Archin(Buysse e
angui

Slupi a [A. 5 15 Franci(Dnbowski
angui 2020)

Ri ver MA. 164 * * (Winter e
angui

MagagualA. 100 + Kaplan(Carr & V

Ri ver rost 2008)

Ri ver D|A. 0 + Archin(Kibel, 2
angui

Ri ver S|A. 0 3 Archin(Piper et
angui

Connect|A. 10 * Franci(Heisey e

Ri ver rost

Ri ver R|A. 19 * Kapl an( Hei sey e
angui

Nemunas|A. 2 4 375 Kapl an( Dainys e
angui

Siesart|A. 52 5 Kapl an( Dai nys e
angui

Streva |A. 100 0. 8 Cl NK (Dainys e
angui

Al bert A. 3 9-15 Archin(Pauwel s
angui 2020)

River MA. 8 + Kapl an(Ben Amma
angui 2021)

River MA. 20 + Kapl an(Ben Amma
angui 2021)

An effective method to allow more eels to p

down the turbines duri ngdaa opeerti cad .qof 2mMi0gr;at

2017; Smith et al ., baGlT7;hiTseiccohneerst aett tahe |,

produmieoth2&I17; €¢i2ddRkedr)The predictability o

18



i mitigGosaetobtutalnew 2@@=)arch has develope
shut down timing to maximise escapement and
sever alTefi xehte@adi2 0(; e $ ntial 1h7 )

1.5 Culverts

Culverts can impede upstream passage due ta
Boub®e et al ., 1999; Shi au estmoadt.h s2u0r2f0a c eWNa
and | ow f(lKoawt odpeopdti hss, 1992; CBhvautset ank. ge@é
the same direction and angle as the river a
to avoid the entrance (Beiurbg®et ced ddiltgio wlgbhie)my

the most common problems arises when the hi
the downstream entr.ande w awesioncg tayn ionv érhhea ncg
should be below 0.3 m/s based on swimming ¢
be achieved, corridors on the sidé Boub®ee c
et al, ,an®9®l)l junctions should be rounded
Many types of cul vert exist, however arch
natural(Bowke®@deat al ., amd ot hedyarsmowlrd R&O0&
river to avoid excéBoesub®e s e b nPabpfe, tchubl9vBe)rvtesr L
wi de enough such that the natural flow char
2002b) and they sometimes feature transver s
this can also causefli@Boelb®e de t WBaokku Jceull 8veeor )t r

the | east recdBomeb®edesolalt i olledc9a0u s eL atrh enyi el
hi gher velocities( Bowb®@®eowetwaldlepo 9 YR be
i mmedi ately downstream of the entrance of
bef ore they entex000Ohbe) .cul vert (Larinier

Baffles can be empl oy(eNe wloo leda seats paald.e,& g2p0r 1o04o):
| ower fl ows and r(eBotu bn®e aerte dasle.f,e rlax%B%e)mé nyg hd
configurations of baffles (for more detail
cover the whole floor of the culvert to al
(Boub®e et al ., .190C@®rne&Kratlhpfofdli ses, 1WMWI29h ar ¢
passage success and corner baffles, which &
the control efficienMdyewbas d4 @% Bfad rf | yeel0lhchw e
19



shown to work for other (fOil stkens @&e clhudtd ilsajwcd 0
the drawback of causing debris accumul ati or
baffles anewéienat sreB8ét gr ddiaentnh . d0.1268023bhrh
the ones used for elver passes (see sectio
passage by using them to |Iine the bed of th
promise for (tJkild yanmml. iedatailon 2017)

1.6 Technical fi shways

Technical fishways are a common ufpkarieamepa
2002cDPhey include numerous designs with the
chambers separat édabygpwetihsast daBI9IPopw flloews vel o
facilitate upstream passage of <certain fish

to pass upstream w{thrinmi edreil m® G0 2oorr eidn jpurriy
establishing the correct fl ow velradiOt2y) .and

ese passes are mainly (&#gel desedds@tt may mo
feature flow vel ocBari leisn t& oKrhu eggdie rf ,o r 1e39edne r M
silver eels cannot easily navi gaamatheset p
2019)This is because silver eels have typica
in a flume experiment it was determined t h;:
2. 12(nMRussson & Kempar2dlil)sad mMo&m/ids .f &l ver
t hese passe(sPorarmetrh e l2e0s0s2 ; So)J] omomwe &erBeaeh
designs aretmamesnhaergabhaet yaexi dti kfEtamaesdloay
et al. ,wWRa&Otl18f)ol |l ows is a short I|ist of some

solutions.

16 .Plo ol fi shways
These consist of a descending seriaehiafh poo

contr ol the discharge. The pools provide | c
bursts of speed required,20D 2p alshse fsrloomp ep oiodl
1a5% (Laooa)emand they can be used for | onge
do not provide resting zones. There are dif
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Vertical sl ot fishways have a vertical Spa:
flow descendétKamomodihsd, hplo®d2exi st many var |
vertical sl ots are(pesimni cFnoggdu rodn rlaelctAb)ry n a tni
(Kat od®®i2s These slots produce a main |jet

recirculation zones of | ower flow (Larinier
have a high shear with the main jet. The f|
(Kad oip®P2but these features can be manipul ¢
the target hepessesal Nevartations r Pwi2re a
and have high turbu(RPwmzdrkawmsekad c& eHeeggi wWRhe
fishway is well( Bjudltdedt ddretsidlv.e,r 2018&; Sol
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A Vertical slot fishway

Section view

B Weir fishway

T
| (] ]|

Plan view

Scetion view

C Denil fishway

relielielielialel
Eﬂbﬁ/n@na

Plan view

Section view

Figure 1. 3. 1iSac hveenrattiiccasl fosfl:owveAI fi $§ hwawRgBi and
or baffle fishway. The dividing baffles bet
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can rest. I'n all pl ots the blue arrow in tl
bl ack arrow on the plots to the right di sy
(1992) .

Pool and weir passes simply funct2i0@r2 aamgd a
operate under two main flow condi tl 2hX: pl i
Plunging fl ows have a | ower water height ov

with high turbulent shear stress between t
moving downstream which fl uctuat eosveirn tvhel opc
and being faster over the weinentWiotih tdhter & dn
over thesweaiot a@mawn intwhidbdle reoulcslbamsi & h
velocity in the top | aywirt wss hssenadl OpRatrepgo

The recirculation zones are shown in Figure

Weirs with notches and orifices are very si
di fference being that they also feature a
(Lar,@aperFor eels, the most relevant featur
(Fjeldstad. eTheasle. ,de2s0il1lg8n)s have the advant a
appropriate conditions for passag2OWR2)h Lhe
the passes rely exclusively on the bottom c

wi | | be especially suscept2i0l®0l2d .t o debris ac

Bolt fishways are a series of pools divided

gap in them whicamatboeneat est heomoeli de t o si
po¢lPuzdrowska & Heegehav@lbDdwer t urtbhuwlnent

vertical slot and pool and weir fishways so
fish, so they show promise for eels but no
possibility.

16 .eni | or baffle fishway

These feature baffles, (aist sdhrowon i mheé i waudes ]
originally devel opedL&ao0r nbs.aftAms 2Widtaha ptxhce upso ovl
they come in a number of configurations. Th
and shorter than ,po@®2 fTihelywayasyv e( Laarhiyndirearu | i
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eath which thenoftegmiededot thleulpassce dioes 1
above which the flow slowly becomes su
ended rol e. Baffles must be carefully di
bul ence ftoesthéttasgboboweper advisable to
entrance should be submerged enough to

uld be necessary to paissm dttaweeanseahnti on

t pass in a single attempt. | f the fishw
ra. 5. 0 of drop (banmnmi hioevr Da B0 2 B) srheveay s h
bulent flow, the recirculation zones bet
n flow so flow velocity is | owdr9dRut i s

se fishways may need added maintenance \

bed as these can enter,20b@)pasbegndrei s
d with an &adnavdeamtn melnterAgepasy, 20.09; So
f

|l e passes are considered better for eel

o]

i n a higher maxi mum swi mming speed for
| oweSolsopmoerd & .Beach, 2004)

e baffle fhealhiwagls @urdarte @n either si de
rgy and to decel erh?®2 thlei smnadensifdrmo wi  Kmad
r baffle designs to be effec2082 dmcter
drawback and reason they are not as wi
me easily clo®dPedAR by debris (Larinier

o S o

tom baffle fishways are |l ess |likely to |
e ranges of ,2ddi@s2c hBegkaldawrm evdresiton of t
i nier fishway also known as the s-uper a
ped bottom baffles. It allows for strong
acent t ovieaeadh tdtalhtera prloat e separating th
sent,20Bar ibhaeles are adl epa-Psdsm/ 4. Raliamo
ebh4

16 . N\Bat-uré&e fishways

Ar t

eel

I ficial nat ulriak e cfraasemwddfy@seme coammene ed me't

pasalgest ad et al ., . 20&By Mather ineaet oa
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banks from natur al materials and mimic the
mi grati phmamarroeetThds e f2i0sliBWays have the pc
connedtSihweiptpyar d &, BH wtc kt, h &y 1&8l)so pt damari add
et al eved01&pugh they are narrower and sha
installations however, are @b)] el deot adaet &l
Nat-Ur &e fishways feature natfEnali robmeact!| &g
2009 )whi ch are placed at ,oarntwerivrasl st oa smisnmiocw na
(Larinier,th2@@2c)houl d be permeable to pre
produced i(nZhehneg re tavmatlet he2 @2 ®)r e creating tF
make some technical fishways i mpassable by
of this passage solution is thaQoHfjteli dstsaid t
et ,22001.8 and can be mor(ejteHeairs 2@B@BN B fcamci eaci l
both up and daqwn stladesaaldp &Onseagyear ol d el ver
ncreased by 86% by itkhee f(bSsilewdpiyanrgd o&. Bl roncakt ,u r
omparative -Bnhéysishwapsumwere the only pe

S5 O

egatively affect the probability of juver
technica(  TdmasrhiwayestTalbet 2ddrl 9gccommodate ee
be kept( Bahmadrlioov eetveal .wi th0h8)t he already sh
avail able for 12062 fTsdwdyawhacksier this f
up more space than othée0Db0ppsbdgteza@iod aand ons
mai ntenance is still required to kkEjepl dohtead
et al., 2018)
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‘nature-like' meanders: ¥ i BB >~ ! ~

earth, rock, plants ' = W Vs, t ¥4 ¥, r’;_\
g T4 & ! Y e =S 35357 Fishway
¥ £ y . | " exit
USRI Q :

e Y ¥ A ud
Vi ; S s ) e “intake structure to

[\ EER~—r7 ) - N s control fishway flow

- P

N >

W
Flow-control RS~y \ notch in weir crest to attract
structures I NS -\ , ~ fish to fishway entrance

Figure Xl.idke Nmtpass around fa srhiwgaryast iacgre Ilsaurrt
most fish and provide added habitat but hayv
expensive both spatial Thoandrffbhad&cHakrkrys A

1.10 Elver pass
El ver and gl ass eels have very specific re

(Barbin & Krueger, WA X 4h; | Toawn(advimi dOUl reeat vleaelt . 1, 9 8CC
are able to ¢cbombmoh &eBeashry20Bdr, WWat gz ee

el ver passés, aveually neaBnvaroembnt calgenc
Sol omon & Bwiatcth,a 200®&d4get (Ef €l dseadWredh abD0 %
designing an el ver pass the following fac
pl acement at the entrance i#eceéeianionfiio @
flow; (iii) the | ength and wiidotnh, ofv )t hbee dp assl
and climbing substrate.

Design optima include passes mounted near t
more accessible to juveniles and shoul d st a
for the miRjraltdyntgad iesth al ., 20E8 ve%olpamemr s&
wel | when there is enough flow to achieve
completely, most passes havinmgi dt bwef behwe
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| omon & .BeTahcihs, w2i0l0l4)not produce a strong
ce a flow velocity of 2.Ke&3 rm/eg iarmped 9 1tf
,tB0BAYh computational fleval dgnaditclskat A
cess for elvers was maxi mized when the p
artificial flow is therefore a good opti.i
twice as efficieRitpdrhaaet aRrsetdract2idolind gi sf | a

ering the top of the pass to exclude pre

m | ight sources which migh¢Sdi emoandé& Béea
4)Sl opes of 30A or | ess are(thetkbyméaheet.i
7; Watz. eMamy . wei2l0d 9h av(eVoaw!l leesd esainahd @ , o f2
uction in passage has been found for sl
gener al steeper sl opes are harder for t

eded |l yman. eFuat herh6d&) a smooth surfac:e

sl ope can be IimpVewi bbeefoal el vdbsb)jo c

type of substrate for an eel pass i s a
the UK OPEnwgr bninment eAgency, 2009%;013 colwendc

plastic tiles with protru(sWaotnzs,h etotadle.r ,wi
i stles and studded climbing substrates ar
aration, other substrates |ike an open \

strates ar e (pNad e rett. iafin d;ti iPeOrleGo)dt iSon i s t
strates ofJgtadayemlanared @abcks 2017 n Sal folmonmn

eri ment, a studded substrate was wused m
%) or open weave (5%), and elvers c¢l i mb
strate; these | aboratoryd riems ut{hiVest nealted & la
9)The size and spacing of the studs can a

reased from 0% with a smoot h bed t o 67

figurations: a | arger diameter spadedubs
proportion to their size, the s(melwlers st
al. ,H2wdwvgr, preference on spacing may ¢c
Beach, 2004) . The wvertical/ horizont al
strate is presented also I mpacts passag
ted tiles produced a passage efficiency

ef f(iVoiwd resy e.t Tahle.s,e 2cOl1li5mbi ng substrates
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the weir or used to |Iine an overpass or a b
supplied, this i1s -gaslel (jpEadwicri dremde notnh Agg e &
Sol omon & Beadldle, da2@®0Ovb)ack of devicessitsor th
t hat they can easily become <c¢clogged by de
i mp as(slaabrlieni er, 2002c; ,Sohemena&eBaash, i 2680
debris has damaged one of the channels || ine
the hydrol opiec @ff odevidcepping the elvers i
I mpeding thein Sbuomber &p Bemadhe b l2WDt4i)ons of
effectiveness of the el aMtpaesemdaghe® 1@ &

these passes can be benefi(chDraduinreeaasw rets dlo.r

Figure 1.5. The two more commondadgapgtoaddf sar
Watz et al. (2019), the studded substrate ¢
and depressions and generally performs best

the most commonly used.
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Table 1.2. The effectiveness of different configurations of elver pass. Effectiveness is
measured as percentage of successful upstream passes out of the total elvers attempting
passage. The pass type can be where the tiles are directly attached to the weir ar where
separate arrangement of channels (overpass) supplied with flow (given as flowrate) and lined

with tiles that pass over the barrier. *Flowrate and width for the pass iDuUrB®uUC not

given.

Location | Species | Effectiver | Flow | Angle | Width | Length | Substrate | Pass type | Reference

ness (%) | rate of of (m)
(Ish incline | pass
) (m)

PasDu- | A. 39 * 45 * 6 Bristle Overpass | (Drouineau et
Bouc, anguilla al., 2015)
France

Laholm, | A. 40 0.07 30 0.32 2 Studded Overpass | (Watz et al.,
Sweden | anguilla 2019)
Laholm, | A. 21 0.07 30 0.32 2 Bristle Overpass | (Watz et al.,
Sweden | anguilla 2019)
Laholm, | A. 5 0.07 30 0.32 2 Open Overpass | (Watz et al.,
Sweden | anguilla weave 2019)

Lab A. 67 1 18 0.3 1.25 Studded | Weir (Vowles et
flume anguilla al., 2015)
Lab A. 87 0.1 30 0.1 15 Studded Overpass | (Jellyman et
flume australis al. 2017)

Lab A. 57 0.1 50 0.1 15 Studded Overpass | (Jellyman et
flume australis al. 2017)

Lab A. 13 0.1 70 0.1 15 Studded Overpass | (Jellyman et
flume australis al. 2017)

Lab A. 80 0.1 30 0.1 15 Gravel (2 | Overpass | (Jellyman et
flume australis 15 mm) al. 2017)

Lab A. 13 0.1 50 0.1 15 Gravel (2 | Overpass | (Jellyman et
flume australis 15 mm) al. 2017)

Lab A. 4 0.1 70 0.1 15 Gravel (2 | Overpass | (Jellyman et
flume australis 15 mm) al. 2017)

Lab A. 67-93 90 18 1.37 1.74 Studded | Weir (Vowles et
flume anguilla al., 2017)
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1.11 Tidal gates, flaps and sl uices
Hydraulic devices are often used in estuar

include tidadl wiades ,t fdtapasr eandsed to preven
of the estuary where the | and is needed, to
t o be constjyacqzd) .( Llaresa ecan cause probl .
catadromous fish by blocKIEmgiaonenesntt dAge st
The upstream migration(Bdl tgl &@sBelkkérs, i 20 nb;t
Agency, 2009; sLacéenieregs20@2bges they move
stream trag@gBpbtt&(Baglé¢d,o Z®@WA@7have sufficie
(Environment. AGamhey, RI0O®&8P3 and sl uices of t
only a few times a day Wlarwvilrowmeindes Agendly
when they are open the flowrate is | arge an
thr dENIi ronment. ARgiedely ,f 12DV )are particul ar
have narrow openings and high velocities, F
wi der gap and therefore provide,h6 a0beh)t.erA o
potential problem faced by both up and down

at these devices where it,2®@0a@byd . naturally b

A passive solution is to | ea(vVEenwi rsanrarmé ntg afhg
2009)The seawater passing into the gate was
and easier solution that mi¢gbaet ah sat Falsef i 2
passes have al so been {2n0sOt2abl)l ebdu tatt hteiyd aalr es |
for gl ass eel passage. For downstream mig
probl ematic, although eels can be del ayed L
of tagged eels ®Wsctcghedetnah. svpB8060RIpY found
increased with darkness and gateki mpeated an
of théewdeghy et al ., 2015)

1.12 Attraction fl ow
Every passage solution wild.l have a flow e

Attraction flow is the flow | eading up to a
it can be mani pul ated to be emdrse fatrt reaxcatmpv
Piper et. aA .su(cxOelsx)f)ul attraction flow desi
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approach the pass and although at times t he
fish, occasionally this is auf@(mMepeerdebyahdryg
or near by ORjtealrdst &dd oelthealat,t ra@x8)n fl ow n
deterrents to guide the( Endgdr & oavta Falls.h,t D20 ¢
flows and have preferenclkjselfdst asadpeecti falc. |

al ., thalohpnrsepescpefciices

Upstream migrating elvers commonly use el ve
l ow in compari spB8otombhat&t Bk aarhtei RiDDidagl att
hel ps the jJuveni l(ePiepeelrs eftP halln.g,jhred Oen2t)ywnCa&n

vertical flow from above and plunging into
twice as efficient than a stréeampiemgefl|l aw. i n
For fishways other than an elver passes it

at |-B@wsof 2t he t(oLtaarli nriidmetr 2f@002wb)e r equi red t
9% of the total ri(EaedefrlsowtfTadl ssdBRO®WOPpdoiue =
into the main flow at an angle i f it i s sme
I f it is large in(prepostaodnet oalt hlef 2Zed di; tf INc
flow is needed for the attraction flow, whi

be | ocated next to another strong flow or
(Fjeldstad @®&tccal er a0db@}¥ (iPni pfelro we scoaanlw hdeent 2e0r:
using physical barriers to guide fish to |

accelerations i(nSherei ddm.wetaral smodd hl)

Eels display erratic behaviour in response
(Piper et Asl .e,elx01t5%)nd t ¢ Hawrmsoeaeat getadual
transition from the natur al bed to the pass

flow (&Egiemestad &ithll pwe018) ow accelerati
reject the ared Pligpey ettdwd ema RiOMpogt Bem mor e

the pass. Downstream swimming eels also pr ¢
(Piper eanaltgBrwdd® )& ada vtsy, ot2h0e0y9 )pr ef er hi g
i ntensities i n( Ruhsesiorn reotultael .slell2eCchG)on, t he s

must be studied to efficiently plan the att

the flow preference of seaward migrating ee
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3 Removalamd ftihseh bpass edanger s
removal of dams, weirs and other obstac

nectivity and Itfhet hreisvee rsa@sr uncotrumaels falroew.o b s
ion to restore connectivity. However, mo
another passagewbelt etilgahewaaysthebaodccdpt e
ry their owdesattof roimsk & ehtepya s cedpat pas s e fs
cedat eopbywomwslptoit sl e(Agopstdanbon). efEpgebogi 2@
ps can al so be created Hhyrei navbe quaa tne mfeicd
this to occustrmreamtpespagesewkber®ofnapdo
il able (Ohmbywét oawi ng 202852) t oasdRatult e eitn |

., . 201®3e effects are typical Battaht h2ope

care must bheabtigakdn qtual ev gl betfeoFiesha f i ¢
sage efficienciaes oaw ee fhfimegchi | egnccvya apsaashsl ki d d
mp, 2016) .

4 Fish |l ocomotion
h have a very | arge mor phodmalyiec aall |v aardiaapt

moving through water in different ways.
Il lating it fromn \siiddeel etroT hs&OdbeX )teon tc rteca t veh
the body moves with the caudal fin char :
nni form swimmers (named after tuna), k e
terior portion of trheigrn floodny swii tmmetrfse o3
e of their body (like a mackerel ), subce
their body and may reach a wavelength
eform on their bordal Iwhidreguwiwilmnfionrgm fainsdh
ority of their body to swinmtlay hh aavge amav
n one wave on thdéiGrahodyo®6bi |l i ndweypmi t
el er, 2019 ;AnWeubibl,l i fD8&4n) swi mmers tend toc

eds but good efficiency whilst thunnifor

some anguilliform fish (avr e edbkelrel ht2d 1a8|esqou esnwciy

wh i

ch fish beat their caudal fin (also know
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t hat mo s t reliably i (NTy tueelnlc,e s 2 GsOMiwtmi diQfOfisdyp

swimming modes and body morphol ogies of fi

(Tytell, 2005; Thwteldli fédter@aint, s&0 Mmn) ng modes
mi dl ine kinematics and have similar values
ampl i(tSache o et caas.t,i 290 2dlooubt over whether thi
modes is a wuseful tool . Mo st fish swim usi

primarily their péecdtlorkeael, f1i9n/9 ;f oNa | .Krele\p ekt SNe c
within this more restricted group of specie
shape and actuation (for ex(aBipakee.,, &EpP9s7aOn)d h d

primarily wuse theimaspdcatbariaglorfm)ns c(anmomnl| kn
caudal fin at higher swimming speeds. Fish
speeds, stop swimming steadily and start en
Fish swimming in shoals to save energy, an

di fferent mor phol og(iJeosh aannsde ns veitmnailn.g, s2t0yllOe;s

Wei et al., 2023; Weihs, Th®@78xaZhamgc |&a h ia s wh
occurs has not yet been fully determined |
benefits of swiComihnggi & gromess 196 8; Har ve

Lauder., 20214)

1.15 Thesis aims and objectives

This thesis aims to address knowledge gaps
associ adretdhrwiptohgeni ¢ structures in rivers.
| aboratory studies in whiahbhspbkbetf boatsawas g
details of fish response to hydrodynamic s
Fish I ocomotion has been studied for some s
but generally the kewaelmadteg fodf Iswdenfmi megd aa
fl ows such as unifor m (fTyotwe Iclomn dZi Ot @ 4ebnjsn i tnh & |
or elfli ned and di scr(eHer vteuyr bautl ealt. ,st2@2Z2 ur
Shoaling is another aspect of( Lfairsshs gbneih @a2v0i 1o2u
that i s often not specifically evaluated ir
This thesis attempts to quantify the benef]i
of the shoal in differi nbgarfrlioem sc otnhdai tt i eoxniss.t
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nly high velocity barriers are consider e
died (hydrokinetic turbines, water abstr

pose different threats despite being hi

water abstraction f r dpners udrafya cree of uriersehsw ast
(EKWvironmentbAgehbg, sz202@nhs need to be
rainment or i mpingement of fish whilst n
ensi ve. This balance must be found if €
ecial ¢yl Ifyorencdantgered species | ike the
nerable during its juvenile |ife stages

to entrainment due to their l ong body
reelntscereening regulations for the UK are
di fferent screen configurations to eval

|l e hydrodynamics of the screens as well

uctures | ike culverts produce fast, s ha
cies, this risks halting fish migrations
we l | as reducing their espogy. blhgee KN
d to be made passable by a variety of di
mor phol ogi es and ideally without <creat:.
at a |l ow cost cofsitthesiengttrhetpersasiEwed
el oped for elver passage at gravity barr
es of cylindrical protrusions, coul d be
ntified laanbdo rtaetsotreyd filnunmee wi th eel s and s
6 .

ught to cause |l ess fragmentation and be

ms , i nstream hydrokinetic turbines for r

-~

> S 0O Qo

erate renewabl e power but theoodeffTacbia
e the potential( Hammaduem@sdlweh | 2n@tis2 oants
i kes that injure the fish. Fish behaviou
ways of mitigating the potentially har
behaviour and pastsraget oif s ae waelowmdt eodf fro:
figurations and a single rainbow trout i
affect fish behaviour in Chapters 7 and
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tained |iterature revieweipnt ht hien fionrtnraotd uoc
cific topdrc f@ameltdhatalchawteor the future
rel evant engineerinigesprtebieadoli ccahapif e
erdi.sciplinary

aim of t hiisgatthee seixsi sa smdgoe (@drcsrdHiress)p ns  af
ess temree gti ng( hy draak ivred toicc ttyu rbbairmreise)r s i n
ange bfsBBpercres, fish kinematioaland. | o
coibfjieccti ves are |listed bel ow:

.Anal y sbee htatve our al aed f apds mdwmamiages of

applied to fi samdpasysdage ymeasne ar wata f dirtm o n
fl ow, to mor el ickbempflleoxw,cnabnooippyu b at ede by Bot
set of( dreavp®ersgagnd 7

.Combine hydrodynami c, rbeeshpaovnisoausr aohi, g faansdh ok

barri er s tsoc aa nea | nyosvee(Gikianpe ef sf2sh3, 4, 5,

.Eval uaitleeseds ta pbdboenwpelti es® | @dts bmipghs s a

velocitghbaptersens8, (4, and 5

.Test current eel scmeaenndegetlandong ahdt

hydrodynamic and kinemati c megChamitsems 29 f

.Quanthiifgyh spatihydrroaedsymnlaurtiicosn o f fish pas

meas(@€Cbhapters 2 and 3)

.Evaluate vertical axsi sa hpyodtreorktiinaelt i € met rugr

expl ore mit i(gChtaipotne rsso |7u tainodn s8)
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ChaptEhe 2Rol e of aSdr evenmARgsybs| mpi nge
and UK Eel Screening Regul ations

Conceptualisation and met hodol ogy by Prof.
and Gugliel mo Sonnino Sorisio. Shatiai 00 lalned
Charl ot t-®miRtolb.i sommal ysi s, visualisation, and
and editing by all of the above. Advice and

Summary

Water abstractions in inland wat erAcogwrisidsa h
angudililffathey are not correctly protected,
this critically endangered species. Current
entrainment at intakes and out f aulelss sbuyc hs paes
screen types, screen apertures, and maxi mun

~—+

o prevent eel s fr om bbeyipnags si ntjhuer eadb satnrda catliloc

yet to be empirlahbotsgttuadess t esdc.r elemst lwiig h 3
horizontal a+wdrwvemmnidcal Hyeld@é ox screen wer ¢
UK regul ations. We measured the hydrodynam
behaviour and swi mmitnhge dsycnraenel ncss. uTphset rsecarne eonf
on the upstream flow fields and produced s
escapement. At the regulation velocities,

current r eduwlnaitfmecimegngtdmeéent started to occur

-~

egul ation velocities should not be exceed:ce
sig
regul ations -wiomre 3sarme emesdgaer e appropriate fo

=)

i ffieewneeretl | yi mpi ngements and therefore ar e

study and do not cause I mpingement or entr a
2.1 I ntroduction

Water is a |limited, di mini shing but heavi |
87% in England and 73% in Wales, abstracte
2024) . Il n these countri es, t her eomr surafna cees
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wat eDEFRA, 2022 ,whNRW, r20mo4)e,d 10.4 billion
2018 with a potential i ncr e absEeF,RBo2 21;2 .Ho Iblidrlz
2023;,20RW)The main abstractors of water are
water suppliers, followed by agHotclUktane?20:
NRW 2028uch abstractions hdviearnipenpgt eamtdi &Il
20059using them del ays (£arbe &t Waondi dkeayyh ac
Reader, 2000; Dainys et al .T,he2s0el 8a;b slLtarraicntiieor
millions of barriers already fragmenting t|
pat hw8gs !l et ti et al., EOD26; sédomesmsetral typ
mitigate these risks but a poorly designed
and i mpingemémand®ém 7,0t HaddeX9 NY;h Tur ngplenny
O6Ke2O@5; Br oand 3 ; ,29e2adh)y

The Eur ohregauni leled &Bgai thbadromous fish that
sea into Europeds rivers. It I s( Jcawrorbeyn td nyd
Gol L 2@ Xk5; P,i2l0& 0ghavailng under gone deoculirinndee c ad
recr u tnoew t<A %H38Df ( PkHROG 3 ;,20CBHF hi s decline i
by a variety of factors, including river fr
del @asl vorsen et al ., 2020; Pi per .etThals. ,i sz
exacerbated by the hiArmguwirlelviadvdinar éc rafsfseuese s

swi mmi ng (bkifdki3gu Ne wdb@Ilpst)oedtabdly. maki ng mi gr .
harder toOoHamnkB®D O meHaddE99 2;,g hBr¢2nlaléldy; eRy tawi.n s
et ,2a011.7; ,20e2a3bh)yuvenil e eels are especially v
swi mming peClfougnanete al ., 2004; Clough & Tu
2001; Vezza enmndalre 20020efore more | ikely t
entrainment, if the aperture is | arge, or i
Following the 2007 EurndmpmearCoWmicon Bdl TReg El
200arfnd t he subsequent UK appliCcC@Ki®Gav erfnmént
20Q9) he European eel i s protected in its mi
40% biomass escapement of eels to the sea
unmodi fied and healthy catchment. Eféesci en:
and help to achieve the required escapement
sever al practical challenges. The screen afr
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velocities should not cause i mpingement, th
fish, and the screen must achieve this whil
without being prohibitively expeaquwi ddel i nCeusr
define Best Achievable Eel Protection (BAEF
and specify the all owable range of screen
r a nFgoer GeRAlO) smm t hagyprspach fWe L& T iotsi es ¢
ens at 90A dmd Ikrxekensamd @63 5Ms and 20,

si z

D

SCTr

(¢

Sev

D

ral screening techniqgues and guidelines
of fish escapement. For most species, scre:
l ength to exclude them, howevVveronbreecnaduesde soifz ¢
i's 3% of (tEh&idrnl 6 e Dag¥d 22 )b r e88He Ineam GO0 1nnd

| ong, respective 1 mm and 2 Camtaperettrads. ,c
for silver eel s( Russooth0 emmald. (12BOviGd) et al . ,
aperture.i apeftaecesvep to 30 mm can al so f
(Mei,20260; Motd&k2a4 )btut at his aperture does no
behaviour al screening techniques have beer
Electrification of bar racks causes avoida
entr aMaeg?d020)

Acoustic and infrasound deterrents marginal
(Del eau et al ., 2020.a, L-RggR®Od ; d &ti @remr e retts ad h
promi se( Hodderilisg@2 wtutalef ficiency differs ¢
ages. The screen materi al mu s t be an appr
performance, and cost. Bar racks orientate
sol utMeoinst, 210020t ; a2Me2 0s;t ede2 B2 £; et emk2@h2)y et
| arger apertures are usual ly u(sTeudr,n pbentnyr caw

O6Keé&D@85)a variation of this design are foi
| osses frdmMet Is¢ ,230c2rddadMat e mesh and perforat

clog and be hard to clean, whereas wedge wi
to the fish and are |l ess prone to debris ac
within the tshcerierent rdiuaen gtud ar profil e, whi ch

(Turnpenny ,Z20n05 ;00Krecstfideke3) et al
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Figure 2.1. An illustration of a Wedge Wire
the Wedge Wire made from stainless steel we
bar. Flow direction in this ditalgirakrerr ss a mtdii

the wedge wire on the upstream face and t he

The orientation of the screening material (
l inked to the axis on which the screen is
the screening materi al gui das et owaedsthleenp
orientation if inclined with re(sPeyxnalt oett ha

2013; Dazxd a2 )elbwalver, a vertical or horizont

the river channel at an angle to the main
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approach, and often | eads to a f(idseh Bhyp ads ¢
2018; ,mM6R6t ebaxal 2d2 ;etHarld xh;t Mat2yakaelr)eitn ad ar e
cases | ocated (aRu stshog@ Oudpts)Farle.men €nddi es wi th
perpendicular to the flow direction show hi
towards (Gartbegpasts al ., 20&Ber Rassangbkedabc
greater ability to guide fish. Comparing ve
species other than eels have found horizon
gui dance, wher easf eactdhtbazes B if duln@d; adieg, 2Bi2d ;da tf
Har bi c h2t0 2e2t)Ttad .l ocati on and type of bypass

effectiveness of installati on; a badly des
weeks, {dBermo@mamhsl & Eckmann, 2Z@BN3;osBr &wWrD 9&
& Whoriskey, 2008; Gosset et al ., .20Be&5l;s Ha
primarily swim near the bed, and (Rhissoins eal

al2010)Surface and pipe bypasses for fish h.
design for eels, wCah!l ¢goOwleZ;t ad 303% épa sBshbaegse et
2022)and bottom bypass(EeGalalre?0dein ealag g 1yé tp raelf.
EnvironmeB02BYeandy depth bypasses have the |
but are not alwayRupsalODé&dahBREOIt2h & HElr éli c h
al2022)Passage rate is also infl uemn%edaf btyhe't
totall EMvowonment, Aared cwe |200c2i0t)y gr adi ent sho
eels without being too hi gh( Baoneds aebtr uaplt. ,a s2 Ot

et al ., 2018; PMobpersetcalficak0¥5)a 20% velo
i ncreased passage wher e@Be 2aR 2400;% B elctk? Oeat3 ea Id.
Vari ables external to screen design can al s
di ssolved oxygen |l evels are aéSbepheed wtt

2016) emperature affedtCsd ofuigglo6dlwialkimihmagve &b imla
al2021)and silver eel body ma s(sMohtaysk,abOe2edn) alli.n

Approach velocity to the screen can signif
and | i fe stage specific, therefor e Ruts snoeneds
et ,2a0l11.0; St,p0 k8 )Feotr gluvenile eels, for examp
I mpi ngenmeQar treart eest Aradt. her20i2Bportant par amet e
screens affect the fl ow, potentially 1 mpac:

bl ockage of the fl ow, there wil/ be a | oss
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on head | oss are screen angle, where a | ow
(Lemkech2elr22)analr alCkl lmpyera®d2rezeiwhal e t he bar

l ess signiMecaa20ydfnf aetrans of the | ocal fl o\
on the upstream velocity profile i1is small/l

velocity, and a sweeping flow component i s
angle and omardidrireanttasi gn(i Rajcamatl n2atnd Dd te c & |
LemkechNl8t ®BIROR Odt;, aMe2G2 @b, elemaRO®ORRgr et
At present, most studies evaluating screeni
seaward migration of the silver eel and the
approaches to protect elvewosiamdayelolnowneela
yet to be evaluated for(Emei cam memMit2 08%a n coyf
here wédet edftffcaeceten type (vertical or horizor
scresem)e,en angle andAsppheaehf eett ocfi tycr een
for Wedge Wire Screens angled to the main |
experimentally evalbhptdeddymwamicco niduwe s thiegaet i
utilised to validate the results of previo
The effect that screen angle has on i mping:t
can reduce Iimpingemesrgul andondealcluowehi ghe
angles below 26.5A to the longitudinal fl o

i mpi ngement are ainhaxtweari Mensabktydgval uat e
type, ampelreo azxradnaeh b § sceryeneemari nst er actil@ids for
and 30E0el mns.wi mmi n@rekvianleunmatteidc st o provide f ul
i nteractions with the screens and this dat a

a better understanding of fish screen behayv

2.2 Methods

2.2.1 Fish origin and maintenance
Europedangeel $ 4 NeB@yi,l ware coll ected from ¢t}
Bl ackweir -851988830p0 0wmi t2h2 /tWebtip2alr2a3 Wy e b p f 1!
el ectrofishing conducted by Natur al Resourc
Car chobol of Engineering and accl i®@ataits ead t

rat e Clolh. 2The hol ding tank was 1.3 m in diarm
41



a v
and
Sol
was
a 1
fis
che

mar

ol ume of 460 L. The tank contained water
cooledguamangad BFX 600 EaneéDb DAduLrainumt
ution DC 750 connected in semi.esTHett ank
provided with tubes and rocks to create
6:8 light:dark cycle in keeping with the
h were fed bloodworm dhsltywmwed avalh emo rqmuian g
cked every other day to ensure that pH,
gins (-G.mdnomg /aL-Q0. 225 t mg it 8 )0andh e Ht ank was

with a plexiglass sheetpeo Enshresiume a®ks ay
keeping with the specific section of t he
measurement detail s, see Table 2.1 in the
compl eted, al/l e el s awedr ewemegahseudr,e dt hweint hr ectaulri
of theiAl Ic anpotrukr evas approved by Cardi ff Uniy
l inked to UK Home Office PP816714.

2.2 Experi mental setup

The trials were conducted in an open channe
0.3 m deep with a bedslope of 1/1000. The e
at ei°t h®&1 .20t o206 he flow direction (Figure
screen | eft with a bare flume bed (PVC) and
and downstream of the fish screen, flow st
escapiagi dmat efld ar ea. Tdhed os drheee nfsl uwreer ew ad tl tsa
and sections of screen were joined toget hel
screen |l engths to achieve the correct scre:
was present, a 130 mmewiddbevngdp ewmans elnaf tofa t
screen and the wal/l and the screen was the
fl ume wall and screen end. For a full dept |
for surface amd bdHatntka mgbydassesvas used to
of the flow depth respectively. Attention
sections or the walls or bed and to present
tested,l haonmrd zwenrttai cal wedge wire screens Wwi
by the Environment Agency) as wel |l as a pl
band screen consisting of( Ky ol als.a x Tcl2 & afhled me
water was dechlorinated with P me tibecahlDr

4 2



Aquarium Solution DC 2200. The expertments
angle camera recording the entire experi men
to record interactions with the secd eceanmetrha o
recording the screen surface and the adjac:eé
rate of 80 frames per second to capture th
and to conduct kinematic analpapbéee. 2The Wk
established in the flume without screens t
wor king area.
Table 2. 1. Experi mental treatments showing
velocity that the eels were exposed to in t
denotes screen type (H = Horizont al We d g e
Hydrol ox), the number denotes the angle of
subsequent | etter denotes bypass tg,peSRKE FB =
Surface Bypass).
Treat| ScreenAngl e Bul k Ve Fl ow (Bypa

_ (m3 (mm)
H9O0 Hori zo|90A 0.15, 0130, 1INoO
H31.5Horizo|31.5A [0.15, 0130, 1No
H26. 5/Hori zo|26.5A |[0.3, 0./168, 1No
H26. 5 Horizo|26.5A |[0.3, 0./168, 1Yes
H26. 5/Hori zo|26.5A |0.3, 0./168, 1Yes
H26. 5 Horizo|26.5A |[0.3, 0./168, 1Yes
H20 Hori zo|20A 0.3, 0./168, 1No
V90 Vertici{90A 0.15, 0130, No

130

V31.5/Vertici{31.5A |0.15, 0130, 1INo
V26. 5/ Vertici26.5A |0.3, 0./168, 1No
V20 Vertic{20A 0.3, 0./168, 1No
P90 Hydr ol [90A 0.15, 0130, 1INo
2.2.3 Hydrodynamics
Particle I mage Vel ocimetry (henceforth Pl V)
setup and the screens. PI'V was conducted f
and a top view. The area il l umi natandd byp ttha
600 mMm | ong. Where the screen was angl ed,
foll owing the screen surface at four | ocat.i
was captured, and for top viemm Padbvgved htrteee b
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one -dreepdt h, and one 20 mm below the surface
bul k velocities telstoed3famsd PPa\plpw omse hO .vEd oms
defined at 100 mm.fiTomcohdustr BHEW Msdr Rawreqra
wit owa LM8JC10M 8.5cm |l ens was used, reco
produce the | aser sheet and synchronise it
used i n conjunctiioh WotanaFPathtetr @8vW8&scope
aSTEMMER | MAGI NG CVX TriggerMoxkeoThAXALDTAN w

Talisman 30 White 110 particles. Al ot her
the PIV recording. The PIV images were r ec
hard drive then analysed withC CRIsVYIioamb MAG L ABoO
scripts were then utilised to further analy

streamwi se vel ouctihtey wwearst idosafli anveddl babset y ader al
v, the bulk velocity @ewatwaasl Ucganldl neddh ¢ e me mp a
fluctuations in streamwi seubv ednodcivdTiaensdp elca

resul tant velP@a ty) washe esmtddeon tareglleonags t t

direandomhe horizontal ReynoldsUsSheé®) Stre:
The sweepiwnyy defliocmad yag the component of th
and the escape velocity (Ve) defined as the

screen were calcul ated as:

wi M6 0 AT|O OAIT- (2.1)
©wQ 6 v OFIT OAIl- (2.2)
2.2.4 Experimental procedur e

The trials wer e c ofnodru citnecdr el and eddalywii smalmidlroiaitrys e
and the | ight sources were kept constant t|
were chosen for the trial sramdomliife eeedlss cw
acclimated to the flume water for oMerhour
15 minutes prior to the beginning of the t
pl aced upstream of the screen?fionr t5h emirneu teeass
then atf o0d. & rhauaurther 5 mi fand 3 Twherseax efnoran

26%b5nd° 2@ he first 5 minanestwerktokpewingt5O0
4 4



ms. Any trial was interrupted i f an eel be
exhaustion in which the eel was unable to
was tested by starting a 60 s ti6n@rs ewviee ye ¢
was stil!]l i n contact with the screen, the &
it had the strength to swim away, it re
moved to a recovery tank.crilefent hvd tehaln madivee &b (
screen was tapped, it was considered as re
all owed to continue. Any subsequent contact
full 10 minut es socefd twh e he xnpoe riimpei nntg eemteanpt , t h
placed in a recovery tank. I n the event of
pl aced upstream again with a fish net, the
For the vemtei csalr ewend gen dwit h & Hy dtrhoilrodx bsucl rke evi
0.56wms tested for a further 5 minutes i f t

to test the maximum velocity the flume coul

0.56wms sufficient to reliably impinge the
and return systems, a full l i st of treat men
trials, each eel was inspacthed dusualigl yheot

temperature of the flume was monitored thi

specified margin.

e
2,
I X . Y] 0
i Flow Direction CE o
o
=
(4]
0

Flow Straightener 4.5m

Bottom

bypass
Figure 2.2. A schematic showing the f1l ume
channel spanning screens. I n treat ments whe

downstream end of the 26.5A scrednlifikeaby
was 130 amd wtilde t hree bypass coanhfei gbulruaet i aorne

mar king the unobst.ructed part of the bypass
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2.2.5 Kameaelmastiisc of the eel screen interacti
Kinematic videos recorded at 80 frames pe

(Charm@22)The videos wer-by gwmhmee omtaends atl o aan afl ry
produced robust data despite smal.l sur face
tracking. The full |list of tracked paramet e
mni mum of equidistant 10 points were track:

visualise the swimming gait and evaluate sw

Table 2.2. The kinematic parameters-bwere me
frame analysis was used to track the eels n
to the |l ongitudinal flow direicsi onnaindemedrc

to the fl ow.

Vari alf Descri Schemati c
Tail beaFrequenc a1
frequenoscill at 55,:'."—“

Swi mmi n
speed?} (

Swi mmi n

directi
Escapeag The angl , 7
(deg) fishds b -
screen ,5
mo me net's co -’
from the ’/\u_
-,
-~




Attache/Proporti ’
propodftifishods b ’

touching ﬁ

screen

”’

bef@eseap P
2.2.6 Statistical analysis
The behavioural and kinematic d@dtRaCwere Tanaa
2022)To perform analyses with generalised |

| me4 pack(aQaerse yusachddO WanBa2@%5)Ftoralgener al i se
model s (GLM), the NASSapdhek22dddWwRsrpladsld var i
the effect of the same fish being used in
GLMM and then’vfil uei n@ tdee¢ eRmine if a GLMM
establ i sheSd nma tnlbo dS2o0r2i4s)T loi €t ampr oach reveal

no effect and GL Ms wer e t hereflommlel umede lbs,

experi ment al orddon Wwasdalbe bestuded.el |, tr
residuals were inspected, and the best fitt
the i mpingement rate and passage rate, a bi

anal ysis of jtecd imwnmmbdrr oonf trhe eel s to the b
with a | og |ink. The remainder of the st a;
vari ables were gaussian GLMs with identity
bypass desaisgnan whnivcer sne gauwbsnkn GLM with a

2.3 Results
2.3.1 Hydrodynamics

The flow in the flume with fish screens wa
16, 000 and 60,000 (based on hydraulic radi
component of the velocity. Wi th a 90tAs scr ece

to the velocity were unaffected and the &ef
| ongi tudinal velocity within 50 mm upstreanmn
across the channel width, onllyerbedindgge ,afdred
findings remain true for bwa trre mamriezomrst. alAt
vel ocities, for both -wheeHgdrebpng, stheenmpt
on the flow field were siami laarmobruet nmeatr kheidg hde

of the flow in proximity of the Hydrol ox sc
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performance. At screen angles between 31.5

uni form and there were minor deviati ons of

50 mm of the screen surface, i nhr béeucierag a
Figure 2.4. Where the screen meets the fl ur
reduction in velocity magnitude that 1is hig

a screen angle of 31.5Ae Dedpictid yt ye adeé lemd

with no harsh transitions in flow regi me be
a bypass. Consequently, Reynolds Shear Stre
slightly higher vbadtuemso iar eia sg hoefr cvoen soicsi ttée netsl
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Figure 2.3. Top view contour plots showing
streamwise and | ater3l andl doirtiyzyono mp o rRernytnod
(RSS;%s%xk gmAl |l plots are f'lbomkcwoaldo¢i oy samd t fh
wedgygkere screen without bypass. Measur ement
plots indicate that no data was availabl e,

are not to scaoltes., HRohra rttyhoep < bodpin resdi Ixe fptl hand s
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i n th

SCree

Wi t h
openi
The f
wi t h
The b
as a
t wo b
vel oc
teste

vort.i

suppl

e 90A plots top and bottom are both fI

ns are in the supplementary material s.

a bypass present (with a screen at 26.

ng remained unaffected, whilst the vel
ul | depth bypass showed a nandd a ewaokcd -
a few turbulent vortices and | ower vor
ottom and surface bypasses both showed
result of half of tHke hflodwtdeptolpeme inmec
ypasses, enhanced vertical wvelocities
Ity gradient. I n the wake of the bott

d, a vortex staneeingwasdgaedf ftbom bhee
city. Pl ot s and vi deos showing t hese

ementary material s.
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Vs (ms™) Ve (ms™)

0.4
03
20 02
0.1
0
0.4
0.3
26.5 02
0.1
0
0.2
0.15
31.5 0.1
0.05
0
U=0.15ms"! 02 [ U=0.15ms™' 02
0.18 0.18
0.16 0.16
0.14 0.14
0.12 0.12
90° 0.1 0.1
0.08 0.08
0.06 0.06
0.04 0.04
0.02 0.02
0 0
Figure 2.4. Top view contour plots of sweep

hori zontwalrewsdgeen at the fourplamigd eponttersdy
and Ve for the bulk velocity that represent

according to Environmenif oAgesrcaoyemasg w@lt atliocdn s

0. 3%msr screens at 26.5A and 20A). Measur em
pl ots equate to values equal to 0O or where
and screen types are available in the suppl

The sweeping and escape velocities (Vs and
a measure of how well a screen can gui de fi

swim away from the screen. An awrsal|l ysi Figfurt
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shows how sweeping velocities are greatest
for perpendicul ar screens. The escape vel o
very |l ow at 20A and steadily inoxematabyt bdh
same as the streamwise velocity component.
|l ess by the flow being deviated by the scre
shown by the closeness odt g hef daitrae paondtcos
t hat for the flow conditions tested screert
nor mali sed by the bulk velocity, there is I
velocities and scgeéon ahgl ssyeagaiamgpei bei i
flow characteristics produced by the scree
angle and bul k vel oci tsyecitsi oknnad wnc hfaonrn eal usnui cf|
fl ume.
LO0| ~---e._
075
z
=
§ 0.50
E
g
Q
Z.
0.25
0.00
0 25 50 75
Screen Angle (°)
Figure 2.5. A plot of the average sweeping

bul k velocity (U) against screen angle base

surface. For each angle, data fToommi alld, f i &
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var

rep

2. 3.

For
reg
t he
was
ul t
I nc
v el
be

iation is represented by the whiskers o

resent sine and cosine functions respect

2 I mpingement and passage
al | screens at the maxi mum per mi ssi bl e

ul at i dfnor( Os.clr5e emss at 9 0fAo ra nsdc r3ele rbsA , a ta n2d6 .|
re was no i mpingement and this independe
recorded only in velocities exceeding
eri orbe@ydrbd mshe regulation velocity. Hi
reased i mpi ngement ( GL M, p<O0r.e0a&9 ed awidt h
ocity, reaching 'aomaxitmom fisr shloen0i B6 Fim
noted in FiguYdet2a. 6 A ctlhuadte st had 10 .a3n gnhse s i |

0. 3'wmass the | ower velocity and at which no

al s
t he
i mp
tre
mi n
cou

Thr

gap
one

f ou

o significantly high26) wiwht hi gbereeenasgpe

flow having the highest i mpi ngenoent ra
inge with the 90A screen (GLM, p<0.035),
at ment at the start of the trials. Despi
i mum 3 %, overall 9. 6 %) , 6 8% osft fansche nbaudt

|l d swim upstream in the majority of thes

oughout the trials, no entrainment occur
i's an appropriate openingtrfioal tthestss zief c
s were | eft between the t wmadse autpi ocorfs boeft
and three different sections) or betwec¢

nd these gaps and passed downstream.
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FigurelInpébngement probability with bulk vel
noted that in this plot, the 0.3 dawascont a
the | ower velocity weréTinme impkegemgnt hecd

downstre

the bypa

n ttirknwi t
ver al |

ui cker

nw o O

ucéaand
he bott

~+

more of't

(Figure

2. 3.3 Ki
Behavi ou

am using the biyNwuansbse rf oorf eta cnhe sb yepaacshs

ss according to bypass type.

h the different bypass arrangement ¢

passage rate between bypass types

for the full depth bypass (GLM, p <
bottom bypasses (GLM, p=0.52) desp
om bypass as shown in Figure 2.68B.

en (GLM, p<0.002) than the motédaedr by
2.6C). Fish Il ength did not i mpact b

nemati cs
rr-was analysed for al lesuedfgreoom ctlhiep s

screen before swiemmiampg!| ep (tTraddm. 2TIRg was s

with hig
proport.i

her scr eeln5)anagsl etsh g GleM,s pp=oli.nBte t hem
on of the body in condsacdpwoiweh etrh e

showed no correlation with screen angl e.

signific

perpendi

antly more | ikely -tior anmakwhemnthaets
cul ar -ftior sth ewiftl o wa laln do it kadld )s.cr een a
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Figure 2.7. Four series of frames showing s
screen angle tested. The frames are in succ
against the screen. The sncd etehne ifsi srhe pbrye stehnet
the red circle representing the head. AlIl s
from trid(6l awi 8g3fmem bottom to top) for t
representative oHe téhetddpheeme el veswhrom t he s
Screen angle impacted t he ebsocdyp emo vtehnee nstcsr enear
contact or a period of resting. As shown i
bet ween its body and the screen to point it
angle. The tr aj-eescctaopreywso fh otwh et heee le eploss tar e ab
flow direction with the | ower angled screen
against the flow and therefore push off the
The distance the fish swam from the screen:
were swimming 46) (GOIMg pwdmméeng direction
orientation angle of-16)shtbwewi ommi egt A&LMPn p
than the overall direction of movement of t
The degree to which the eels swam directly
| arge the angle to the fl-9)w, thied rappagareed otr
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the fish to increase their tailbeat freque

expenditure.

g 121

Figure 2.8. Three plots showing the swi mmi
swi mming at progressively | arger angles to

of the eel body and success-bya almleglc kt h é nle s a
of the eel facing the bottom of the plot al
|l ines show the overall path of the eel . Al
from tri dasdaaw@y 3fmem the screens.

A detailed analysis of the swimming gait of
2.8) revealed how the amplitude i s asymmetr
Fi gkBBs 283 where the eel is swimming at i nc
the swimming amplitude on the downstream s

FigeBBs2&@) is | arger than the upstream. Th
28B compared to t28&A fainshi QC@amipezgsi nH consi
the previous findings of the eel orientat.i

swimming direction. By comparison, Figure 2
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amplitude. The eel i's therefore swimming as

the flow while stildl making upstream progr e

2.4 Discussion
This study found that the current UK regul

the tested s310z0e mnma nigfe alfl 1Ruli del i nes are f¢
when velocity was increased, i mgihreg @meanits st
there was a small gap between screen panel
|l evel s of i mpi ngement found in this study
concerning eels with a similaatsazkeowangeel

(Carter etThils ,di2f028nence in i mpingement r a

met hodol ogy and how i mpingement was defi n
considering the eels as 6restingd i f they c
60 sdes®cm dpem the screen whil st they woul d
aforementioned study. Using a similar defi
would resul't i n i mpingement rates of 68% i
al so beutai cgonftadtbor to the | ower i mpingeme:l
speed in fish, allowing them to escape fror

(CloughOB6d; aMuhawenhO2nh)fhi et saudy found no c
the two bar orwiemé asc¢meesno,f swiemiglegde t Bi st @t
al2021l)however, ot her studies have found di:
screens and racks, vertical wedge wire scr
hi gher velocity gradient towa®%gusalai bypaspha
pass(adgee Bi,20 8 )Hyldr odynami cal l vy, the vertice
produced similar fI(dvenfkieclh2ze@2 2yt alf.l ume sc a

Screens with smaller angles to the flow r ec
i mpi nge, the time before 1 mpingement was S
probably be explained by considerisng htama 2 0t
and 26.5A but can also point to the difficu
reveal how the eel must first point itself
more for perpendicul ar secr deond haend | loavss amali
push off of the 90A screen directly into t
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all ow themselves to drift in a crossflow di
(as est allyltied H@n{d2OWsOMoywn )i ,n & imgamree 2vrBe whi ch

on generating a forward momentum whil st c
hypothesis can potentially explain why fish
so more often; the | ower el owovewoami tuipss r &
without needing rest for | onger, but once t
teschpem it. To some extent, this phenomen
escape velocity, which is | owest at the s me
and escape velocities, cal cul ated fw oitftn e qu:

the streamwise direction due to the screen
velocity components. The sine and cosine |
there was no crossflow (v) compemeuwdh fhomwetv
measured Ve and Vs values to be slightly d
ki nemati cs. Figure 2.8 shows how the &eel s

Sswimming by pointing their blheirsowaer al 6 maobd

direction, also meaning that their swi mminoc¢
the red |Iine in Figure 2.8. This data show:
the screens, the eelmaisn illdn chiatdu dion aslwi vwre lagc
as wel |l as moving sidewheg sBi avVhetrealad biypeast &)
and Ve increase towards the bypass |l ocatior
study when there is no bypass and the scr ec
accelerating towards an opwmsthrypamsemadtofdetc
pregé&ret st er02&dtb)yhbk. velocity field found at

we | | with previou(sBdck eatatallre, uzs021@; AD&i st e
2013)and through the use of PIV, measur ement
spati al resolution over a |l arger sampling

close to the screen surface. Theaseohst aielred
the flow experienced by impinged fish of sn
Eels are well known to pr(eGelrl €290 tleto maEHa.gd et u

2017; ,MO29t erHar,BDEBYIaleathoallgh even these car
study found very high passage rates (91% o\
result of the modest size of an experi ment .

t hat the eehd qoutk| yyasesxplyormae the entire w
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passage, there was a distinct difference be
the surface and bottom bypasses. This may |
towards the surface and bottomelbypadseéedheas
therefore an increase in acceleration towat

bypass where the entire area 1 s open. Mo d «

ncrease passage count(Bewlki,| Kt0 2Mg r s£lg go ed s ad
l ., . 2RA45pn result of the higher wvelocity |
enerate a vortex street in the bypass whi
Muhaweni mana EBhe apref 0rl&®d bypass arrangem

owever this is not al ways practical to i

o o — Q@ 2

ottom bypasses, the bottom bypass is the &

esshehaamartace bypass (Figure 2.6C), this m
the bed of Twasaedygodr d enmte geatdlviea ted fetchesr of

sucheasali pgedati on.

2.5 Conclusi on

Lower flow velocities and | ower angles to

wedgere screens, for which no entrainment
affect I mpingement. The angl ed s creesecna pies d
vel ocities and allows eels to escape from

ki nematic analysis that evidences how the

velocity and drift sideways intme tthe dpamg
the perpendicular screen. For the three byj
bypasses, the full depth is preferable to
surface bypass. The recobrmeinrderdmerctr efage mogy t
appropriate to the tested fish sizes and f|
whil st not requiring extremely fine screen

the use of very small <screanaangl €t adulglat o f
et ,2a0l1t3hhus maki ng these solutions accessible
and orientations perfor med ewuel Imaywelel ,prhed
to vertical due to the ease of clwmaat ngams
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if the screen direcThion alidptessast obdbjf obabded

of this thesis.
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Chapter 3. Eel Tile Hydrodynamics and

Conceptualisation and methodol ogy by Prof.
and Guglielmo Sonnino Sorisio. Data coll ect
Lenton. Analysis, visualisation, atnidn gwrbiyt i r
all of the above.

Summar 'y

Eel tiles have been proposed as a solution for fish passage at high velocity barriers, such as
culverts, where the altered flow renders upstream passage challenging. The tiles feature
cylindrical protrusions set in a staggered array composed of two aersitids and
protrusion diameters which make them similar to rigid vegetation canopies present in nature.
The aim of the study was fjuantify and analyse the impact of the tiles on the flow field in

the surrounding area and within the tiles for submerged condiiodgo evaluate their
potential to produce favourable conditions to fish pass@ges were mounted in a
recirculating flume in two different configurations near the flume wall, leaving part of the
channel smooth. Particle image velocimetry was employed to acquire hydrodynamic data
for ten flow conditions varying in both bulk velocity andvil depth. The tiles produced a

large reduction in streamwise velocity within them as well as around them and did so
consistently for all flow conditions. The Reynolds shear stress produced by the tiles was
similar to canopy flow turbulence but the turbuletructures were not as discrete. The
hydrodynamics of the tiles appear appropriate for fish passage due to the induced slow flow

and moderate turbulence.

3.1 I ntroduction
Europeaprrs are severely fr(aBerelndtetdi b§th emlea.ma

dams, weirs, culverts and other such struc
biodi yEusiltey et al ., . 2Ba4aéh Wit ehesé. pbacoils
chall enge for ©@8%et ajpaospeang ec.h aFalnuentecsti | o wst s i r
can channel the flow into smooth sections
sections are oftevw dgral(lSehri atuhdrit kaH e , a c2e0e2lr0e) r
bul k velocity of the river, which prevents
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problem can occur wherever anthropogenic m

velocities without providing adequate mit.i
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ratory species such as tArguwirlilta catgtyi lelr
rate upstream during their | ife cycle a
ulations and Critic¢dlalcybfndaGgped oad k|, URN
O)Rel ative to other fish, ee(lFj eladvset aad peot

18yt can overcome obstagcTamarbiyo cataWwhl s g9

c

e
C
e
0]
\Y
e

l' ity cannot be used when swimming throu

h structures must therefore be modified

solution that has been ajpfles e doft 06 aveeli rts
h tile is composed of multiple closely

mounted on the inclined surfaces of an:
w depth to not signifliec gm(tRtaydweiZatn2sal) .t ahle.
eeeillse can wuse the protrusions as an eff
' ' yman et al . ,an20l hleeWdtorie¢e®@salhayve2@l®yra
several | ocations in the UK to provide p

m to passage facilities (Environment Age

ture trap and videographic evidence fron
the tiles to navigate upstream but how

n fully submerged is not yet understood.
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Ffe

€S,
y,V X,U
Figure 3. 1. The eel tile and the protrusi
obstructions. Here, h represents the height
from the flume bed. The | ayer of &yew &red o\
surface | ayer, respectively. The mixing | ay
of the canopy | ayer and reaches the surface
wall of the flume in tbns &€nhduakowhithe the

and are therefore next to free stream fIl ow.

The tilebds <cylindrical protrusions <create

vegetation types preGamoppin dtreaslhwat2018&;t r\

The shedding and turbul ent structures in
vegetation top Iis below the water surface,
occurs in nature in a multitude wfatecer drmiwo
coral s. I nitially flow through submerged v

l ayer but foll owi ng( lona 6fyreornt i Rbanu ptahcaht ecta naolp.!

similar to a mixing | ayer rather than a sur
such as velocity profiles, turbul ent kinet
vi ewed as a mi xiimg olfayere. |Talrwse,stanealnygst h s c e

6 3



structures can be more accurately modell ed

of flow travelling parall dlRaupaehchktdtbker
di fference in bulk velocity between the | a:
Kel¥#Hehmholtz (KH) Il nstability, which was f
waves i n(Bhewmc&aRoshko, 1974;.BAtabhiehpor200?
provided a mat hemati cal description of this
the turbulent structures and fully for med

i nteraction between the ttwod fflloowsl,a ytehres . KH nmn
reach the scale of the canopy height unl e
(Ghisal berti, 2002)

Canopy flow caused by vegetation in channce
vertically placed cylinders of various diar
eel tiles. I n the case of a ful,|l xvasnwlpmerfdeod

characterized by different scales of turbu
cylinder di ameter (-somkbéei meNelpEG bvpe a,6u seé & n
2021)The spacing and density ofsctahlee csainzoep yo f
turbul ence. | f the distance between indivioc
the |l ength scale of the vorticefamwinodo deNop
2008)The density of the array -ad sloe dwdretrem ng
wi | | i nteract, sparse arrays with relativel
identifiable vortex streets, wamdtsear nooylei nddc
are more |ikely to produce wakes that i1inter
and |l ess discrete turbulent fl ow,; turbul er
regardl ess poTanihres e& e NéTghiet sd2eOn0s8i )t y al s o i mp
velocity within the canopy | ayer, with high
(Romi nger & N®tpegm s20allle t ur bul ence is i mpor
and nutrient t(rlamws peotr tali.n, czhOGXbngetl Whot ef &s Ne

than the protrusion diameter, the stem scal
( Muhaweni p2aOnla9 )e.t al

Turbulence of | arger scale in canopy fl ow
bet ween the canopy | ayer and the | ayers on

vegetation patch not <covering. 1t)h.e \engteitraet iwoi
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can be approxi mated as an array of vertical
water, therefore the canopy i s submerged bu
by the turbulent strugGhusabkbéormedhibNgphae?2t
effect of potentially | imiting the scale of
canopy |l ayer and the top flow | ayer (for a
flow (for a vegetatiomeplaydarn , abaveitheal can
affected by the boUNdpfry &I &ne s allLaerigtielre ns@ode
turbulence Iis shed because of the instabil
bet ween the canopy | ayer and the free stre
di fference to cause an Bhfkeamivi er VeIl Dheéetyce
KH ins¢(Bbownt& Roshko, 1974; TNe@de &v @Ghi isaé¢
the canopy | ayer of the flow and thus cont.
( Nepf,, 2Mm12)he horizont al pl ane (e.g. veget
KH vortRiocnesiger &wNeph, pgaagéilyate the canopy
and horizontal planes, the maxi mum Reynol ds
away from the protrusion tops (verCarccappipl :
et al ., 2018; Ghi sal berti & Nlehpef |, f r2e0g0u6e n cR/o
shedding of KH vortices has been evaluated
studies rabhgPkl Ghod o.2000@nNniopy fl ow is theref:
through which to view and analyse the effe

many of the hydrodynamics associated with t

Typically, eel tiles are mounted close to t
by the eels (and potentially other fish) as
of the banks and maxi mi se covlkee.t Whbeadpaeen
o f protrusions of di fferent densities and

understand the flow within and around the
certain f(IFovw Irdesgtiande set al ., .2 OFR®Br; tRhuessseo nt i&l 4
effective passage solution they need to prc
woul d al sm temalbdse at gei dancbasgst emftaosdof het
eels often do not e 8B8rbwnf Enaddd obsg 0 RE0AOON) eem t
i mportant factor in assessing these tiles

turbulence and the forms this takes to det

aid for eel s. Certain tymwmegd hef dtiimemnhwsli emcse ,0f
6 5



certain orientat(iMnsawami "daersd adti lals.e, f26Gh9;
so it would be beneficial to know if the tu

I mpair eel swimming behaviour.

The ofi M hiwasstwdyeehi eat et hhe di fferaéhgr fl ow
t wioidrei erst.atWeornt ested theohVypotlkedsemcitthy@tifr io
their tvacfactlyitadred fprsddupcaes staggrebul ence si

veget at e.&ke Ic atniolpg € swere mobhtuemd weah €hehwal

arge protrusion side adjacent to the wal/l|,

uncovered. Tested fl owamalngerce frredmt0 .ve2 stud
2.08 to 4.17 with Reynolds numbers (Re) ba
16, 000 and 61, 000. Thus, we investigated th
vel ot tiydenti fy the, tumebsbeatt Reyootdseshe
velocity profiles present in the flow and I
analysed the flow surrounding and inside tF
horizontal gr acdciagntssd refssReymnualbdud et struct
flow regi me. The interaction between adjac
were analysed, and the effect of the wall C
i denti fd ewWe lamdi ttyh profiles, the shear | ayer

fl ow parameters were considered both vertic

smooth channel regi on.

3.2 Theory

The solid vb)l uonfe tfhreacctcamonpy( can be calcul at
n -®Q (3.1)

wheries the solid volume fraction, d is the
®»w — (3. 2)

whex¥ s the spacing (INetpwe &n Gphri ctarl bbeirdn s 200
2008)The tiles have protrusions with a smal
this calculaattraged fhalghbt of di ameter was ¢

protrusions and the solid volumbadehraomboned
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i n proportion of the size of the area they

The small protrusion and | arge protrusion r
0.11 repsectively, giving asmugagwestt alal cwaloype
dense enough to generate stem scale and ca
penetrate to( Ntehpef ,.f [2Udien)go etdhi s overall val
Reynol ds @gunabnerap(pReoxi mati on o8 tchaen ddee fffo w
foll owi ng t(hZeh aeoq ug&a tNleagprs eidn2®”2 1) he numer i cal

(Et minan et al ., 2017)

o n N ¢
o} — p pWQ

(3.3)

The predicpfear vtad sute ©/fC C(see Table 3.1) is
it should be noted that this value will ch
wi || change. The hydraulic resistance prod
Manni ngadlsuen by usi ndNephe (téhak 2 dailolnosw itnhese v
approxi matedefgoetappadtchhbhhgwpel s where the <ca
width of the channel

p 6 T (3.4)

whed:es a vald8 xawl@RSBWH) , w awidth keidn ch eti gen't

tiles and W and H being the channel width a

tiles mounted | aterally across the channel
g Zp =27 (3.5)

since the tile width and height is fixed. T

with increasing flow depth and wil/ theref

channel fl ows and vegetated fl ows.

3.3 Methods
Eetlil es manufactur edl fyfmeeenr hy g& Hweoaset tsyu p2pd 2 3e
by the Environment Agency. Each tile is 50!

with protrusions (height (h) 50 mm) of diff
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166

339

505

Figure 3. 2. Top Bweirew <€ bHesnctottite wfthl di mens
millimetres. The overall height of the tile
are 50 mm tall. Protrusions have a reduced
The tiles were mounted with screws to the
| aboratory at Cardiff University. The f 1l ume
honeycomb fl ow straightener at tlhengpsdateiaon
starting at 5 m and ending at 7 m from the
to the glass sidewall and oriented as showr
smal | protrusions adj acenR) taondt htehewallar g(eor
adjacent to the wal/l (orientation named LP)
high speed PIV camera, was 400 mm | ong and
the camera mounted on tmme | vDinde amfd ttthe fhleu M
to the fl ow depth. The view area was | ocate
the flow over the tiles was fully develope
across the fieldedf twi eevertiffe filtowawad utld syt
Water in the flume was kept at 18N1AC. Diff
the fl owrate and adjusting the weir at the
depth wast &etpt a&meo fl ow depth (whil st bul k
3.1).
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Table 3.1. Recirculating flume flow condit:i
depth and bulk velocity. Two series of fl ow
velocity was varied and flow depobi kgpt emali
constant and fl ow depth varied. Condition 4
the bulk velocity wvarying seri gs iosf bcaosneddi t
hydraulic radius (R) and bul k velocity (U).

and H/h is the relative submergence of the
Til g Test Bul kf FI owr R e Wat e H/ h
Ori en Name| Vel oc Q O] Dept )
U (Yyg ( L's H (m
SP an 1 0.12 26 16, 1 0.18 3. 17
SP an 2 0. 21 46 28, 2] 0.18 3. 11
SP an 3 0. 29 6 4 38,7 0.18 3.1¢(
SP an A 0. 35 54 35, 2 0.12 2. 068
SP an B 0. 35 65 40, 9 0.15 2.60¢(
SP an 4/ C 0. 35 76 46, 6 0.18 3. 172
SRnd D 0. 35 88 51, 9| 0.20 3. 6F€¢
SP an E 0. 35 98 55,6 0. 23 4 .17
SP an 5 0. 42 90 55,0] 0.18 3. 11
SP an 6 0. 46 99 60, 9/ 0.18 3. 185
For all conditions in Table 3.1, uniform f|I

measured with a pointer gauge with a vernie

a flowmetpraacfiotheLbul k velocity was measur

Particle I mage Velocimetry (PlIV) was wused t
hi gh speed came5®M.(IBauwetrh VL XKowa LM8JC10M
camera was mounted above the flume for top
for section view recordings. The i mages wer
the image size captured was 1952 x 950 pi xe

section view, respeamenval yof Swva e mp amna gessa d In
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establish the field of view. A Rigol 10322

BVS$SII Wotan Flash stroboscope operating at
(through a STEMMER | MAGI NG CVX Trigger box) .
through optics to produce a sheet of | ight

Talisman 30 White 110 particles at a densit

210 mm

190 mm

170 mm

150 mm

130 mm
110 mm
85 mm

Figure 3. 3. Schematic outlining | ocations

protrusions. For PIlIV recor diensgtsab Itihseh efd ucrmoen
(Table 3.1), a minimum of 120 s was given

after which the room I ights were turned of"
Ri gol wave generator was then triggkenadt hnd
time was chosen in accordance with a sensit
velocity profiles and root mean square flu

conducted by examining diffeoaftr medgthat c

sampling rate of 120 Hz in all tested fl ow
profile.

PI'V was recorded for the tiles in both top
| aser was placed horizontally on the side o
positioned above. Starting fhemtthes| aybe b
moved upwards in 20 mm increments until t he
depth varied, the number of top views was
view, the |l aser was moamtdedrvemtiedakbytahoyv

pul se was vVvisible from the side of the f1l un
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ved from near the gl ass wall across the
5 mm for each reading).

e i mages were analysed with PIlIVIab versio
rried out wusing images of the fl ume with
om the camera for each positiomrofsst héeel

ame was <checked to wverify that particl e
gni ficantly more distant than particles
itten to use PlVIab output suded cian ctuH eat RI
ckage. For turbulent kinetic energy (TKE
ailable for awsyreamwulsat icompomnke@atnowm@s USE

rr- the missing velocity.

further visualise the flow field and the
sualization was conduc-Paldmaesi Rgudyescepec
) was placed into syringes anbdl 0iOn jweictthe da
KKORS AF@ | ens was used to capture i mages

ume or from the side.

Resul ts

4
. 4.1 Velocity profiles and attenuati on
e

hydrodynami cs o fwetfhe scth aannnae |y sweidt htoou tp rtoiy

I ot her conditionkei ghtaihse dicaame r ohamcmmelldi

drodynamics within this revealed a steady
ructures and constant flow velocity (Fig
ofiles of the rsdavwealmnd steh aste | welid i t(yw)was
ove the tiles compWrtehi hothdeticloasriohi €oin
the tiles and especially daoquadhleesmiryiarsg el
e vel ddiet xointr ol condition in the upper |
gure 3.4 for both SP (smal/l protrusions
' 1') configurations. The verticdlhepreofwielr es
mparati veilggsnl twevebaoatr bl condition compa
nditions with tiles. Nevertheless, the ma
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moder at e, reaching a maximum in the miXxing

the tiles also exhibited a reduction of str
the tiles mounted in SP (s malell opcriattyr uissi ol nosw
wal | and increases for a short distance froc
to a minimum near the intersection of the 1
protrusions, the velomimgrengreacsescaeadai mcrk
where the tile meets the open channel f 1l ow.
the wall (LP), the velocity was | ower acros
smal | peak i s sptraensceen tf raotm a hseh owatl Idi The vel
t he small protrusions, only becosti mgarwigdhe
vel ocity (v) in bothtIsoPonamd!| L PMuwasmahikgedd ry

compared to SP.
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Control u
SPu
——LPu

— = Control w
— — SPw
- = LPw

Control u
SPu
——LPu
— = Control v
- = SPv
- = LPv

Open Channel

0 0.1 0.2 0.3 0.4 0.5 0.6

Wall
0 0.05 0.1 015 02 025 0.3 0.35 04 045 0 005 0.1 0.5 02 025 03 035 04
ms” ms"”
Figure 3. 4. Exempl ar plots showing tempor al
(u) profiles from a side view (plot A) and

treat menme ads/uad eamednt s were taken 85 mm from
the bed for B. AYlln vpellotci A itetse ada@s hend nisi ne
velocity ( w)heagnpdr ei sne ntlt attdr@Bnwir s svel oci ty (v
the | eft shows velocity profiles for the ti
to the right shows the tile in the LP confi

The relative velocity reductions of SP and

calculated to visualise the proportion of v
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water column for each flow condition in Fic
a reduction in velocity compared to control
5A compares the relative r edguucrtaitoinonf o(rs me
rotrusion adjacent taov er mge walplrof i be wheh

< T W

|l ocity and constant fl ow depth, the envel

~—+

e
he upper portion of theophott abOmeavbeage)
e
f

velocity starts to be attenuated instead of
0 the way up the water column bel ow which
reaches a maxi mumedkdupego od5%Overtahé, the
relative velocity reduction) is similar acr
I's shown for the series of fl ow condition
remai ned cextsitmqlty, Itnhheercrossover point of

region from the acceleration region, remaif
depth, the attenuation is similar across tr
pr otrusion top where generally there is an
Figure 3.5D shows the same data as in Figu
(LP), the trend is similar to smand tphetyu
i ntercept is the same for each flow depth r

conditions (H=129 mm; H=155 mm) appear to |
|l ower 50 mm of the water codowem DHDU% ias f 3 toiwl
in all cases in this region. Figure 3.5C fo
in the LP configuration exhibits a tight gr
SP configurati omt (fFdargulreei m3g 5lAes = xecfef ect i ve

canopy |l ayer of the fl ow, where for the LP
for the | ower 50 mm of the water column. Th
at sl owionvg itrhet fe canopy | ayer of the f1l o
marginally more effective in the region i mi
the velocity reduction created by the tile
expltothese | ower velocities for passage.
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200 250

R | 15 25 35 45 S5 65 75 #S U5 15 -5 5 15 25 35 45 S5 65 75 85 95
Relative reduction in <t> (-) Relative reduction in <u> (-}

v LP D Lp
— -—-129

---012

—0.21

---0.29

—0.35

- -0.42

—0.46

ms-!
15 -5" 5 15 25 35 45 55 - ’f-S 7; 85 95 -15 -5" 5 15 25 35 45 ’55 65 75 85 45

Relative reduction in <t (-) Relative reduction in <u> (-)

Figure 3.5. Percent age -avedraag evde srterdeuacn wiosne
t hroughout t he water col umn. A and C (H =
increasing bulk velocity treatments wherea
t r eeanttn e wi th increasing flow depth. Each | ir
across the tile, A and B show the results
protrusions adjacent to flume walrb})rasdolCs
adjacent to flume wall). The horizontal dot
3.4.2 Eel shielag rMoawehmesasn,d turbul ent par amet
Previ@hisdal beesti al{l2i00Rgd t hat 10 h downstre
canopy scale vortices remain the same si ze
the canopy. Il n the case of the tiles, this
t he |edglea ngPredictions can be made for the
onpaQf Nepf , 2Mm12)pals = aGaebhqQ0C, 2L i ndicates tha
wi | | be | ess than the height of the til es,
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(H/ h<2) over the tiles reducing theNeypifze a
2012)

n the vertical plane, t hpuwerpteiakasl jReywn dled

f the canopy | ayer, in the shear | ayer cr

o O

i fferent velocities. Reynol dpesheaowatrdes $

~—+

he water surface and bed. As would be expe
w throughout the water column and increa:¢

0
number increases. The vehe¢i 8Bl aReybBl dsesnfcihg
n

creases with velocity, being closl'®uto cor

eadily increases with increasing bul k vel

o w
> —h

t
turb
RSS

both SP and LP configurations where the ti

ro

e
e
d

vertical Reynolds shear stress than the
ughout the different diesn giazsesand udgrmr:
ul ent momentum magnitude while protrusi
c

urhvoer.i zTohret a | Reynojudrg 9ghsedresst rcdsesardartt

presence of a shear | ayer. Above the protr:
paks, one above the small protrusion secti
however at the intersection between the two
have a peak, there is no presencleheofovaerme d
magnitude of horizont al Reynol ds shear stre

the |Iimited water depth or to measurement |

The vertical turbulent intensity (Tl) remai
the tests with tiles it i ncreases i n magni
bel ow the | evel of the protrusiesas)topseacdilsi
mi ni mum at the bed, as shown by Figure 3.6
al so increases with bulk velocity but i1s re

Foll owing the trend of the Reynolds shear
turbul ent kinetic energy (TKE) reaches a

mini mum in the canopy | ayer. Examining the
respectively), the increase of magnitude of
to the increases seen in other metrics. 1In
di stance from the wall for the higher veloc

76



These results show the primary shear | ayer
famaving fl ow above and beside the tile and
til es. The velocity differenti abtbsesuwéeni ¢
| arge to generate a shear |l ayer in this |loc
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Figure 3. 6. Pl ots showing three turbul ence
top view (where y=0 is the flume wall). A
Reynol ds shejpampusvt)r,esG anRISSD show tHraodehRt

show turbulent kinetic energy (TKE). Only t
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LP) are displayed, tests 1, 3, and 6, this
overcrowding the plot. Each flume condition
i ncreasing bulk velocity ofaltlhe atseest .t alkleen «
from the wall for the side view and 85 mm f
top of the tiles). Horizontal dotted I ines

3.4. 3 Tsurrbuuclteunrte s
specting PIV images and video and f 1l ov

o
<
>

uctures. Vertical turbulent structures w
side of the flume and were char aacd ®irlilsaetdi dn
in the flow mainly affecting the vertical

oscillations did not appear as fully for med
the same as the backgr oumrde sveorrtt iicn tayl.l Tthree at
pronounced at higher velocities. The scale
(canopy scale) and analysis of the flow dep
by the avail abliectrleawedeptitlow MAepths (and tlI
above protusion region) the oscillations L
upwel ling phase of the oscillation originat
the caeopyFilagyre 3.1), but i n some cases f ¢
protrusions the downwelling phase penetrat
protrusion height. The penetration depth of
i msntces and across treatments; there was al
across the tiles except for immediately ad)]j

I n the LP configuration where thlee pleardge a
protrusions, the penetration depth was up t

Fourier transform (FFT) was performed on th

in the oscillations but no iindge ntthiafti atbhlees ef roe
may occur as an interaction of other turbul
from the surface | ayer and the canopy | ayer
I n the horizont al pl ane (XY plane) where t
vel ocity ( ws)t raenadnwtihsee cvredsosci ty (v), turbule
Similar to the vertical pl ane ¢XZwet @anpl) es ¢
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cillations, however, occurred at the inte
th a wavelength of approximately 180 mm v
cillations were not al ways pr ensyenptr eavnadi lai r
equencies. These fluctuations occur in th
er the tiles with an amplitude of the san

4. 4 Stem scal e

thin the tiles there were vertically or
di vi dual smal | and | arge protrusions. Th
rtices being shed in the horizomoablopl an
rman vortex street formed as a result. Th

stream and adjacent protrusions since thi
wnstream tiles where the f |toiwomsaswerud | p/r e
hind the protrusions despite no stem vort
s h. The velocity within the canopy | ayer
gardl ess of bul k vel oca tlyaowhiafh kioguH dl & we
rbul ence structures. There were no signif

ed by the protrusions in the SP or LP con

4. 5 Effects on the channel

e ftbouentiinned section of the channel adj ac
their presence; the velocities on the b
|l es beyond the horizont al mi Xxi nged.,aytelre s
nveyance capacity of the channel was not
spite 42% of the channel width being occu

series whereas f el otche ileB ¢ oinftihgu santoiod i
rginally increased which may be probl emat

r passage.
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5 Discussion

I til es are effective at reducing veloc
rbul ence. This is encouraging when viewed
ow in this study features mul tprpdter usshieoanr
nsity of the tile makes for a complex flo
open channels 1is a helpful t ool for ana
cause vegetation is oftign dmad/dlilnad rass ianr re
sembles the current experimental setup. F
e submer@e@o9) imealkbes investigated in pr«
02 (tNoephi&s al berti, 2008; Unigarro Villot:
e vertical velocity profiles through the
getation canopi es, with slow flow within

d reaching a more constant hihghseri sv alywpda ca

nopy flow and the inflection point I n th
| Hehmholtz (KHKhiismastabitli t&y Nepf, 2005; N
i te & NepAl t h2o0wgrh) | ess wel | characterised
so has similarities to canopy fl ow. Pl ots

tched, the peak being slightly below the

a sheNerpfl a& evri.voni , 2000)

e turbulent structures identified in prev
stability gener ates coherent canopy sca
bmergence, the canopy density amgpyot loer
ffer em@hidsegltbhesr t i & Nepf, 2005; Nepf & Gh
nversely, i n the current study, the | arg

herent ejections and fl uctGhatsiadrmbserihatanw
OD6yund that vortices were shed at the shi

at the primary shedding frequency of the

cause the sampling time was rtboud esnhto rstt rtuoc
s correctNgpfpre2i@b2edabythe turbulence wa
t the depth of the turbulence was | ess t

| ume fraction of above 0.23 and being dan

y have iampldgwiammiomg dStability of fish.
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A potential issue of the tiles is that the

them to become bl ocked. Deposition wild.l I ar
approaching the til es, bed slhewrflsaw®stshe ab
the tiles should provide a barrier to the
flows may initiate it into resuspension.

es cially with higher Il evels of turbul ent

0
generated by canopies cameanlkasc® us e adviimdin tn
Y
til

en the scour downstream of the tiles du

e

e Chlemmaret al ., 2012; .LiTheete alk. al23021hel
| ess
c

wh i h could help with preventing over hangs
culverts and the rievdmolmegpr aknedd otnaelr se wihade
tiles report that they are easy to maintain

available solutions | ike el ver brushes.

The tiles need to create favourable condit't
primarily for eels but also for as many ot
nectivity. The tiles produce nsdi ginn fti tain

nity and do so consistently under var.i e

> O S

erating turbulence which can be detri me

~t
~t

empted to characterise fi shthragds pioms®epect
uati ons, fish can wutilize turbulence to
rect plane and shEHEdraéeytbae abryre2022refu
3; Stewart Otehenl stu@Désé) have found that
sing t heMu htaovedms pnialnlad et al . , 2019; Smith
0O; Webb & Cotel ded@dbd;ji nghanet hal ori2m2 hlX
ards to tRhue sbbnr cepeaiuecedd 2.0h0®) t hey are of't
il ons as they are prone to swim in the pr

= N O N O ;Y @@ <
o o o ® O 99 O o ~— :
 Q© », ©c O "

-~

tices is important to fish stability, ed
caugdMubpiwkehsmana d&tevalkewjngo1aprp findings

—+
—+

ability, the canopy scale turbulence prod
riodical enough for most fish to be eithe
ale turbet enweuhowlkee the corr®&60t mmgngohbs

stabilised I f 1t were strong and discrete

nw o uw T u

® ® O o

ems suitable for fish passage and any f i
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wi t
c ha
veg

and

Thi
t he

see
be

I have the remainder of the channel to ¢

nnell wi dt h. Furthermore, the tiles in S|
t of the channel, benefi titlieng aontdemre dypeei
act of the tiles on the flow through a
nting for the tiles is therefore to plac
vert wvertical walédvalTuhaet en etxhte sstueipt aibsi |tiot
sage.

Conclusi on

summary, this study found that eel til e
tpowtduci ng excessewver @rmgmoeivieyisn@antdhe f|
nnel . The turbulence produced by the t
etated canopy flow, in particular the ve
canopy | ayrengtThheofl acthkhe o$ hear |l ayers

eractions |l ed to the turbulent structure
s, along with the | ower velocities and
up sstsraggeem ogfa fi sh, and eels in particul a
erature and observed results from sites

m to be a potentially effecttirvelsolamtdi ¢m
mounted with the smal |IThpirsotenmdsp todnjse amiteiav e
and 5
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Chapter 4. Eel tiles as a p absasrargiee rssol

Conceptualisation and methodol ogy by Prof.
and Gugliel mo Sonnino Sorisio. Data coll eci
visualisati on, and writingdbyi ®Gggbyelamd 86

Advice and input from Petr Denissenko, Chri

Thrchsapter iat pDOILlLoOhéd)] . ecoleng. 2024.107254

Summary
Hi gh velocity barriers pose aAngsklta apgurt

as the flow can be too fast for them to sw

mi grati on, exacerbating population decl i nes:s
are an emerging solution for pthiyedapppl iiaatr
passage at gravity barriers. Her e, eel ti
recirculating flume were assessed in terms
to movement in thetiathiesgennichenwaire a hedtpadesagdh:
the eels to rest without the nesidgntiof i scvainm
reduced the amount of energy needed to tra:
was examined in a flow with multiple shearl
| engthscale. Swimming kinematics weerael eadnal y
a new swimming gait in the shear | ayer besi
move upstream, the acct¢cemulpaottieinnt rabt perggiebot
Overall, the tiles were effective in helpin
4. 1. I ntroducti on

The Europeguileled &mguiblelesm in a popul ation
1980s, |l eading to the species being classi f

(Jacoby & Gol lalc.k,,. ZDO20y; cRitkaed reotmous f i sh t |
Sargas(sWwr iSgehat eits atlr.gan@0®r2t)ed by oceanic <cu
Eur ¢paeader son, 2022; RPckei emeat . of520 BE ¥ pfries h
1980 (kCESEsamd2t0hi s decline has occurred th
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range. There are multiple causes for this d

as a result of global warming, altering the
wat(eBral-BEaanes et WHen e&d&llsA)arrive in estuari
and chemical barriers as wel | as fishing
Anguillicolamidemmoar apamuasi te t hatki afkf, e c2t0s0 31
Righton et al ., 2a0n2dl ;i nfppaucntesn ed |l @MNw iwmmRiIO@RdL g b
al . ,. 20t1bér threats to the upstream migrat,

barriers due to anthropogenic alterations t
even I mpBelsli @t tei et al ., 2020; Hal vor sen et
Pardew, 1998)

Ri ver barriers fragment, di sconnect, and 1

di adromous speci es (bRel ladtstoi rdatveal .r,esd2eh;t |

et al ., 2019; van. Pafi jtemdog e ekotedantailal, 2 0rigl)
Europe, 1.3% are sluices and tidal gat es, |
culverts (Belletti et al., 2020). Each of t

fish pawseemmorl|l ypoi mpl emented at most hydra
fl umes are not gravity barriers but they ar
often constricting the flow into a mdarhrow s
aspects |l ead to increases i n (fJloonwe sveeltocalt.y,
Warren & Pardéw, hi1g9gh8))vel ocities can be too

and the | ack of resting opportunities exace
swim in fast flows over |l ong distances. Fi
asa consequence of the fast flows and seek t
successful, or i mmediately downstream i f un
areas to rest this €anrnonsegt e dnrfeodauindarnt eH ot,
are successful i n swimming upstream are so
cumul ative effects of navigating multiple b
them | ess | i kely tolisfueceycsifal |l y compl ete t
Eel tiles are a potenti al solution te vel oc
polymer, is 0.505 m wide and 0.505 m |l ong w
coni cal protrusions of two dengitdes)toThec
were originally designed to be used on the

8 4



structures where they might fa¢tdelltgmanettlve
2017; Wat z. e€Elabrs 8a9r!l i mb upwards using

protrusions in the tiles. Tiles wused in t
protrusions, whi ch I n nor mal operating co|
protrusi onlsavelhkesen ttid etsed against other co
bristle passes at various inclin@lelolnsmamnda
al , 2017,; WatTheettiadles, a2@1%)t urdy, <cheap r
and are quick and easy to install, maki ng

inclines but also velocity barriers to pote
asvel | as providing resting areas.

The flow over and around eel tiles has bee
velocimetry for a wide range of flow condit
depths (Chapter 3). The analysiseasivreqa!l feldo
velocities both within the protrusions and
carrying capacity of the channel. Two main
forms between the tiles antdalt hshédowl apew ec
the | ateral region adjacent to the tiles a
channel . Where the areas of sl ower fl ow me
mi xing | ayer exisdafs Reymoledsevahear | ®tvred 5

Hel mholtz instability that generates | arge

swimming fish, which is undesirable for ef
occurs in b@ityh atnhde hvoerrit@ipcnatlah phanesr (i cal

turbulence is |Iimited by the fl ow depth as

depth to protrusion height) was never above

vertical shedthegppebheusabes botovelocities
| ow. Il n the horizontal pl ane, the turbul en
channel and is of the scale ofs tame s$spamswirg
i mmedi ately above the tiles (Chapter 3)
Understanding the flow interaction between
behaviour, including how they adapt to the
solutions. Eels primarily swibmtduwrm nogf hcohuarn:
(Cresci, 2020; dadrtbeenway ahey 28Wwilsm) has b
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defined as undul(altaourdye ror& afTryg weillll,i f200rOnd ; Mg |
2004a, 2004b; Tyt dlhle & wlk anumd enrg, ad2np0 4 )t ude enyv
to that of other fish with different morpho

a small head amplitude rwhicdh nign drhea smax i aluam
fi(nGi I 11 s, 1998; Lauder, 1995; EE€yYytseldlo, n2Q04
make significant wusage of their pectoral f
wavel engths formed by their body is typical

height/width ratio as dbeeythae obmparapecet
|l esso6o6¢cBgirdzj ani & Sotiropoul osTh280Make@is!| It
efficient swi mmers but they I ack the high
sal mondldosugh et al ., 2004; Clough & Turnpert
Thillart. eGeakral 2P9p4head amplitude wil/l re
swimming speeds, and increases (diyrniend ,aQd&l
Strouhal number has been used t o compar e
(Triantafyl.l ouhetStarlauha&l00Mymber for eel s i
0. 32, thought to be aaReadfetiaht , sRODMA ngr
20Q00)but this value iIincrddye®!| aHo ReOWedra,) stwh en
observations have been made for eels swimnm
di stributed velocity field, and much | ess
turbulent flow and how they aedpsoshdat ol dy éf
Their crawling gait has been investigated,

much more uniform amplitude along the bod
cauddIGifliln.s, 1998)

This study evaluates eel tiles as aThetenti
hypot heses that the ticloemp alrelopmitiokeeh ee©ins i Mo v
that with tobeldi pesefehetbdel $siwes and use th
are tTostdeond.t hi s, eels were exposed to flow
therefore tile submergence) and we evaluat
These were compared with the hydrodymamic d
eels react to differmremtaltdlypepacskcaglkeat alk a g ¢
determine how tiles I mpact passage of Europ
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4. 2. Met hods

4.2.1 Fish Origin and Maintenance
Europeamgeell $d a( ArgA) | Ware caught by el ectrc
on the Blly 4R 38&B)1(7dd® 29/ 07/ 2022 by Natur al
river temperature twanspdDAC.edTHe pepealox iwerte |
time they were taken from the river) to the
water contaidand 6kygemattcedtvia a battery
i nstances where the eels were transferred
acclimated to the temperature of the water

30 minutes.

Eels were housed in a | arge (diameter = 1.
circular black tank with water dech-Dorinat
Aguarium Solution, DC 7507)1°OnaiAfttairn ebde i tnhge ct
water passed thAqugmamat avatEFX 600 eExdmrdnal

returned to the tank. Both hoses Dbringing w
to prevent the eels swimming i heotah&m(ahdw
<0.75L/s) was angled to create a small amo
every other day with a water quality test Kk
safe | imitGB. A amgn/olrd .az150t mg He-F)0anAdA Dp2: 12 h I
cycle with lights on at 06: 00 am was maint
were fed thawed bl oodworm once a day. Pl ast

to the tank as enr i chhnee ntta nakn dvarse fcuogviear efdo ri nt
to prevent the eels from escaping. Experi me
compl etion of the experi ments, the eels wi
transported backcotld etchheaiorn e xoa cbte srietlee acsfed o
was damaged or di spl ayed symptoms of Pl I
returned to their site of collection.
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Fig

of

166

339

505

ure 4.1. Top view of a dual density eel

the tile is at the top and the | arge pro

a hd@gms iptoyl yenber and have a 2&l Imnprtatlrlu shiacsres .a

use
no
as
Dec
tre
t hi

and

millimetres.

ecirculating open <channel fl ume was useE€
osed to tiles. The flume was 10 m | ong,
1/1000. The bed of the fl ume wassecptliaosnt i c
6 m | ong, and was bounded by flow strai

505 mm width byF gbremd4t al prestdowddidhby Be
rry & Bwsecroet ts,ou2r0c2e3d) by the Environment A
the flume with the smald/l protrusions ne.
d to separate a 0.8 m |l ong section at th
d els twere mounted and which was used to
shown in Figure 4. 2. The flume was fil
hl orinator°amwd tidbemptgDat i A mMNSol uti on, DC
atcmeonstesn f or this experiment had a fixed
s resulted in the shall owest condition
ot her conditions fully submerging the t
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——~ «+—— Flume Corner A
o —— «— Open Channel

Upstream M Release £
Area — Tile Corner ATES ~
‘ e R e ”i'aﬁ’,:@wﬁmE ;f, f v
< > >
Figure 4. 2. Di agram of the |l ayout of the w
main areas where the eels swam. Nine tiles
protrusions nearest to the walls adameé dlilshwe
to swim upstream. |In the control treatments
l ong, 1.2 m wide and 0.3 m tal
Table 4.1. The flow conditions used for the

while flow depth (H) was varied by adjusti:
changing the flowrate (Q). The fhsemddsnReéene
hydraul i c r adsieucst ioofn.f |Tohwe chreasgsht of the til

were used to calculate the relative submerg

Treat Til ¢ U H Q Submer| FI ume
Pres([m$ | [ mm][ LB (H/H) [-]
T56 [Tileg 0.3 56 17. 0.77| 1. 709
T75|Tileg 0.3 75| 26. 1.00 2. 33"
T129/Tileg 0.3 129 45. 1.72] 3. 714
T155Til eg 0.3 155 54. 2.07| 4. 314
C56 |[Contf 0.3 56 |17. 0.77|1. 709"
C75 |Contnn O. 3 75 26 . 1.00| 2. 334
Cl129/Contyn O. 3 129| 45. 1.72] 3. 714
Cl55/ Contnn O. 3] 155 54. 2.07| 4. 31°
All experiments were conducted between the

l i ght meter medsubretthbetwkhRent Ot he wor king ar
one eel was tested at a time andttBd &ames
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bef ore being2te seseddds awgeariren .rt aeAsldfeodr oe el tr eat

onaed were fed after fl ume trial s.

Before the eels were exposed to flow condi't
in flume water for 60 minutes. The eel s wer
flume and exposed to théMeéelswer@gndadabh@presndf a
15 acclimation minutes, the eel was moved i
The eel was all owed to swim freely througho
the experiment al dat a weerde frreocno rtdheed . f ITuhnee e
I mpinging on the downstream fl ow straighten
flow straightener was gently tapped to ve
upstream for 120 -esnetceoradtkhheagnds dcdi oot wr eh t h

mi nutes had expired.

A BaumesS OWLXT high speed camera recorded th

second in the fourth tile and fifth tiles 1
camera was manually triggered wheneveaer an
guestion were painted white to increase th

Di fferent col ours have been shown to affect

was analysed to validate theysbss DEpthesewhdo
the tiles in their normal colour. The analy
4. 2.2 Behavioural analyses

To monitor t he behavi our7 305 c atnh ec aeneel rsa, s twherree

cover the entire working area (showeadidqudig

to the absence of | ight. BdBdwimsurei wastqguwmd
Bl umstein &. DHdesiprYg,tRBOOV)deos of the entire
recorded quantified whether the eel was Ssw
crawling, or resting. The position where ea
by i ndtihceatsitnr geamwi se position of the neares
within the channel) and whether the eel was

i mmedi ately to the side of the tiyl eéheifhl ulme
wall and the bed. In addition to these beha

based on how many times the eels started ma
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t h

wa

4 .
Hi

SC

e tiles, Iimpingement was recorded with th

s recorded as the eels having swam past a

2.3 Kinematic analysis
gh speed videos were conver(tMad htWor & si, 210

ript. Tracking for ki nematic analysis wa

(Charmant t h2822) faawednaftorc demicking of point

ma
Vi
al
t a
w a
K i
ma
t a
al
ev
Al
a
n o
wa
da

— 0o »w M o =
™ ® > ® O o =

nual i1 nputs or corrections. To do this, a
deo, then a tracker was added fod.e&oh poc
I clips of the eels swiwmpmereg icameha, fitalk:
il were tracked and for 12% of <clips (spr
s tracked with 13 points om poviemrtagen dwaern
nemati cs parameters were =extracted. Amp
Xi mum range of movement from the centreldi
i amplitude were eval ucayt e(dHzf)o rwaesv earlys oc |ci
I cases. The swimming velocity was cal cul
aluated from the tracking data to the f1 ¢
I parameters witweuai hsermahicsedi g medy el

comparison with fish of di fferent si zes.

rmal i sed overal/l swimming speed by the t
s calcul atedl bgamuftegugnoyg bwp tail ampl.i
t a, a centreline was <calculated from the
ntrelines for each frame for the duration
ad tao dficargmam of the amplitude envel ope of
r the energetic analysis, full body tracl
to Matl ab where a polynomi al spline was

ame to best fit the shape of rehéenbodwnsot
mputed and the difference in curvature

| I owi ng t hHea rmveetyh oedt, farloem md 22 of area of
ction from 15 sections along the body of
ange of cumudtturmpe i wals btyhe he moment of ar
ngth of the eel, excluding the head and t
asure of the energy used by the eel while
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of energy usage in Joules. ThRs€odat de avla,r e2
and modell ed with tailbeat frequency, the r

1EE1) and the R squared valwue was 0.79 for

bet ween the two variabl es, t het ainlergayt efxrpeeq
data, thus wusing al/|l available clips of swi
The energy expenditure for the crawling ga

since the act of pushi nge adgiafifnesrte nat snoulsicd esst

when moving freely within a fluid.

Comparisons of kinematics were made to hyd

Stress in the hori zont'dab aad’dV vy eratnidc atlur mead

i nt gAs.i ty

4. BtAatistical anal yses

Al l statistical anal yses wer(eR LerrfeorTmedn,i 2
The packddag enl e Wamd), ( BODHdAdy etwealk. us2dli)
generalised |linear mixed mo\Ween ash|(e&GL MM)R iapnlde
was used for generalised | inear model s (G
necessary to consider the pseudoreplicatic
treat ment . Nul | GLMM model s were run to de
randamawbwd e on each model and i f the effect

below 0.01) then GLMs were also run and t he

was selected. To compare the passage of the
|l ength, and flow depth a binomial GLMM was
the number of passes between treatments, v
bi nomi al GLMMs were used to compare the nu
fibbt ween treat ment s, fish | ength, and flo
gaussian GLM (identity |link) was wused. To a
of the flume, a combination of gaugsiwan,h i n
identity I|links in al/l cases. The amount of

corner was compared between treatments with

for the time swimming in, andMsalwouve t1H enutti2l

were utilized. For the total ti me spent i n

used. Gamma GLMs with identity |inks were &
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of

t he

flume within treat ment s. For the kin

trialed but rejected on the basis that thei
for the same variables. Gammar GLMsI| weah f de
with normalised velocity, and all turbulenc
for amplitude, head amplitude, amplitude r
Strouhatlt amntiimleatanfdr eSgueoruckyalgt hyumbeér | dle | engt
normali sed points of contact and protrusi on
i nterval used throughout the study was 95 %.
4., 2.5 Ani mal Et hics

All work was approved by the Car NRWan@®AI ver
conducted under UK Home Office |icence PP81
4. 3. Results

4. 3.1 Passage and behaviour

The tiles increased overall upstream passac(
but up to 35% for the shallowest condition
l ength did not significantly impaptOthe) par
nei dhfdlrow dept h, passage not increasing or
p=0.24) . The number of attempts to pass Ww:
p=0.86) and there was no difference for an

attemptandai wi t=BoQ¥%)ti The ppssage ti me was s

til

es

than (wiin hodé GeMMespkO0. 0001) and bet we

treatments (GLMM, p<0.014) but not with fis

tiles, all eels made some progress upstreanmn
the control comfdi t hensel a weaetempinged o
straighteners compared to no i mpingements f
The time spent in the open channel section
treat ments (GLM, p<0.0001) but not signi fi
( GL M, p>0.18). Across all/l I ndi vi dulail ghereatr
for control treatments (GLM, p<0.031). Si mi
hi gher in the control conditions (GLM, p=0.
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significantly higher than T129 and T75 ( GLN
was no significant difference in time spent
treat ments ( GLM, p>0.05) . Ther e ewasn da lwshd crh
protrusion type they spent more time on as
treatment T155 (the treatment with the hig
more time crawling in the snanelntpr(oGLrM,s iponCs
but there was no difference between other t
spent Sswimming in the protrusions (GLM, p >
occurrences of this behawiceurm.etieminl arll2yd, atr
ti me spent swimming above the protrusions,
made because the flow depth was too shall ow
The total time spenlty imi gher t(iGlLeM, wa<s0 .sG 2Qg)ni
treatments (among which there were no diffe
increased with flow depth and protrusion st
with the T155 toedtmértendthehewwasrn with r
tile corner (GL M, p>0.49) , eels exhibited
treat ment s. The eels spent significantly 1
treat ments ( GUNM,s hp 2we.rC25s)i ganndf i cantly | ess
sted downstream (GLM, p=0.022).

300 B
60 m Right/Tiles
Open Channel
40
B eft
20

Cs6  C75 C129 C155 T56  T75 TI29 TI155

re

>

o
=

Passage Time (s)
353
[=]
[=]

Percentage of Time
s
(=]

B

\_'_I T

Control Tile

Figure 4. 3. Eel behaviour al plots. A) Propo

are present in treatments denoted with T an
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t
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ide and in the open channel regi on. Ri ght
ownstream and comprise of the corner form
djacent to that. B) Boxplot of tdardittiimensee
ompared to when the tiles were present, th
he tile data includes all tile treatments

5% interval |l evel s and the dots represent

Wi t hin al | treatments with the tiles, mo st

S
t
S
t

S

4 .

ignificantly more than the open channel a
he control experiment for the sheasl |ionwetsitmec

P

ent bet ween sides of the fl ume but mor e t
he open channel ( GL M, p<0.02). The same
g

[ ni ficantly more time was spent at rest t

3.2 Kinematics

The tail beat frequency of swimming fish in

S

o

a

a

w o o —7T uw T 9 —

~—+

peed (GLM, p<0.0001). The relationship bet
f the eels was area specific, i n etehdes abbuotv e
|l so the steepest i ncrease in tailbeat fre
hannel area consistently wutilised fewer t
orner and flume <corner areasi or®eta ikli mdeanta t
requeardcyswi mming speed as seen in Figure 4
inearly correlated with head amplitude (GL
t hi gher caudal amplitudes and swimming s
iendk wi th an increase in swimming speed. Th
mplitude to tail amplitude) however, had a
=0.0001) . The caudal | gmplairtyu doee tdvede nn aatr esis
howi ng that this may be decoupled from swi
ncreased with i ncreasing Strouhal number
ecreased. The average tSttripiushavarmiuanbeby wlaas
qguation involves swimming speed directly;
peed was at a minimum which was above the
hat tailbeat frequencgtei dsnowi mmicmngasel at

omet hing that is also evident in Figure 4.
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this, the | owest value being in the above I
eel 6s stride | ength necessarily increased \
the eels were using more a powerful gait n
16 p = 0.00085
A . T 14| B
1
P = 1.6e-12 :
N 12
3, 5 7
5 = '
5 g0
& 3 '
o =)
[.:S g8
S =
2 i
= “6
[2 ,.g ~ Above Tile
4 "_‘a — Flume Corner
— = 4 Open Channel
Tile Corner
% @eﬂ Qe(
W C‘Q’»\ ce .Co‘ 2
° B o e 2
o A 25 5.0 7.5
Area Normalised Velocity (BL/s)
C 003 |
8 3
& £
= =
§ 50.02
g7 °
o 7]
e I
= o
p=1 [++]
.[E ED.OI
z.
5
0.2 0.4 0.6 0.0 0.1 0.2 0.3
Reynolds Shear Stress (kgm's®) Normalised Amplitude
Figure 4. 4. Kinematics parameters from the
di fferent areas of the flume with p values
regressions with 95% confidence ifnmteguwealcy
and normalised swimming speed for different
between tailbeat frequency and Rgy;nodmd B)h:e
Rel ationship between head and tail amplitud
An analysis of turbulent parameters of the
the horizontal Reynolhdadds as hseiagrh esftirteasmst (ERFSES ¢
(GLM, p=0.003) WhilandehoicabnR85 &nd vert
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had -sniognni fi cant effects. Tail beat frequency

() . Notably, the normalised swimming speed
|l ength as did the normalised caudal ampl i tu
Crawling kinematics were highly varied in
al |l otelsdrabpi shed kinematics parameters. So
made however, the number of pointhoronfal dsretda
by eel | ength and was found to increase Wwi
contact also increased in the smal.l protr u.

di ffer on the direction of motion of the ee

By associating the energy extpadandietauc afnrteog utel
be used as a proxy for energy usage for thi
that above the tiles the fish expended the
then the flume corner and nfdiirnalrley rtelae hepme ra
( GL M, p<0.018). The crawling energetics cal
the method were used t he tdxame racdiyt tsrwe mund inlgd ¢
the relatively sl ow movements when crawl i ng

Sswimming permitted by the flow attenuati on
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Flow
Direction

Swimming
Direction

A

Ny \ /
Open Channel Above Tiles
Figure 4.5, Eel amplitude envelopes for dif
at the top and the caudal fin at the bottom
of an eel for one frame (l1l2y5cmeaatrand neacilsc
full swimming gait of the eel may be visua
open channel; B) Eel i's swimming along the
Eel i's swimming abovetobhetsilestwith the f|I
The swimming gait iIis best visualised by t he

4.5. Figure 4.5A shows a typical gait for o

a high velocity compared to ot htehrr ocaurgehaosu ta ntc

body and especially at the head, i ncreasing
profile of the gait iIis also symmetrical ag:
swimming gait in the tmdeh comalelreri sheadramng
steadily increases towards the caudal fin

amplitude is to be expected due to the redt
profile of the gailt,anhdovwsehwvoemrms, hiosw atshyemneeetlr iic
towards the | eft (which in this case IS ne:
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t he

head and the rest of the body while o0sc¢

channel, suggests that the eels are attempt

t he
4 .5
pro
amp
A a

ste

~—+

c ~—+
- T T O <
D

—n

—
o

-~

e
es
ups
The
pas
pot
abi
alr
and
eel
to
up
dep

| ower wvelocity zone near |ltehe Tthiel eI f armn
B is benefitting from the | ow velocity
trusions. I n contrast to A and B, Figur
|l itude remains small an& whetamplbiodyde os
nd B, due to the comparatively | ow swimm
adily from head to tail nor is it symmesil
dal f

ughs as in the envelopes shown here but

i n. Not al | exampllees efxohri bd wiemdmitnhge

t was unstable but exhibited the same ty

Di scussi on

erall, the eel tiles increased fish passa

the eels. While an increase in passage i
tiles and increased paswage ovtemnl atabée
m without tiles and the hydrodynamic
l ocities the tiles produce favourabl

=
<
o ©

ven greates a@8ainbeghée tiotesvalsoitfall
wl . Despite not all eels passing upstrea

o the tiles and move upstream. Real WO r |

[72)
(0]
S
—

rsetsud & st lreaugtgiel es (and the smal.ll pr
ng, which would allow even small eel ¢
tream over an agmpd owirt lmdmrey |teme thp sotf r ¢ d@ Mme
urrent study was constrained by ti me .

upstream, but given more time and t he
entially pass upstream, and eeetnmhdeealbs e
l' ity to rest at any point in their navi (
enady. I n the absence of the tiles, an ex
therefore be unlikalsy tthe padDcupyt meam
s that are successful Il n passing upstrea
resting i mmediately upstream of the tile
and downstreamngfpaeathenttiidlespr edatai on ho-

endent predationd which could exacerbat
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(Jepsen et al ., 20 Wh;evi Wraisg hhte etti | aels. ,t h20 lebe)l
any podnhg &atwhei cr eatA ognatohferh ontgs popoft smany eel
|l i kely to deplete resources faster and to I
(de Leani zT,i | 2808)an therefore be wuseful fo

all owing continuous progression upstream. T
the tiles but this should not be considered
the order of seconds and minutes which is u
conversely, the added resting time can allc
|l ess effort. Baffle type passes twsreed rfecsrt i ¢

SpqtS |l omon & ,Bebauwth,s o2ne0 4b)r i st l e passes do e
to allow elvers (Boremonbé&t.Beaohse20046ns

Behaviourally, the eels showed a strong pre

not only spent more time within them than

the open channel was reduced. The tTcCherent e:
the tiles occupied 42% of the channel widt
This study reinforces the idea that in a bc

ti me swimming near the bhnk Bs bDmet wbhetmhhng
swam, therefore suggesting that this would
to be present here.

The kinematic analysis revealed further ber

of the eels were sl ower when they swam in

particular), reducing the needektdr wabeaaebs
of magnitude | ower than any swi mming, whi c
energy expenditure and the crawling Kkinemalt
|l evel of similarity with t ertruedset rbiealn gl osciomc

t he ®OGIdlyl i.s, Thle9d 8l ati onshi p between tailbe
was dependent on the area in which the fi:

swimming speed correlated ve(fi Icllioss,el y9 9nG ;t |

al ., 2021;buytet!|l appeéadb)that eels swimming
significantly fewer tailbeats to achieve t
fl ume corner and tile corner. Although this
chanmel patenti al di sturbances from the turhk
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relative swimming speeds in each area agr e:
reduced at GOTagdhkr ets.pkankedrsge202h) | vy, t he <con

expenditure of eels was highest in the oper
hi gher swimming speeds, and | owest in the a
the energy exgénadaiht hree i mf mohe on as wel |l as
The most energy efficient mode of | ocomotic
sl ow movements and very |l ow flow velocitie

howeverptcbel dahcul ated so the comparative
tiles not only provide energy savings for t
|l ocomoti on methods that reduce energy expen
tlye need t o, they do not need to go downst

conserved.

Eel swimming speeds and tail beat frequenci e
and the tile corner but the tile corner inc
reduction of energy consumption liysisheft.itll
amplitude envelope of the eels in differen
good agreement with the findings of previ

especially when examin(iGig lhiisg helr9 9s8wi nina undge r-

Tack et al ., 2Q2a 1 ;prlewtieoluls, s200dibe)s gener all
swimming in more simplified velocity field
complexity flow of turbulence and shear | a\
consi stmnadymmesmar i cally by keeping the majo
for most of the time. This meant that the
most of their body, which is |ikely $0 red:i
been studied and offers new insight into ee
in the flume corner and this may be due to
corner there is a mixing I|lmd etrhdarfiagtngf Itcve
channel , making this transition more abrupt
finding is unlikely to be the only way eel s

~—+

o under stand tghada tplias tcioarptlye xo ff | tohwesi rand s h
epresentative of flow conditions in natur

shows a complex gait that defies easy char:
h

i's may dbebyextpheaither bul ence i n that area
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rfering with the swimming stability of
ct passage or to cause any major destab
aweni mana et al ., 20TRBj s Trestinmd &Uu€Cprt ¢
ulence shed by the tiles is not coheren
of t(hMaushe wleean gntamsa et al . ,), 20 byd salhs@0 thiec
artddbéetent haspect ratio of eel sTheompe
matics data |inked | ower tailbeat freqt
ifically with Reynol d§&)s hheea retf sfterce sss oifn v
turbulence on tail beatasf rtehgeuelmicgh ecsatn nk
ul ence were present in the | ower vel o
matic parameters were also found to mat
swi mniTragc ks ppgaedal . |, a0d1;t alflyystpdeleld, 2D®O0O-
uhal number decreased at higher swi mmin
values foundiyhyel pTle&i0tD4dtag svor kcreased
cing energy expenditure, all owing eel s
ificantly affecting the hydrodynamics i

ar as a goodesatuthigm vel oeelt ypbasager :

mmi ng speeds at any point. Til(evowdress a&tp

i
u

c

g

s»0kh)uld such a barrier be present at
cally there can be a 6step6, the tiles
tions for the gr awhiitlye arhde -étfiifgdecsv iealreec fichorys
hase and retrofitting, it is crucial t

aps are | eft between them. These gaps

m beneatch utrhagyitnigl & sh,e ne etnoc ye swtiatbhliins ht hree st i

r

|l itate their upstream movement.

Conclusi on
tiles have been evaluated as a passage

ease in passage is produced by adding t
additional benefits ofany |uwpastnrge ann ep reced

enabling them to crawl, swim in reduced f 1l

t he
t he

eels to expend | ess energy in their ups

mul titude of berimi emisgredli onencldien tkeirn eir

analysed for the first time in flows with h
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and turbul ent structures of varying | ength

reduction through asymmetric swimming gait s

tiles appear to be a suitable sotytbanrfer
and have potential to work for other specie
of the channel for fish spbcseshwphpteh magpfn

benefits of eel 3tiolfed hmee fdrheedu b fpenadte vav o wl

eel ki nematics ampktedgtobprempler PRIl ow
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Chapter 5. Evalwuation of Eel Tiles foc
Sti ck|Gabsatcekr o(st eeus acul eat us

Conceptualisation and methodol ogy by Prof.
and Guglielmo Sonnino Gaagrii il ono DBDathai nol ISoa
Davies. Analysis, visualisation, and writir
all of the above.

Summary
Culverts are high velocity barriers that [

velocities generated within culverts have

habitats. Passage solutions foresamad!leel iie
present a -ppsci®dsesomulbtion. I n this study,
eel passage were mounted in a recirculating

a sentinel ssppeicn eeds , s ik laiedoraatee) | (el f navi g

fixed flow conditions in the presence and e
fish. The tiles significantly decreased i mp
exhaustion. Shoaling silgwmi fiimamadsghemclreasle
fish in shoals did not mai ntain cohesion.

flow velocities but produced turbulence t he
Despitelebhi smpheved the swimming ability of

ot herwise become quickly exhausted.

5.1 I ntroduction
The rivers of Europe are amongst the worl d¢

ubiquitous i n many freshwater systems and a
(BellettiJenesalet, &Ib.8,0np2adnb®E) of barriers ¢
range from 1.2 to 3.7 million barr(iBeerlsl etnt iE
et al. ,M2®Y09f these unreported barriers ar
drop in the river but they stild]l pose a th
gener al habitat connectivity. Of theees$bti me
(Belletti dtheasle. canh02Z@use discontinuity 1in
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swim upstream by constricting the fl ow,
i form If Boud&kmai &s Paukert, 2010; Erkinaro
dgers et al ., 2017; Shiay enmndalcaus2020; e\
sh passage especi(alldnye sf oext ¢&ania h | e2e0s23lo)d es d g
ten i mplemented at barriers are designed
e most power f ul( Clroeusghhwaette rals.wi n2ndelrds; CIl ou
mp & OOHamd eayys & 0dfo)t he migratory needs o

sh pass efficienddKeanp, ard 1Wi, d Slhyabmyterti eabt.k,
derstood aboudtaltlhet gpragsesta gep eocfi esswp ismued a:
i ckiGaBaekost gddheseulf@atmusan i mportant com
bs and therefore fragmentation of habit e
osysSmaims$ er , resident river i ane gfriastho,r ye sapned
nthic, are typically | ess powerful swi mme
sal(md mikdkes et al ., 2005; Clough & TSumnlpen:
i sh are impacted by al/l types of barriers
eshwat er( Foaihordii.gv,em2s@ @3yaway from species fo

herefore necessary to help restore eco.

t
i sh species of different mor phol ogi es and
S

ssage sol beconsyethat ogaseaefange of fish
aracteri sti csreisseacrucrhreedn talrye aa na fudhaaeecs!| edr al
20, . 2DexXiured substrates have been shown
mpkBr ankl i n, eanalbaf 20 1desi gns can be ada

s mg IMa gfaij uh e.t Dmels.p,i t220 2vle)l oci ty barriers [

e migration of smal/l fish, |l iterature ha
nef it t(hkensaep ps peetc iaels. , 2019)

i ckl ebacks are present i n water bodies t
ese fish, typically between 30 and 50 mm
ponds and streams, away from hiiggrh. vTeh iosc
ecies I s marked as fl east concerno in tl

thropogenic migration barriers have been
ol ation in popul ati(Mast uvrfe Stelrevsee f2i0s1h9 ;1 NS

12)This is compounded by an increase i n mi
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due

to increas e(dScshaa rtswaactke reTth oaklke.u,6 p200nle2d) st i

primarily | abrmeammygiwiy mppmean s hemsel ves f or we

pector,alt hfeiims caudal fin only is engaged \
maneuvering, but moBltakd tetn Rdyp yd cddtpOda)ss eod 1
can have diverse I|ife cycles, some | ive thi
ot hers migrate between freshwater, brackish
higher swi mmingr epiecamsditvhiadu arlisv,erswi limi ng
whereasmitfhiramomy fish d@hivdol gch e aelhe ddd.ntda rdy
popul ations of sticklebacks have been sugge
Uk, being a robust speckPetst ifrongerd &t ilalblvebaa
are a sho@Bamgesp&cReston, 2000 sMebéhetkits
i nteractions, foraging, and defense from g
hydrodynamic advantage of shoaling and thi:
fish mduemamtsen . etShalkl j ngo0od@namics can ada
benefi { Malyerf i i0tllD)some fi sh species shoal.
was present i n (aDel abioa,at 20¥7 ;sedeS Boge eft tal
mechani sms behind the hydrodynamibDadblkoedghit s
& Borazj.an$hoa&l0iltg in |l abriform fish is sti
hydrodynamic and soci al benefit of shoaling
Eel tiles are a passage solution that have
velocity barriers such as culverts and rest
cylinders protrude. The til eseales et @orcigi mh
structur ¢gsvolwil lees wda b rag uvrpfu@d®@eé d) cl i mbi ng subs
by relatively smal.|l fl ows passing through
effectiveuicth aar rciudrverts (Chapter 4). They
structure and are wuswually fully submerged.
velocity within the protrusions as wgll as
adjacent to them (Chapt(eBerdr)y. & hkes aBaetnts iylstadn.d
of dual density protrusions, whi ch have tF
characteristics, potentially allowing fish
ability. Analysis of the hwadr ¢dthemamics tarop
di fferent fish species to exploit them. Str
the regioh aoahi®. @@lums es to five times sl ow
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without tiles on the channel bed (Chapter 4
shedding which may have s(oMueh adweesnti anbainlai zeitn ga
Tritico &.Cotnela,dd2@1®n, the sbéaw Fapear ofr
protrusion | ayer and faster flow in the adj
has the potentiaHelt mholot 2 w@r tiindes Ketl vasan c
mul tiple interactinge tiumédgd enéel sdirmettruy ean
vi sualization revealed that periodical ver

boundaries of high Reynol ds shear stress.

successfully i ncrleeansceed apbaosvsea gteh,e atnidl etsu rwaus
fish to a(@haptededgdeeFor the tiles to be |
to know if fish with different swimming st
use of the tiles or at | east to check if

proimmg solution to fish passage due to thei
ot her fishways. They also have flexibility
l' ining sections or one side of the channel
specific passage solution is to be introduc

evaluate and optimise their. use to benefit

This study aims to evaluate etehet-bmdbbkds a
| abripporemsBeee spined sticklebacks and dr aw
bodied fishes. The effect of the presence o

that determines passagdhet hytpodheand phtae nt

tiles and the presence ofwashd®&ismegldesowoshda
nomi gratory sticklebacks were placed in a
i nvestigate the i mpact of shoaling in swim
capabiTudorache. et al ., 2007)

5.2 Methods

5.2.1 Fish origin and maintenance

Three spi nedGasttieadlolsd lraucsknsaZi0aethes eafter r
stickl ebacks) were <caught wi t o Grhiach d Renfed rse nf
51. 487426 330.92760208974,010847469) , Cardi ff, UK
temperature on the day of collection was 12

of Engineering on the same dayedwittoh tShteriers sw
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and were slowly acclimated to the temperat:
The fish were maintained in a circular (1.5
m with a volume of 530 L. Tank wfag eandvas
mai nt ai‘Sedi &b AdWwari um Sol uti on, DC 750 <coo
by Agnuamant a, EFX 600 External Canister Fil
water chemi stAmmow®a 29 unigt/ d-01 5 t mgH leF)0a nTdh e

fish were kept under a 12:12 hour | ight:dar
was provided to the fish in the form of <cer
tank was subdivided into ttwallsewdd owat éory m

restricting the sticklebacks so that after
fl ume would not be used again. The fish wer
mi ni mum of 24 hourns tbheef oerxep ebreimegn tusaendd t hey
initial 24 hour s. Starting from the secon:
bl oodworm every mor ning before the exper.i
subsample of the flsheahtdadrwbdeckabhhaxteene:
then returned to theiacaplliamaet eft @rtilge inr, lals
pond water to the container they were in be¢
34.°P. 6,e rha®n)g mm and was not significantly d
p > 0.89), detailed in TabPRem@Bmpb.pi$hoalrmat a
from a | exnttiick Isgglsaocekms from si mi |l ar |poowpewl at i
but conspwairnanbilneg peTddomankte et al , 2007) , m
this study.
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Table 5. 1. Fish total l ength per treat ment

not vary significantly between treatments

0.89). The treatment codes reds) dmd tthltee fru
of fish in the flume (1 = one fi sh, 3 = sh
were performed and all fish were only used
Treat Number Til es/ Fi sh MearMi ni nMaxi m
Fi sh mm mm mm
C1 1 Contr Foca 34 23 55
C3 3 Contr Foca 34 22 57
C3 3 Contr Shoal n 35 20 59
C3 3 Contr Shoal n 35 18 53
T1 1 Til ec Foca 34 21 55
T3 3 Ti |l ec Foca 34 22 54
T3 3 Tile<«sShoaln 34 25 52
T3 3 Til e<Shoaln 34 21 55

5.2.2 Flume setup and fl ow conditions
The experiment was carried out in an indo

rectangsgslkeatiomods2 m wide and 0.3 m deep. T
flume had a fixed bedsl ope of 1/ 10& Owatndar a

surface profile. The bed of the flume was |
made of gl ass. The flume water was dechl or
NC by a -Dodhemr ({Dm SolutionBemDICy 2200 Evobtk
density eel tiles were mounted to the plas
section of the tile adjacent to the fIl ume
505 mm (width and | ength) mamantdhivék mmasal &nd
cylindrical protrusions. The total | ength o

section of the flume was bounded by fl ow st
as screens to keap Dbwnttskbawi bhi hhehei des

as an acclimati on zone for the stickleback
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experiment and upstream of the tiles a port
that swam upstream. The flow conditions wer
m, a bulk velotand & UReyrfolOds35numsber ( Re) ¢
hydraulic radius (measured along the fl ume
These were chosen to represent (cBladkengt ng!
2005; Tudorabboe eti bl .wi2B0D@)their range of
relative submergence (H/ h) of the tiles was

— = = = = — = = = =

|

|

| Flow Direction > :Release:
|
|
|
|

505 mm
Figure 5.1. Topview of the flume used for t
side and topview of a magnified tile with
bet ween them shown. The protrusion tshpaci n;q
streamwi se and spanwise directions. The | ar
base and the smal/l protrusions have a di ame

5.2.3 Hydrodynamics of the Tiles

The tiles reduced flow velocity within the
acquired by Particle I mage Velocimetry (PI
protrusion | ayer and the unobstrueteditl aw
mi xing |l ayer and the Reynolds Shear Stress

Hel mholtz (KH) IiINept al&i IGihiiywtahl bveorrttii,c e2s0O 0a8t) t h
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protrusion heights as ofteH. sHdepfi & Ghnsalhb
H. M. Ne.pfl,n 2tOhle2 )case of the til es, t he KH

creating periodical vertical and horizont a
vortices can also be shed by individual pro
of these periodical fluctuations have the |
for fish but overall the reduced flow velo

trying to swim upstream.
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Figure 5. 2. Si aeveviagwdosttbamwiiane fl ow vel
protrusions, the arrows indicate the direc

represent the masked area occupied by the p

5.2.4 Experimental Design
Four treatments were tested in this experinm

T1), a single fish without the tiles (treat
T3) and a shoal of 3 fish ovwddésouftort htehea itlr

represent the presence of the tiles (T = ti
(1 = single fish, 3 = shoal of 3 fish), a t
and each fish.wdgseanlmendisedlomanad C3 in this
all treatments the procedure was as foll ow:
were measured for total l engt h, and visual
shoal wase@acchimlume water for a mini mum
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Xperiment, the flowrate walsovtehhe B inm crue aesse
xperimental condition and the fish were al
ownstream end of the working section ahea:
hort acclimation ti mestwansy rtehcee ssstaircyk |ted aa\k
egan. The fish or shoal was then released
O minutes then removed from the flume and
nly removed beflapsdd imi nubhey phpassed upst
mpi nged against the downstream flow strai.

ying fl at against the straightener for 60

osition. Il fl eheof methewevenuwhbn the back o
he fish was considered i mpinged. Gently ta
s a method of scaring the fish into movir
hysicalitchonthet fwsh iitself to avoid any

mpi nged, the fish showed signs of distress
|l ume, they were not able to react to the

emonstrating their exhaustion. This defini
standardi sed measure for this metric. I n
nd the experi ment terminated befwase tthlee f
hecked visually for any external injury, mw
Xperiments were carried out in the hours o
sed to block out natur alghloiught oamd i ani tnhiaft iec
s a variable factor. Sticklebacks can demo
n this experiment all data were collected
X on average).

. 2.5 Data recording

Wat ¢ Beumstein et al ., 200Was Busuendt eonr &cd
ehaviour l' ive by direct observation by t\
efined such that the fish could be tracke
l ume by defining fivermaimnareast hwint hihe 1
n the side of the tile (at the interface w
il e and in the open channel regi on. Modi f
ndi cate whi cwha st ialses oac ibaetheadv iwoiutrh . A di fferer
he same behaviour |l i sted above correspon
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behaviours that were |l ogged were successful
spills The fish was deemed to be resting i
and clearly in control of 1tdghpodiltoiwomstwlaen
despite efforts to move it was recorded as
destabilisation and | oss ¢ffrcontoolk Qlgot al f
accurately record fish movements, two peopl
robustness of the behaviour scoring, the se&
case of the shoal s, a randoeml yheeteshedef oec
after acclimation and only the behaviour of
the fish within the flume and number of sh
the focal fish). Fi shg wehreen owa rt shii che rae dmatxa mu
|l engt hs offTieeanc he to tdhire.rt r2@® ments with three
recorded and all metrics associated with th
Table %Th& behaviours and metrics | ogged fo
definmi ti o
Metric Definition
Pass A fisdheenmaesd t o have passed
passed upstream of the nin
Ti me to pa¢The time el apsed efsrtormot lwé
passed upstream.
Ar ea Descrtihleeposititomnasfvetrisaal fl
smal | protr tuwsinen s ,t albarvgae td
or openashwahlklas thersdt¢comr
as the numigemsoff rtoiml & hlee d (
Resting tilThe amountfiodfh td piesrta hreeostair
positioned facing the fl oV
position
| mpi ngemeni{l f ftirseh | ay fl at against t
to move it was oarecorded asg
Spi ||l A cleardgstwvalbi bil®ati on and
the fishdés swi mming.
Shoaling tiThe tiwetdhpentt body | engtt
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5.2.6 Data Analysis

The data were analyseR Cor & STadihe 22t2ZE) ovre r <
Il nspected with hi-Witlokyrtaanst atnal ex &rhiampd rtohe d
Generalised I|inear model s ( GL Ms) were used
(Venabl es & RDipflfeegr, e 2t00Bgdel s wer e consi der
the residual distributions and AI C values w
l nverse Gaussian GLM with 1/ mu”~2 | ink was
treat msmtoa | amad e s, maxi mum progress (furthe:
fish) and | ength, time to pass with treat me
time above with treatment. For time ah a sh
of three fish and treatment an I nverse Gaus
GLM with probit |ink was used to model the
Bi nomi al GLM was used to anal woenpapiel It hag i
count with passes (log link), to model numi
spills by area (log Ilink). Gaussian GLMs w
(sqrt link), time onnd hter gatlnersti diei dva rtthi tty t|
of time spent in each area in treatments T1
to model the maxi mum progress with treat mer
(itdentity lihk)andilmerge phet smai ons with t
l'ink), time in the open channel section wi
ti me spent alone wiAhZéereammedlat ( DB | Wiyt h
| i naks wused for total time i mpinged against
(Zeil ei s .etWhalinh. mo2@08) ng tot al ti me, a tra
avoid zero values. The conpg= dOe.nOc5e. i nter val
5.2.7 Ani mal Et hics

Al l wor k was approved by the Cardiff Univer
under UK Home Office |icence PP8167141, an
from St Fagans National Museum of History.
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Resul ts

.1 Passage and Swi mming Performance

ral |, passage within the experimental ti
the presence of tiles although both shoa
successful upstream passes wasan2d.y7 % ingohre
s rate (GLM, p = 0.02) with 40% of fi sh
statistically the same passage success
0.59 respectively). Themr epavsasa e sSugnddd
gt h (GLM, p < 0.001); | arger fish were

ely relating to their stronger SWi mmi n
i nning of the expeeimenthpofibdhehctUcesyf

at ment s, and there was no | ink between f

maxi mum di stance upstream of the rel eas

tile number reached and provides a metr
n passage (Figure 5.3). Thet maxt mamt dwist
gle fish (Cl1) was | ower than C3 and T3 (
.12). Larger fish were more |ikely to pr
ther indicating that mdrne&kd edawikt [ ws imane .n
ills occur when a fish experiences a dest
hange of direction by being clearly invo
the control treatments, awhengl dompod ree dh utn
e conditions where 190 spills were recor

control treatments (GLM, p < 0.0002) but
gt h was correlanddcaithgnumbder sméal ser |t s
[ ( GL M, p = 0.009), since spilling is
bably affected by turbulent parameters i
nt swi mmilngk,eltyhea tmowaes to spil |l (GL M, p

mmi ng increases the opportunities to sp

number was negatively <correlated with pass

ocCcC
(GL

urred wiprbitnutshenl argeas of the tiles com
M, p < 0.006).
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t

i me spent resting was highest in the C

0.05), whilst T1 was not significantly diff
resting did not only occur dgai a$tsot e tdown
protrusions as the spacing all owed the fi st
bet ween protrusions and the sidewall wi t ho

opportunities the EsbBslompatred Lt ess hei clont h

I mpi nged was the | owest in treatments T1 an

n

T1

than C1 (ZI NB, p = 0.002) and | ess t

(ZI1 NB, p < 0.02).fiThete cwagen@atsiom bet ween

resting or being i mpinged.

I n the control conditions, the only area a:
was not analysed in terms of where fish spe
conditions did swim primari lowensetar( arhoeu ndald

nw T

-~ Q@ —~ —*h O ¢ T 9§ S-S T O

equi valent to 57% of the bulk velocity).

ignificantly different amounts of time abc

r o
ho

es

pe
ro
ot
mo
ro
s e

on

tr
Wi

S

tr

0.

nt

usi ons, i n theopenal ¢ hpmmoelr uwhemsc omp a
ng that shoaling did not have an i mpac
l' i kely to spend time in the small prot
eatment T1, the sticklebacks spent mor
channel (GL M, p < 0.0001). More speci
usions than in the open cha&anmel0,02t)i Iba
ignificantly different than in the | ar
st the | arge protrusions compared to
usi ons ( GL M, p < 0.00M)thdhei he eak @l
more than the open channel when summe

dered individually (GLM, p > 0.05). Si

spent more time ctuimudsatce wrapayr adch tamdt ha

p < 0.0001). The time spent I n the ¢
er than for the open channel for both
areas did netemtbvemaunsti gof fiicamaetl g oI
5). The time spent in the small prot:t
i n the above tile and tile side area
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the | arge protrusions (GLM, p = 0.87). Mo r
than in the above tile and tile side areas

time spent between the above tile and side

5.3.2 Shoaling behaviour

Overall, there was no significant differen
control C3 (32% of time) and tile T3 condi
also no correlation with fish | emnagthhEGlkMme
spent in shoals of 2 fish or shoals of 3 fi
0.18). In treatment T3, the focal fish spen
in shoals of 2 or 3 fisdant(lIGL Mmo rpe <t iOmed 0i0Omn )
compared to shoal of 3 fish (GLM, p = 0. 02
shoaling than either in shoals of 2 or 3 fi
di fference betweenofth2 oi md8 6Epeht ( GbMshpak:
T3, we also analysed shoaling time per ar e
protrusions, this area was significantly di

for the | ar geGLpW, o0 tpr u=s i0o. M0 93 r.e a

Time Spent Shoaling (s)

Maximum Progress (m)
ra
Impingement Time (s)
-

e =AM i/f\%

\
0 0 .l...‘ - _&._ —a—— ?“QQ\ ¢ e ‘:_’@-.‘\\ \/“\0‘:‘ R C\\"‘(\(\c
Cl1 c3 T1 T3 C1 c3 T1 T3 o
Treatment Treatment Area
Figure 5.3. (A) Maximum distance from the
focal fish, past five metres a fish was con
there. (B) Tot al i mpi ngement tiamet idlag ar & mge
whi skers represent the 95% range. (C) The a
one other fish by area. This is exclusively
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Di scussi on
passage success of three spined stickle

| mates, sticklebacks achieved the highe
he presence of tiles. B e htaivlieosu rnad y dbaet ag

i's evident from the passage dat a.

sticklebacks i mpinged | ess with the til
ave a greater positive impact on passadg
r attempting to swim, istswimdiaogteaddt heée

ust ed: in the control conditions most f

-

i ment al peri od. I n contrast, with the
s and were not eexxphearuisneendt .b yT hteh et ielneds oafl
among the small protrusions at any d
erving any progress made at the time of
the stichklebaackeveotulbal by pass upstrea
current study underestimates the potent
esenting the passage under control con
Il lees ti€lhep.tMe rgtror)y mor phs of t Isiws mmpegi e s
cities (Tudomayhlkawee iahc¢cr @@dDTa) amidl iftayst
to rest anywhere on the tiles not onl"
out being swept downstream but it also
ri buted, decreasingg tihne olniek eplliahcoeo,d tohfu sm
ation(deppesenhuvuatThke. n2béaAysed ability to
decrease in impingement al so point t o
easing the chances for the fish to be p
ral | y fvoeugnedt aitne dhiagrhelays wi t h SAmai fétowal
; Nat ur,e Saerbvaer,e 22ullYv)ert provides none o
active to a stickleback so not only are
ier, they might also not attempestondo
s and refugia so the stickl ebaltkts talries nm

ntlo kerlegat e new per manent habitat for tl

kihrmtamd t here is. flomdt  hhevactmabehti tgtudy,

| eased directly intohoihee fi egn@r dainndg tthheey

mpar ative performance of the tiles is pot
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tiles also have the potential to help s
protrusions and around the tiles. Cl ea
es work wel/l in two ways,; thtiyomclt@lmanoalr
t and at the same time provide areas of
|l ebacks to progress upstream. The | arg

e tiles did notckleemadlo awif mmit nd heesi

—
> D X

umber of spills in these areas. This i
| arge and rarefied to affect the fish.
5 or | ar geMu hlaaveeyn i mamat eg al ., &2r0d 9t helr i
ge scale turbulence of the current stud

tices shed by the | arge protrusions are

cur within the | arge prostratiomsbalsi nd ea s

he chance of spilling decreased with i

~—+

e tiles as increased spilling produced

t
h
sult of t heedf agcuti ctkhlayt sfpiesnht tlheasts ptaisnse i
c

c O

ed chances of spilling. The fish stil!]l

~—+
-

usions despite the destabilisations b
ti on oavred ttoharmemsi de of the tile or abov:«
trasts with the control conditions wher e
eri ment, either passing upstream before
aightener. This indicates that the fl ow
formance Dds ptihes et hfei sthl. ume having the
ckl ebacksngntdhem closer to each other s
aling, wiheke fdameamwad t o the ftiixcls sihoev &rmh

h of the time the sticklebacks did not S

Shoaling had a significant effect on fis
pass if they had shoal mates. There are
sence of two shoal mates hel ped spheoraflarnnga n
h and this behaviour i s a(ikoltamd e, aevti tal
| ated sticklebacks | ose this advantage a
being in a shoal. I n the (wWialrd,er s t&i Rkulxd
O; Mehl itshaent uasle.d, i2n0 t5h)e current experi me

erved here with just three fish per sho:
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the difference between shoals of diMefhelriesnt
t al. ,SR®&4Bi)ng providesCmehengoé&irdeduemsise L £
redation risk and i n(cMayaesre s BiOema)giurbg ecp par
owever, fish (sdheo aBli emoartred acwW.hoesre2l0y2 @y at i ng s h
heir (MaygestRO0Od®mbi nati on of these mechani

> T O

~—+

i ncreased success of the stickleback shoal s

I's the most obvious and direct explanati on

stiakksebdi d not shoal al |l the time they we
This may be explained by sever al factors.
shoaling as in the <control conditi ok bul k
capability which would eventually separate
tiles there was more turbulence to destabil

as constant position adjust(mkomnhansem.dtncale.
The spacing of the protrusions of the tiles
fit close to each other and may have al so
suggests that although there maw htkee pa elseadr
ot her shoal mates is |ikely affecting the m
i ncrease their |l i keli hood of successfully

caught and despite being shsuwmalyl yh awvlee chkaedd

i nfections. This is relevant since infecti
(St ewart aend arled ucZeRihds)h oaatl i anlg. , 2.0 1Toh e Whe gr &
to which the sticklebacks in this study we
caught in the same | ocation and housed in t
alone to familiarise(Badbemi & Rahtmnompazd @)
all these factors, it is still evident from
i s uncertain but I|Iikely a combination of th
For the tiles to have the desired effect o

need to benefit mul tiple species and differ

eel €haptasmmrd dH)otentially sticklebacks, t wo
Sswi mming dynami cs, and passage requirement s
hel p more species, especially fish smal/l e

expktoetl ow velocities salsouhdvegthbeatvha

cheap to purchase, easy to instal!/ and I mpo
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need only cover part of the channel near tt
|l eaving it to flow freely and all ow high pe

require the tiles to continue their journey

5.5 Conclusi on

Eel tiles show promise-spsnedssagekbebatker
decreased flow velocities, refugia and re
sticklebacks in the fl ume was the faacsthor w
flow conditions can break up shoals. By bei
the potential to reconnect habitats at high

them potentially heTtlpi sotdhmadtsepreai ehhapasgsst
i ntroducing shoaling as a f actaonrd abnedh aova rofuir
modi fications pwhidusedebygl shtoiathg ngel tiles

potentimdnarogettelsppeci es meeting objectives
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Chapter 6. Shoal i ngSpdiymeadni Stsi cokfl e bhaec Ki
(Gasterosteus acul eatus

Co
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s h
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st
fl
po
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t h
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t h
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Sh

a

by
fu

nceptualisation and methodology by Prof.
gliel mo Sonnino Sorisio. Data collection
Gugliel mo Sonnino Sorisio and Josheggph Job
gliel mo Sonnino Sorisio and editing by al

mmar y
e energetic and hydrodynamic advantages ¢

t not fully understood phenomenon, parti
th their pectsprakbdfshnsckiTabachisd ancarmhme

obal north and exists in both diadromous
own for their shoaling abilities but thei
udi ed. Shoal s and i ndi viidmualn satni cekxlpeelra cnkes

annel recirculating flume under four incr
oaling behaviour and kinematics anal ysed
d SWi mmi ng esfifgonritfri ecdlnehdrbh edpte ffriemquency

i ckl ebacks by bet weean ga4 fednd% aanricde \d3 4wh,t hw hiinci

ow velocity and shoal size. The fin beat

tentially providing further energy savi ng
sh in shoals werreqgafetnend ydicsharmngemrdi sed ian d |
e shoal di spl ayed al most the same reduct
oaling reduced swimming effort but the ex
i's occurs are stildl uncl ear .

1 I ntroducti on

oaling is a key behaviour al aspect of mos

mul titude of purposes depending on speci
the gC€pushaniga®d ; J2WakyG;r Li ,@M@a&d )Tente aplr.i mar
nctions of shoaling are t(RCawsdghtn gtla® tde; Jware

Mayer ,20h0)response to predation from birds
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(Tien204al Se p2pl?0l8; ,eMrly@eldecr easi(Egspi.ppatio
20Q07)Increased {€uabhing , &a6d8esod2alsls2s)swci al
i nteractiofCushidngnaladh@d;J obaersber208@®#ne Ralxs @n

primary drivers of shoaling. When fish encc
fl owing water however, it becomes necessary
possi bl e, and shoaling allowsnéighbaduwr idmrgaw
(Johansen et al., 2010; Ligman et al ., 2024
2024) n a changing environment faced with di
(Bel l ettt et al ., t202UghJwhexs hetef abrts 28t
connectivity by introducing fish passage f &
I's essebitnglisShA major modifier of( Wewhm®smi n

1973; BarberkO@Od TRweOhOodgt, M@aly®;r Ar d,e2klaln3i; et
Li gman2@2anad .t heref ore needs to be understo

situations.

The hydrodynamic advantages of shoaling are
a singl el Tshhaomad inead kep2l0 2e3n)df tamdmu |l t ( Jlodasnkeal i
et ,2a01.0 ; Li g2nba2n4 )JEst iahat es have shown that s
faster than an individual wusing the same am
sch@ebaghooghi ,20d 5BSohroaazljianngi D env aGiiam ta edgaunii poi n
| owers the cost o(fZhamg s& olrauabed ,u d2 &XRd gEJ% | |
macrog¢hilrowser s t he( Coetrabe@D Rett)l rrmalt @r eMugmu | | et
cephalawery shoal me mber , i ncluding the | ea
with the foll owevas rgg®8i0rkisnEpletrhgee tmocstsavi ngs
| ow speeds f o(rMarhrea23r teby)aarid.l $emi | ar energy s
found i n s t(r&npbeido tsougraf fpliewttcenb &ahii 1d (e hlamaedar
et ,2a0l1.0)Energeti c advant age(sMaorcrca®r0 Hifgtahla.i 0 f
i n open wat éLigmaRORd )TBhleownechani sms t hr ougl

gai ns ar e made for smal | and | arge shoal :
experimentally, but hypotheses differ over
for fish primarilyopropélaltiomy tmbe moel wvd s t Wi
The most common explanation is that fish e
utilising the Karman or reverse Karman str e

t hemsel ve(sWefijb@sivayr disP @6 3 et Hal2Wey ;etRz2ak &) al
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Di amond shaped shoals with staggered fish a
as well as(bedgcandb@iag@gth®06)studi es have f
too di soppbggmocseghi ,20d5Bo 2@ padgnhdi afli.sh rarely

exactly the same dépahtrndggéleQa/Wdd £ tt icriog udnni
over the vortex hypothesis. Another potenti
shoaling is theWeghhdshdel Daglyoed Ri®@ddn)dyv 8or by |
a decrease i n drag (and therefore thrust r
I nf ormati on atnr annspfoerrt ainst alsspoect of shoaling
nee ttrem f i sh, wh erod syhmaHlri orgi smpaiiro;m creat es
conditions (Ashraf et al, 2016) .

The Tshprieneed sGaskéebatcdys¢$ hoovelveat us s known

SwWi mmer , using the pectoral fins for thrus
shoaling has bespiseddsedcklThbatkhres found
of the g(Nbtalr®&&)hey can exi st in anadro
popul ations for whiiBdhakmed Oepth pallDg,l2B0El2ld 1 Rieg/eels.
and Baklke&)Sticklebacks prefer to |live in de
away from( Gagno,RDa@atsalALl 8alpd arle wel | known
|l arge (Mo, 20256; aNaR0On®plenreveshoal i ng behavi
di stribution of sticklebacks have | ed to t
adapt(aStcihoar s,2 0K, 2 ¢ats awe.l | as research on the
shoa(lSthgwart a&nd atthei rROoddtent i a(lPoutstei nagse ra est
20Q02)Stickl ebacks pref grBatrd es h @2n0d0a0Ridtx hwo fn ahm i

uni nf e tReach nf Aestibdd . wi | | generally shoal I n
(Mehl!l i,20k25%) al

Swi mming endurance and performance IS gen:
(Tudor akédwigtt h adr.i ti cal swi mming speed of 8
compared (tTaanddr BIlc2hGe0 7et Daall20ilel; Rteyxl@0d6d)d Bal
and anadromous sticklebacks fatiguing sign
maxi mum swimming speeds than res(iThegdtorf iamnid
McPhabB6)Parasitic infections, h o(wSetveew a r tr eedt
al ., ag80weg) | as externdlClfoauqgthdra#t )lailke t emper
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Labriform propulsion is characterised by tF

commonly wused caudal fin. But even within |

t

o

engage the pect orardofwinn smoftanoindriockp wali shil o .i

with the | argest surface facing vertically
flexibili(tShoet e2l@®WHiZlIhaw a back and forth ro
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sed model of( Bleahk®e&® R}l inn g atchhr wsats e , the fl e
ndament al in generating thrust as even i
roke during with the pectoral fin is Dbro
roke requinr eeso tbheen df Iteox ipbrleev efnit t f Shpenh er at
d ,ZhuO)Each beat of the pectoral fin can p

mor phol ogy and activation patterns. Sur
rtex rings at al/l Swimming speeds but wit
wnstream at (hDrguhcekre rv ed fo@cO )Bd wadsegri | | sunf i s|
l' y produce one vortex ring at | ow speeds

t notabl vy, Surfperch have twice the maxi

Drucker ,20@0)Feewmdesrt udi es have considered t

briform fish but Johansen et al. (2010) f
rfperch had a -bledat9 % rreeqdwecrtcdayon( FBhF ) iaand 25.
ns unpotmpoar ed t o the shoal |l eader.

briform shoaling remains a knowledge gap,
how the pectoral fins are positioned, sh
i ned stickleback is an extsehealVehyg abuldit
e shoaling of this |l abriform fish in the
the sticklebacks shoaling dynamics coul d
drodynamic benefit i sso pirnopdruocveed tbhye sahboialliit
sign passage solutions for weak swimmers
ti mate the reduction in cost of transpor
mpared to ahhe nhdy pwotdhuemded itshst ed her e are
s | abrriefdourcne sf isswhj)minh ag csafnb a lntcssriemes ¢ t has &
ading the shoal ,alamnmd btemeetf ittloeal Ir ldarbnrsi hfioerd rin i
the prese¢érBlee oki mehmatlimas of stickl eback
oal are also examined to find the under/|
hi eve -stphiinse,d tshtriecek | ebacks were all owed to
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fl ume al one, or in a shoalf oorf wbhifcihs ht haet f4i sd

primarily | abriform

6.2 Methods

6.2.1 Fish origin and maintenance

Threseei ned stGacsklealmasdkdNs(lacGul watescol |l ected
from Stpomddgsams awaGLeirCar di f f , UK (Gri-d Refe
3.270094) on the 13/03/ 2022 and transported

t he wieireh measured for standard dmangthledwisthlo at

of 5 fish each. Each shoal was individually
mm t al | tank within a rack system, sarbditt he
not in shoals. AClorM iashl2velm:e Xk2ph laitgHte: dar
water and fed thawed bl oodworm daily, each

an initial 24 h of acclimatiaeast hae tsiushesdch mpil te

222 and screened for external parasites wi.t
fish were infectCEydr owdaxh ega@nuessn ameciafliled he f |
treated with two rounds or Praziquantel to

sticklebaneskseaveed oalflir mhe fish had succes

infections. On completion of the 14 days of
bet ween 10 and 2d&b tfad sthheveSceh aalanesfpoBEng neer |
tanks with dechlorinated water. Every sti ck
conditions but al ways given at | east 48 hc
performed imrra AfAndomtbedconclusion of the
measured for standard | ength, total | ength,
measured at their base, their trailing edg
det anelaessdur ement averages, see Table 6. 1.
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Table 6. 1. Measurements of the stickleback:
fish are given as the meanNSE and the sampl
val ues. Some fish are missing fromsthe meéeae
contr ol (single fish) and in shoal s. Fin ar

trapezium shaped.

Vari abl e Contro|Contro|Shoal Shoal
_[(N) _1(N)
Standard L{(38.6N0[20 38. 6N095
Total Lengti42.5N2[20 45. 3N095
Mass (g) 0.836N[20 0.910N95
Pectoral Fi{2.9NO0. |18 2. 9N0./95
Pectoral Fi7.4N0.|18 7. 0N0./95
Pector al F5. 9NO. |18 5. 7N0./95
(mm)
Pectoral B®i30.7N1[18 29. 3N195
Caudal Fin|2.8N0.[19 3.0N0./95
Caudal Fin|9.3N0. |19 9.5N0./95
Caudal Fi|5. 4N0. |19 5. 2N0./95
(mm)
Caudal Fi|32.4N1[19 33.6N195
Caudal Pedi(l1.6N0.[19 1.5N0./95
6. 2.2 Experimental setup and procedure
A recirculating flume in the hydraulics | ab
used in this experiment. This flume is 10 n

bed sSThepworking section started 6 m from th
m | ong, 0.3 m witdewaasn db oOu.n2d3e dm bdyeeap f | ow st r
flow straightener covered by plastic mesh d
contact with the sharp fllbwasitoms ght enhbe v
i mpinged on it. The f | NMe wia-ihe faguasi mmi 8o h i
DC 2200 cooler and was dechlorinated with P
section a white PVC sheet was placed to inc
above. The flume wasl|l |l ghtbypowdtnenedaki whe
i1l uminated the fish through the gl ass wal
mai ntained constdotatihoowmughotuhetkxperi ment .
covered by a plexiglass sheet to avoid i mac

above to minimise its impact on the flow. T
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a Bawmedd 0 Mcamer aKowiat L M8J Cllo0éMn 8. wWlkimc h r ecor
entire length of the experiment at 80 fr ame
each fishoés trajectory. A subsample of expe
the glass flume walll Ibyvitdeo s awmeer e arneea ar sed

software and stored in an external hard dri

The experimental flow conditions were estab
and -tfumeed by <changing the flowrate and dow
constant flow depth along the f | uanse 6lse gdtenc
constant at 0.23 m and the bulk velboities
reprastotl moengg DFow conditioasdidrnwhiehg

their caudal .fAhl forepatment siane shown in T

Table 6.2. The treatmentstadyl. fTlhhev tcromat me
such that C represents the control conditio
The number following the letter in the trea
For each treatment 20 repeats were perfor me
The bul k velocity was varied whilst the f1l o
and the weir at the downstream end of the f

Treat/NumbegFIl owr | Bul k FI ow |FIl umg
of FilQ (YLs|Veloci{dept h|Re
(. m$ (m) ()
Co0.1 |1 6 0. 0. ! 8 6 2
S0.1 |5 6 0. 0. 1 86 2
C0. 151 10)] 0. 0.7 12, ¢
S0. 15|5 10)] 0. 0.7 12, ¢
C0. 191 13 0. 0.7 16, 1
S0. 19|5 13 0. 0.7 16, 1
C0. 23|1 17 0. | 0.7 21,1
S0. 23|5 17 0. | 0.7 21,1
Fish were placed in the flume at the down:

mi nutes, the first 2.5 minheesohtl oavilmgl R. Be

mstand final 5 minutes at the test bulk vel
mi nutes where the fish are recorded. I n th
and 03115t hes bulk velocity was not i ncrease
vel ocity was reached. On coomp,l etthe®nr e@d o rtdie
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started. After the tests the sticklebacks w

| esiTdhiestreat ment serdddrorweaesacrhan chamivi dual an

6.2.3 Hydrodynamics

To quantify the flow velocity in the test
carried out. -5AMBdumert hViaXTKowa LM8JC10M 8.5
perpendicular to a thin | aser s hielelt Wo0tOa nmm
Fl assthr oboscope at 15% intensity triggered

Triggerbox by a Rigol 1032272 wave generator
Hz. The fl ow was seeded with AXALTA Tal i sma
anal nsdéd Vi ab 3. 02 (iThiMaltilcakbe Ra2n0d2 4Sat a mhui s
Sonntag 2021; The . Ma@8theWdrl kosw Ilvred.ocd2 @34 )vari e
water surface and from the wall to the cent

Figure 6. 1.
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Figure 6. 1. Particle I mage Velocimetry pl ot
the flume. The col our plot depicts the var.i
t he fl ume. Each velocity proftihe yéloddietdy op
for each flow conditionkewisttldt mendbulsk deeloa
condition.

6.2.4 Analysis

From al l video footage of the trials, videc
and held station against the flow. For the
fish shoaling as shoals of 2.,ip3%, 04, famsd 5 wl
several values were extra¢Cl@drimast E@8RAR ) Bab
were tabulated and for each case the flow v
finding the flow velocity at the same di st a

130



Tabl e

For

6. 3.

al |

Vari abl

par ameters

e s

wher e

cal cul at ed

shoaling

wi t h

wa s

Vari abl e

Di agram

Di

st

ance f

i st

ance t

£~ 0
©® ® —
)
Q> -~
S5 D s

(o e
= 0
®—~ O @

est
i stance (fr

o
3

O —' 5
o0
[2BN¢)]
> O

E—h.—ro
n O

31—'-:—!-
= B g o}

D
® 3 o
o~ —
 n O

~ ~~

Po

St

Th
ocC
s h
co
an
of
beh

i n

on i

O3>0 O0OO0

ow e a
ied W
. A f
der ed
er wh
e hea
d t he
of an

131

t

he ki

analy



-——
} <
[==]

w
() c Ve C—T OO0+~ S |S o — DX 5> = O O O
— OO W” ©C.——O [ £0cT & |oc— S53QO000>5® N ©
C e m DT CT B CT GO« = — nergenelshb_um
© gl BT — = C O D QO o0V |«LCc o0 T w5 ©_ 50|00 _—
E .o oc._ Eo o« - O = — o L O — 2 ®©
VO —~ v ESsccm®® S NODO -~ |O._ O ) N -TTO— OV O
c <€ o CC._TO0.— oOLVLwLc OO0 |cco L @CCoccCccCcoOo®Cclec oo
v —c Fevwunooon L e vwwoOow [F2a Fo2eo@o®o®oookaon
Y— - —_ [99)

c [ Y— —
o o () » c
— — e — o

— — O - .T..S i
()] © c D o — ay ah
—_ e T © oL o — o ©
(@) — =) mB g ® g €<
c (@] © .~ L L c - >
< L O o L - L L »n

132



The statistical anal yses were fpRrfCormedeam
2022)As the same fish and shoa-l eplwiec &t iusre d:
accounted for by wusing generalised |inear n
shoal | D as a |lrneemdd o nm | enfef,eaa rk dh glldrgee wtee £t used
Gaussian and GCRhamaLGdthiMaslIKuzne0&dyaPenhhal ro
2020)Di fferent GLMMs were conscdepadet@iobyeat
residual dimsmérabdtoodvars ofmctl heledesihs most m
for differentaned pteiomenselnlt atl e dtaggds combi nati on
had the best residual di stributions and we
cluster analysis with Euclidian distance of
for princi paylsicsontphoen epnrtc oammpalpackage was util
uséo visualise the data (Wil kinson, 2011)

6.2.5 Ani mal ethics statement
Al'l work was approved by the Cardiff Univer
under UK Home Office |licence PP8167141.

6.3 Results

6.3.1 Stickleback swimming characteristics
Al l sticklebacks primarily swam in the | ab
propul sion and occasionally engaging their
phases of the labriform fin beat dahme dhanus
generated by moving the pectoral fin backwa
fin isrfiiengstedrd o show a smaller area to ¢t}
thrust against the di roaucgthitonf oo fwamaodtsi a re)a dbye ff
stroke, these steps are outlined in Figure
phase difference and activated simultaneous

Power stroke Recovery stroke

Figure 6. 2. Side view diagram showipngetdhe
stickleback that make up one complete fin b
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from an angle around 90 degrees from the b
body. I n the recovery stroke, the pector al

forward (step 2), and finally brought wuprig

The fish also adapted the position of their

outlined in Figure 6. 3. Figure 6. 3A shows |
this posture was used whenever nmearn,e uwke e m n (
swimming steadily without the need to make
position in Figure 6.3B, where the dorsal,

unused during these phases of g wigmmil ryg .r aT h

upwar ds 4dm atghisswilmonwng configurati on.

Figure 6. 3. Side viewpdinagr asmsi ckh ®wiarck ar
swi mming configurations. Both are I|ine diag
from the swimming tests. I n A, thandoi :alB,
these fins are closed and the caudal fin i
adopted when swimming steadily.

The sticklebacks generally preferred to swi
for al |l flow conditions as shown in Figur
increasingly swam near the wall (vpell cotcsi tdre s
present at higher discharges. Interestingly
occurs not at the flume centre but at arour
the fish varied widelylumnthe occupation of
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Figure 6.4. On the |l eft, flow velocity dist
On the right, scaled distribution of where

condition from the middle of itwiedwalasnnaend tg
are combined by flow condition for the hist
fish was calculated to the nearest wall and
di stributions on theveébDriwgreauchedti ackf ieha

6. 3.2 Shoaling parameters
The sticklebacks overwhel mingly shoaled in
this tendency decreased with increasing f1lc

wi dely adopted but never the predominant f
However, the fish rarely shoaled in a perfe

dynamic, and variedmeémreaueglsdutnee gghtb oturri ali st
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(or around one body I engt h) and did not Vo
velocity (GLMM, p>0.81) . The distance to
significantly with velocity (GLMM, p=0.29)
dyaami ¢, the number of fish in a shoal variect
increased with flow velocity as fish made m
fin for propul sion i-In6)s.hoWhe b usha aslt ilinEg &NV g
significant increase in caudal fin engagen
conditions (Figure 6. 5A; GL MM, p<0.0019) .
significantly higher for fish shoapotnegntiinal:

l inked to the higher usage of the square fo

Al . ,
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t’ 4
= = = Shoeal . ,’
P
2 - 0.30 o
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£ - z v
] P = e
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5 al = .
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: . o oxs I
S - / = ’,
= - = 4
= - b ”,
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< O .
T / 5 ’
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= red 0.20 s
el
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04 7 at
7 P
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Streamwise velocity, u (ms™) Streamwise velocity, u (ms™)

Figure 6.5. RlICatusladed ¢cmi ingggeMent variati c

magnitude. At t he highest flow velocities
i ndi vi duiaThepfriosbhabiB ity of the fish shoalin
staggered (or diamond) formation. The stag
than the square over al/l treatments and f|

mor e f r elgiuemdarl yvealtoci ti es.

None of the shoaling parameters tested corr
size. The shoals were size matched so all s
mass and fin size also did nmentvar gl wilhéi mg
significantly | inkedl@)o. efacfhulolt hseert (oGL MM, t ap
and fin size measurements is available in t
and a principal compbhentl astakbysi produeadtle:t
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overl ap between each other and the Eucl i dee

a
f

ny obvious clusters of different shoaling

ormations are not f idedd nerdd séhped s tnlge rsd srsart e

of independent variables tested.

6 .

3.Be&t nfrequency

Fi-meat fr equeFmBcFy) (whaesr esaifgtnerf i cantly higher |

f
t
t

or fish swimming withlany Athempdrnishon( GdiMI
reatments with the same flow conditions al
he contuall f(iisH)i viadndi ti ons-90Fi ghhee naa.mbAa;y |

in a shoal al so affects FBF, with | arger st
(GLMM, p¥6.6€gure 6.6D shows this relations
notrdase as the shoal gets | arger than 4 f
members of the shoal have a | ower FBF than
bul k velocitie§ dfhe0.floldmdved sl1Hhamse a signi
|l eaders (GLMM, p<0.025). Flow conHdowewvas, wi
have the same FBF between | eaders and follo
in FBF are available in Table BF4reduaodt isdr
i ncreases with increasing bulk velocity so
foll owers, there was no difference in FBF.
Table 6.4. Relative percentage reductions i
for each treat meingni f*XiTchaentondliyf fro®mnces are
followers in the two treatments with the hi
Bul k FBF reddy FBF reddy FBF reduy
vel ociibetween i between i bet ween
( M3 and shog and shoall eader an
(%) (%)
0.1 24 . 4 17. 4 10. 1
0.15 25. 7 24 . 3 2.0
0.19 29. 8 29. 1 *1.0
0.23 34.0 37. 8 *5. 6

The nearest neighbour distance did not affe

f
I

i sh in front of the fish whose FBF was 1 ec
owleirst ances to the fish in front (GLMM, p-=
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average FBF wvalues did not vary between t
conditionsbwi khvel bcmsy had a significant]l
There was no difference in FBF between the
p=0.96), but there were higher FBF values a
(GLMM, pp0sB8OD)y related to higher caudal f
A B s-o1 - 5-0.15

12.5 . . . i ’é‘
% 7.5 g = ) Fallower Lcader B Follower Leader
% §-0.19 $-0.23

25 ‘ g’ g

S WY c).\é’ C\.\Q C?\“ 8?:”’ %973' E E

’ ) Follower Leader : Follower Leader

C D
il Iy S0
L oEEea
‘% 4 * °. “..".'..3: . ooe ) _;: 5.0

o " Front Distance {c;}i:;) " Number ofﬁsh in the shoal
Figurei Baxpl At s-befatt he effuency ( FBF) i n eac
condition is represented by a colour and s
shade of the colour assigned to ddtes fdmod tclo
boxplots show the medi'$%re,r ciemtted eeu &t itlhe f rdaar
the four plots corresponds to the flow conc
pl ot shows the FBF di ff ertehnec ef obleltoweeerns .t hTeh e
each of the plots also match the treat ment
significant di fferences between the | eader
combi nnédB.F @ari at i obnetwietehn dtihset afnicseh f or whi ¢
and the fish in front of it in the shoal F
in fridmte. aDerage FBF in a shoal (or individ
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The fin beats of fish shoaling together did
of phase differences, regardless of fl ow Vv
Within each examined shoalingyewenhhintaeepy
fin beats and deeper analysis did not revea

6.3.4 Angul ar acceleration of the pectoral
The analysis of the pector al fin angul ar v

the recovery scthraokaec t(efralsltiincgs loifmkt)he beat ir
velocity 'w&sgoreé ®ms7A), the shoaling fish

fin beat characteristics and angul ar accel e

flow velocity in this treatment but Figures
the fin beat of individual fish is shorter,
than double the one of the shoabi hgshi dbesT

fluctuate greatly between flow conditions,
velocities. The fin beat of the individual
despite the change in discharge.
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subfigure. Dashed |Iines represent shoaling
| i nemeiaanvar age of multiple fin beats and t he
the standard error. The rising | imb of weact
l' i mb i s the recovery stroke.

6.4 Discussion
Fi-meat frequency (FBF) decreased between 24

i ndividual s, confirming that shoaling brin
i ncreases with swimming speed. Il nterasding
someti mes the same FBF reduction as the fo
where all positions showed reduced swimmin
advantage was gfnéMatr e 8,8 0 &dbo) fdatdrwa rsyp etead st he cur
Here, the foll owers had a | ower FBF than t|
0.15bmék velocity (as shown in Table 6. 4)

hi gher speeds despite an overal/l greater F
swimming becolmehgnteeshesetabl eh at high spee
l ow swimming capabilitiegTayl ori vam®d 8kcP dai
Tudor ac,h2e0 0e&rt; &Rley e,2 04 6 )T hBeakweark e of the | ead

velocities may create turbulent structures

corrections. This is consistent with the in
in shoaling diwiht mndpeedccresastimis fin is oft
not c¢closed (Figure 6.3B). The increased ca
tested speeds also points to the fish nee
shoaling ¢iothde dvake of the fish in front o
exi st in an attraction zone to other fish
repul sion zqmme einf200alpd cl lksey must therefore
boundaries as the shoal dynamically change
greatly reduced FBF compared to an individ:i
shoaling have nodt iforu,ndf itrhdisn g ainres treeadds t h e

FBF compared t o Jonha nnsdeiOni®dlumaa b tfu dsihes wher e
been found to have a reduced swimming effor
ai ding the Reeama,di@redga)fhiissh ef fect, however, h a
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| arge enough in magnitude to explain a maxi
so there may be other mechani sms, hydr odyn:

swimming effort of the | eader and potenti al

The FBF reduction was higherpofionrt laatr gae rs hsohac

4 fish beyond which more shoal mates did no

was no | ink between nearest neighbour di st a
swi mmers, there may be nroe afdvramataiger oé¢t salo a
Ren et fBobr,|l @a02B8BHorm fish. There, however,
FBF and the distance to the fish in front

hydrodynamic benefit comes from the wake o
wake (closer to the fish), the greater the

vortex streets from the beats of the pecto

velocities i mmediately behitnhde thheea df iosfh tthhea t
fi(shhandi ackpagl02a3nd deaderThe pressure on th
however, is stildl hi gher than the surroundi
this is highly dependent of foll ower posit
wer e olfetaesnt apparti ally alongside the | eader

caudal fin), the increased pressure downstr
some of the benefit gained by the pkadar.

energetic benefit ofWeshisad ;i nighae@3 atnida,f we yn d
202 2; Re@0 2dBdgs milt.e not having yet been gquant
fish. Evidence from other studies has found
energeti(cHebneenlerfjgkitbgt uali ng the drag wake a
position can redMaer @0 éi)Faudr.tchoesrtnsor e, vort
fish may not be discrete or or ga(nbaghdo cegnhoiu ¢
and BorR®&ABamhese findings, combined with th
(Drucker ,20 0&0ndaudneer si ze of the vortices sh
to the I engthscale of vdlLtaxx thatlfisR0OOBt e
et al, m&2ld9)he vortexplthreatriyomnf amltkel yed
in sticklebacks. No distinct pattern of phe

and the sticklebacks do not seem to use oOr

maxi mise their efficiency.
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hansen et al. (2010) found a reduction i

eater reduction in oxygen consumption. Th
the swimming <cost reducti on c obmets nfortom
clusively from this mechanism as some ma:

tentially explaining the high&ohaxygrnetr e

10)The angul ar acceleration of the pector

iIs fin, the angle that the fin is opened
|l ow speeds (Figure 6.7) the piecdnoowaér fa
der period of time compared to the indivi
gul ar acceleration is more than twice as
riod. The pectoral fin tihhterteiorpermiead sof a

celeration curve does not relate compl et
t ween beats where the pectoral fins are Kk
fort by a sticklhelradkBFc ammpmr ias eno rleo tpho we r il
wer f ul stroke may also explain why the F
riped(PunucgkercBd@O0)L auder

ere was no clearly organised prevalent s
erall the diamond formation was more comn
ed. A rectangul ar s hoa(lDacgahno a gnhcir edafsde5 B ohrea z
d this may explain why it was used more
amond shoals have al s(oDemege na, rfdousihdavoe 0 a Ir le,d
wever, the dynamic nature of the stickleb
the prevalent mechanism. The sticklebaclk

ainst the direction of emobtgirorne nptriondgu ctehde ifni

e smallest surface area possible to the f
generate maximum thrust. The stickl eba:
comotion. The mostr d&dukcetliyo ne xipn asnvait mneinn ¢f oc

ag reduction effect caused by the drag wa
w their pectoral fins i n the drag based t
creasinglgeswt oomi hg €1 ame wal | with high:
nsistent with their choicéGafinbaWdatOgnal as

142



The hydrodynamic and Kkinematic factors tha

—h

ound in this study have been evaluated but
hough an experi ment al fl ume removeisngf acto
Cushing & Jones,tHlnO6GS; wiLlalr salbway20he)a | e\

et ween the fish. The soci al aspect of sho:

U/\f—ﬁ

to understand i f any energy savings occur a

-~

equireidnttohe xlpdrage FBF reduction the | eade

.5 Conclusi on

m o

or |l abriform swimmers shoaibiemg brmrewyaurtncg
ompared to a fish swimming alone with th
tabilizing at four fish. The FBF reductio
hoal | eader experienced a slightly | ower F
n equal FBF reduction as the followers 1in

- o »vu u O

i sh changed positions dynanmabclael.l yS haonadl isnhgo a

=]

ot synchronise their fin beats in any way
reduction in shoals was due to the reduced

rat her fish benefiting tfrrecemt .usTihneg sat i wdkrl teeb
swimming effort in shoals by reducing FBF &
when swimming in shoal s, in contrast to in
reach doubl e the amowinth otfh eanrg upleacrt oarcacle |feirna
Sticklebacks c¢closed their dorsal, anal , an
drag but in shoals the caudal fin was wused
SwWimming i n grsouptbalimagt bkl abérasficimltiBiyst e
chapter the benefits of shoaling werasmdexpl o
l i nked some key ikn nreenagorcs @ atr@a meh ®@alsmates n
1 and 2.
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Chapter 7. Rai nbow trout behaviour in
Vertical Axis Turbines (VATs)

Conceptualisation and methodol ogy was by P
Stephanie M¢ll er, Dr . Pabl o Our o, Dr . Val en
Sorisio. Data collection by Gugliel mos$Sonni
visualisation, and writing by Gugliel mo Son

Summary
Hydrokinetic turbines are an emerging techn

by exploiting river flow. They are a potent

i mpound rivers, cause habitat friaigmeneéadt i
i nformation is available about fish behavio
of shoaling have not yet been e@ataoamhgdchus
my k)i swere all owed to swimei nt uanbilnaeb ocroantfao rgyu
single and paired turbines, either individu

channdlu,r btimesi gmnmidfrieadaurctel yf i sh passbBgehwtvene
signi mocantlikely to swim in the turbine wak
bow wake) when there were two turbines becs

wake. Fi sh apprsiagriefdioa aretoltyue bi nesshoal s t

and were overall bol der in shoal s.

7.1 I ntroduction

Reli able power supply is essential to moder
of the UN s uUsUNERh2bD)Mpysgobhhsge cities and se
nati onal energy grid networks and power pl a
and i ndustry t hrough a mi xtur e of fossil
communities, h dwvee vweirt, h srtallilabster ugpagwer supp

renewabl e resources that may not be predict
us a(geNRPR 23 )f avouring an increase in renewabl

using resources that do not damage the natu
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Freshwater watercourses are a valwuable stol
exploited by humans. The most common form ¢
times is by impounding | arge volumebi oés wat
O generate power. Such hydropower plants (
ut t heir contribution varies widely by coc
Ritchie ,2680RoEndpl¥24)MPPist mtree consi der ed
nergy source but they stil!]l have a negat.
reventing and/ or del aying fish mi grati ol
haracteristics, a(nkdi pcearuseitngalf.i,s h2 Onlo8(ht;;a FA rtai
000 new HPP@Gvamr eTrpdznkpgeattt iaclul arly in rela
ivers such as the A(M&izmenmi |[@dalkdbgg b maenldt dMe& oftr

f freshwater species, some found nowhere e

w 6o T o —~ T -~

-~

atur al fish passage solution, however, cal
Dainys etandl bl o2&G1l8Mhe MPigpat i en &l t bt Benh 8
ams having the | argest e(c®duwtg® 0edtl ;almpacTr e
t ,2a012.1)

®® o —~ S O

For communi ti es not connected to the wider

hydrokinetic turbines are emergi#ig@gmagi ag a

solution to hydropower plants, witbhsmesepph
River( @¢tlowei, 20l 1¢Hy daloki neti c turbines use t
generate power. They do not i mpound rivers
of theChaweha2rOi2ledy darnaki netic turbines are
i nstal]l t han HPPs with potentially fewer e

del i(vBeardyr ul $220 1 €;h @hauwdohZalr)malitnglt hem i deal
remot e (Bagirans Ra0l1ll9%;h CGotuGall )et al

Al t hough hydrokinetic turbines potentially
mor phdlMaugw,2t], 83tthey sti | | bl ock part of t he
must seek to understand how they alter the
technology is widely adopted. Vertical Axi s
promi mamgtn deor hydrBlinmMetri cett warlhi,ne2s0ZBey Our
can generate energy from (fU wnusi,2ni H6éha awvle.| hav &

little effect on the flow when stationary,
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The effect of full scale turbines on the fI

turbine in Al aska, for exampl e, created an
velocity decrease and increased (tQurebrurlae nacned
Thom2®dril 9)Downstream of the same turbine, the

into a | ow e(nCGuregryr af aarn2@ AT8hblmme ni c a | and ex
studies of VATs have investigated the wake
a single turbine featured a smM®uUlosanpdndtoe
2017;,2@Pb8p2@28ipt h a downstream wake that ex|
by high |l evels of wvorticity and | ow veloci

turbine diameters (2.5D) downstream with vo

(Ouro an®03t7rglelsesewake can be split into thr
extending 2D from the turbine featuring | c
vortices, a transition region between 2D ai
momentum recoVvemuaibtottai s a high | evel o f t
expands vertically, and the far wake beyond
some minor (fOluwot wat iadUss, N0l W) n VATs ( TVAT)
generate more energy where the channel i's W
bet ween the wakes of the two turbines, depe
each other. Wheninhtetye aga@metodiataq) i om hece |
velocity in the wake compared to a singl e t
of the wake,  rohateag coaubiaes will have th

moment umy rlego¥S PBrridt atoiumg efror wards (see Figu

| arge verticalr etxdateinrsg (ObgleKevmbdsnt 2021)

The | i mited iksnho vbleehdagvei ooufr ar ound Hhydroolit oe tyi
fl umes, river, and tidal turbine studies. I
avoided the turbine when oper(aBe nodnearl ,e tb uatl .p.
Amar al et al ., 2011, 2015; Berry et. aln, 2
tidal channel s, a 35% decrease in turbine
operatf Voeaiman an®0Zyg¢i0telwesrk i f i el d studi es,
attraction to the turbines and Viedmaas ed d
Zydl ew@G k4 ; FrraGE8ndeta al7.8% i ncr e as(eFrians esrh oeatl
al . .20Sluw8c)h aggregations hnebe2xtaleXe)Mas eldnt ifoi

prefer to plawd |Ited tehe adi.de 202 3; Sonnino Soc
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201o/r) above the turbing Cealsamndsopsa tafad 3 lalrooo n s
a narr oW g¢fllluemme edar ailn ,a 2tQiBidBgrimac R &k B3 ¢alur bi ne
presence did produce a movVveSnernti vbaar rri aetre sf ¢
exposure are generall yAmapalttetd abk.beROGlab
2019; -Bomerzo & Richmond, 2014 ; DbSuwtn nbInaod eS ogti |
ri sks can vary widely in | db &réahanrg? Odtri’ da In.un
Yos hi d,a0 2tDo6al..OB0o méo me z an d,2R0ilcdh;moPnedr a,za and
2023)Injury rates from turbines also vary,
bruising and descaling bei Agnat & 0d& 9Vithlicloemmc
the turbine sound does not appear to i mpact
do affect{ Vbehmanoana0 Z4;d| ¥owsshidid®a; eSomdi.no S
et ,2a002.3)

Few studies have analysed the eff(e\iteshmdn f i
and Zy Rl0elws;kiFrra@Ee8)eeenak hough most fish sp
|l ife. Hence, this effect should be consider
hydrokinetic turbines. The primary drivers
predat i on( Cavsohii dhagn ta8n6d8 ; J oEnnes&t0i Op7p; eSe padplP0 &; et
May, & 10; ,RaOris)oor dMpiyle@d1, 0)soci al (iCutséi agt ianmn
Jonk%s68)and hydr od(yWeajiibPsc 3 be h e Ri&#2sd )dweaMer , t
interplay between t(he@wsshifnagc tores8 ;J,cMedsdilszat at
Lar szs@I&2Znd t his balance will shift accordi ng
turbines and moving flow, shoaling Waij dlst br
1973; Li gm@24)&t shl can reduce their energy
shoal i ng (dhaanng damdh@® DY dbuxdpeerr i m iCtua lr | ®tr u @it e | |
de Bie et al ., 2020; Johansean fetshala.n,d 20 Ifd
(Harvey022; aThandi a2ckkZad)aad dn UL me dDemnagl asntdu dSihea
2006 ; Rem2Bgveal al so found eneygéeutcthenadafrii
mechanism of the energy reduction of shoal
al so benefit from shoaling (Chapter 6) due
behii®Reén ,202 &)J)A. more common explanation for
however, i's that following fish can expl oi
vortices in the .walkhee yo fa cthhiee viee atdniinsg bfyi sshwi m

fi sh (Trh afnrda matc k a | & Laudemnysr 202 &A; sWeig geetr edl
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f or mg tWe pLlhos7 3 ; Den@O0&@mwmdFiSshhaoi n a shoal coul d

and gain energetic benefits. As positioning
theory of t hPawvboriegelsOa/mod e PMatrerbagsb )Elh erad . ar ¢
studi es, however, t hat have not found any

rai nbowCurrroiyg® 2 géjdeanonstrating that the prin
universally transferable between species &
shoaling are the familiarity and @Clog®mpdt c
al2.004; Ra2 Oplh2 )en fsa tatt iuesn ( Bar ber & Ruxton, 20
Ward et ,aland 20@&5)eO08eppt2®PO&S8fabbrs

Rainboar erofuten used as 4 Cmoate larl)aonsdtzddblelsi n
i nvolving turbinasweMil lasr betnragli p/ree Z@an3g)ei n 1
whemany permits for hy@hekendatsi cstddJvi caeskr
concerning turbine configuration and shoal.
needs to be filled before these devices can
examines the behawi tonOmutofr(hjyumwcimuish entyltkaispbes e
five different configurations of single or
of three fishesThd haihref \p& £ssheanatlemaafes on be
arobpwpdrokiumdb@measl readyescse)hy amdabampte t he ¢
of the wake of a st at i oannadr yt, b esa tneggd eh y darnodd ypr
effdbdttsi ntroductmowi g tawnr kmictd vedd/is a | ayer
on the shoaling evaluatiaoanswetllelstdsgprae \wiodu

emerging threat to fish migrations.
7.2 Methods

7.2.1 Fish origin and maintenance

Fi sh t rpiearlfsorweerde' 'Mat we &ap@iol7z 2021 from 8:00
individual fi"Maramd dpatiB®e2n02212 from 8: 00 t o
fish. The fish used in theseOncorhynwkrus mMye
N = 80) purchased from Bibury Trout Far m,

Before the experiment, they were housed in
tanks-80fL68t a density of 40 fish par tank
12h:12h light:dark cycle at 15N1AC in water

fed daily with trout pell ets in the mornin;
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trout were transported to a holding tank ir
separ at emdatinhted ssteeeal s, i sol ated in plastic
tank of 500 L. The trout wer eAgnaa Safad nSeda dhr
Prime Concentrated Conditioner), aerated wi
D-D Aquarium Solution DC 750 <chiller, and
(Aquamanta EXF 600) . Water qualatytwaseshe
(Nutrafin). The trout wereteakéepw ahl aegtpgbr i
t o bectceodngdiuday | iagnhdt fheodu rtsr out pell ets ever)

provided with plastic tubes and other refug

this setup before any testing occurred to
shoaling trnieal Puwene ¢d&dmree batches over the
of the trials, the fish were transferred be
the case of the single fish treatment, t he
pl asti c-dmevsihd esrusb but ot her wi se kept in the s
trout had completed the experiment, they w
Bi osciences.

7.2.2 Experimental setup

A recirculating open channel flume (10 m | c
bed sl ope) at Cardiff School of Engineerincg
the flume was bounded up and downshréeadam by
fl ume walls by glass. The flume bed in the
water surface was covered by a transparent
section was | ocated 4.4 m fr onedt hle 2u pns tl roenagn
1.2 m wide with a flow depth of 0.23 m. Ver
were constructed with a diameter and hei ght
l ength and a NACAO0OO0O15 proddiltei,ordd hata tsh el gd
working area, at (x = 60 cm, y = 60 cm) in
present it was inserted at (x = 42 c¢cm, y =
di ameters. Each bl adehawwas bmo umtoe B tmom a i aanet!
|l aser sintered from white PA2200. The centr
the flume bed and held the bottom of the bl
shaft was connencdt ead O naont-DévVdEaEdcebrl G , mA and

149



DMN37K50G18A, DC 12 V respectively) which w

the flume. The turbine operated at a fixed
velocity!oQ@ =012 tnesi s gave the op(t3.muMyltliepr,
Muhaweni mana, et al .., T2h0e2 Iwo r&u rnog eatr eaal .wa s2

both sides by a totalCodfo ufro u.rkE Ds)p catnldi grhetcso r(dN
per second (fps) fBaoumernS\WMETIhee avdht @ea me ma t (h «
was dechlorinated using Prime D®&chAigoar naimo
Solution, DC2200.

120 —
78—
66—
5 60—
)
52—
24—
¢ T | I |
0 30 34 42 60 68 72 120
x (cm)
Figure 7. 1. Schematic of the working area
flowing from top to bottom with the | ateral
direction as the y axis. The twexltachwinees
( TVATXOt reat merit)y,, iThmeTablngl e turbine tests
positioned on the flume centreline and the
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removed. The col oured areas72r,e pwheesreenty etlhleo w
wake, green = near wake, blue = turbine, an
7.2.3 Experimental procedur e

For shoaling treatments, n = 19 groups of t
i ndividual fish were included itm atntksd eameldy &
the holding tank to the flume in a bucket o
experi ment al ar ea. The fish were then all o\
first 5 minutes at aanddoecoedefpowdahnhg ofirB
rpm, the foll owilagd53minpmesamatd BRAelLti nal 1
fl owr at’anadf 583 RIPSM. At the end of the acclir
from the workinghiarseta tihnet op ear shpuecxk esthsewt was
t hey co-uhsedoeendseg ream of t h(eM¢tl e bien.e salhf,eo [2]10a
recording was started with a 10 minute 30

place the trout at the downstream end of t|
(these initial 30 second3hwerewdrstaodédndl
behaviours not edAfutpeomn trlkee n1 @ ochuotut enexperi
were removed from the flume and transferrec
single fish, the fish | ength and weight we
i mmedi ateltotaanamlerr e single fish only t
single fish withla $/Elglgé evitdr bnome ( SVATTr mat
fish treal)meavai(lS3VBATe in M¢l Il er et al . (202
were used to investigate the i mpact of f 1l um
t he shoal s opfartthriene aflils RAtl teocaotking mt € aC ha tslheo al
part 1in one treatment per day, compl eting a
days. The treatment order was randomi sed f ¢
behaviour, or tiredness bias.
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Tabl e 1. Details of the treatments invest
C = Control, SVAT = Singl e-RygATa,t i MYAT GRB wx nC
Rotating Backwar-Aet atCRFg =F oCowamntdesr, and the
nmber of fish. Il n t he rotati on direction (
relative rotational directions are describe
For shoal ng tr datsmantforn evel@r 4 &NEAHEtdnd motr e
the single fi(sths @ doe@relme-i).t SWAFE 16
Treat1n No No dq@ Rotat| Turbi FIl ownn Bul | Fl o
of [Turb| direc|Rotat| (LY% |Vel o|Dep
Fi s spee (M3 ( m)
(rpm

C-3 3 1 Stati ( 0 53 0.1 0. 2
S VAT 1 1 Count e 59 53 0.1 0. 2

Cl ockw
SVAT 3 1 Count e 59 53 0.1 0. 2

Cl ockw
TVAT &30 3 2 Count e 59 53 0.1 0. 2

Cl ockw
TVATCR| 3 2 Cl ockw 59 53 0.1 0. 2

and Co

Cl ockw

Backwa
TVATGCGR| 3 2 Count e 59 53 0.1 0. 2

Cl ockw

For war

and

Cl ockw
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7.2.4 Data Analysis
The video recordings of the fish were proc
R20ZA4Tehe Mat hWor ksanldnd hezaa02h)ey we(rWalttheean aannd
Couzi nwi20Ol2 OwWhi ch the positions and midline
Il nspected, corrected where necessary, and e
were then analysed in Matl ab 72q chtmei mft hwvh
are based on a grid defined with the origi:!
wor king area, also shown in Figure 7.1.
Table 7.2. The variables calculated from t}
the curreranawaludegs Tlgeven in cm) in the des:s
coordinates shown in Figure 7.1. Areas are
Vari abl|Description Di agram
Di stanc/Tot al di st anc ¢

fish, calcul at

di stance betw /| | o 7

over the 10 mi

£

ProportfThe 1472400 Kkicm
expl orewas split?2signutg

and t he numb

entered by ead

and expressed

the total numi T 1

¢
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Cross -)c{Number of ti

passed upstredq

of the yeEubDbi oJ
=

Tur bi neNumber of ti

O] entered the tI

def i nedx>a $ 8( X
y> 66 cm) wh e
was presenti>alf
cm, y2 66 cm)
turbine conf i (
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Near Ti me spent
ti me (silnear waxee 7(2
y> 52 c¢cm).

by
3@

Far wakKTi me spent by

(s) far walk=e T 3O0cy-
> 24 cm).

Bow wak/Ti me spent by

(s) bow wake (dir
the turkxbnéB (

<y> 78 cm).
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Ti

me

n

of t t shoal
proportion of
anal ysi s was
each of the a
bynly consi de
area.

A A

Ti

me

=Y

amount of
fish wer e
|l engt hs
e base
h | e
S as
e. Tl
al so r ated
areas veedd

considering ti

e
I
s h

ot h
t al
pr e
t al

0o o "o o
OX 0SS~ —=

O‘CDBQ'U)A

i
e
i
p
b

m_m#m_"ﬁ

A A

~
- —

-

Number of fr ar
t he SWi mmi ng
tail beat fregqg
was approxi mat

A A
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Domi nanThe proportio

shoaling for

was upstream

was cal culfaitseh

the second hi

was subtract ecd

proportion. */L

¢t}

Tail bea/The tail movem
frequenfrom the postur
(TBF) (|Fourier transf

the signal. The

was extracted f{

dat a. Thi s met

against human 3

clips. Thi ss a

repeated for e

defined above |

frames in that

7.2.5 Statistical Analysis

The statistical analysis for this (Rt Coy ewa:
Teag2n0 22 )The data was i mported into R and che
use of the same shoals, Generalised Linear
f or prseepldiocati on by including shoal | D as &
t Heme 4, nl me, and | mé Bae¢ R 0ddedc hiKaagn2@&idbey au xe
Pinhei r2o02et)Ttad . study was performed in batc
i nspected to verify that there were no stat
vari ables (GLMM, p > 0.44). The data was n
pr oducbeeds tt hreesi dual di stributions compared
analysed using a poisson GLMM which outperf
To further analyse TBF, Matl ab was wused to

for AB&I iferent areas of the working sectio

significance was 0.05, where multiple rel:
relationship of al | treat ments comparred to
significant results is given.
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7.2.6 Hydrodynamics

A previous experimental study by Mgl er e
di mensi onal wake shape from Acoustic Dopry
configurations tested. Data was available

tumés: 1D, 1. 5D, 2 D, 3D, 4D, and 5D where
Figure 7.2 prov-agdesagedteureamiwi semeel oci t)
mm. The sl owest velocities i n t he wake a

coroedpng to the upstream motion of the bl

wake with the small est horizont al footprin
TVATQM¢ lelteral .. , TR® 2Hi)ghest turbul ence i ntens
TVATCRB¢ lelteral ., 2021)

{{\ Q TVATCO

u(ms')

0.2

| 10.15

0.1

0.05

120

Figure 7. 2. tQoemeteoruag ed odtsr wadmwi se velocity
for all turbine configurations. The coordin
7.1. Acoustic Doppler Velocimetry was used
tur sipmrei ng was 1.5 turbine diameters and |
downstream of the turbines up to the fl ow
Figure 7. 1).
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7.2.7 Ani mal ethics statement

Al l work was approved by Cardiff Universit)
Home Office PP816714.

7.3 Resul ts

7.3.1 Distance, exploration and passage

Fish swam the | argest di-8)awceéhia meancoft
Figure 7.3A), and signi-1tj cavB8TgGhes SBVATCRF
within the working sectioB dfGLtMMe fpld@amé 2i)n
reflected in the proportion of the total w
where th8 bnshkhvena@Ge explored significant]l

~+

r

e

fish 1 n3TVAVEDCR&nd SWWATc h was sihgmi faild a nottlhy
eat ments too (GLMM, p<0.017). The decreas
f

—

ect passage success past the turbines, a
contr ol with th& whicelptih@aanteliyg AinvAT&€ O ( G
.001) as shown in Figure 7. 3C. Figure

2]

ompared to-lcthmadr sli gn$SVATcantly fewer intereé
0.002) wBehads mSVAT-6HELMNYADPGEHEBAT CRFhad

gni fi cant3d,)y StwAde dt3IBHMBILWMM-L6p=2and3 TWWAT CO
e most out of aldf26f)redthmenf s ndGbB®M] spsdas

w T O T 9 O
I
o

~—+
—h =5 —

ti me spent very close to)thewithbrbi-absi (Db
and TSAB@RmMdi ng significantly more ti me t

- w O

he same trend in the results from the rel
ur bines (Figure 7-13B})ayiwtliecsamtiliy hf urmnt hSSVPAT
turbine than al/|l ot her treatments (GLMM, p

~+

turbines staying significantly c¢closer than

160



161


































































































































































































































































