NATIONAL TECHNICAL UNIVERSITY OF ATHENS

JOINT POSTGRADUATE COURSE
«COMPUTATIONAL MECHANICS»

Mathematical model on simulating fish-behavior in river flows

Sotirios Pagonopoulos

«COMPUTATIONAL

MECHANICS»
Athens, June 2017

Supervisor: A. I. Stamou, Professor NTUA



CONTENTS

ACKNOW LED GEMEN TS ittt st e s st a e e e e e e e e e e e e e e aeaneas iii
FAN =Y 2V 2\ O PP PP iv
EKTETAMENH TTEPTAHWH ... .ottt a e e e e as 1
b:21 (o] 1 (o Yol i o Vel  Uo Yo T U Lo o [l o 1Y [ e LGB 1
[ Fa{CToTeTeY,No)A Lo I e TR WF=T oY It o g Lol 017 Lo o [ 1
B = AN I ] I PP 1
2 ZuvonTiKN MEPIFTPA®H TOU HOVTEAOU Lttt ittt it it st saesaesansnssassnsensannennannennens 2
B N = T o a0 ) € o 2
B A\ [ Lo Y1 (e Lo Lo NU T 5 1o 7,0 14 o /¥ 1) V2 3
2.3 TIpocdIopIOHOC TWV BEGEWY AVTIANWING tttrentrrrnerneernerernenernerernenerneanrenerennrnenens 4
2.4  Aiadikaoia eMAOYAC TNG BACIKAG CUHMEPIPOPAG «eueuenenerertanenenenenenereraanenenenenenenes 4
2.5 YnoAoyiopog TaxuTtnTag 1X0UOoG yia TIG TPEIC BACIKEG GUHMEPIPOPEG . euerrrrerrrrernenens 5
3 TEPIMTQIH EDAPMOI HE Lottt ittt et a e e e e e e e e aaenens 7
20 A I e o) ¥ 1 oY U o 1Y/ 7
L2 V] 3 (07)Ye)V4To; U o] I [0 (e, N [s Lo ¥ Lo Yo 8
5 ZYMMEPAZMATA — MPOTEINOMENH EPEYNA ..ottt eaa e 10
130 D U TW1 3 F=ToTe [o U Te i e B Y017 [ Lol 10
5.2 TIPOTEIVOMHEVI EPEUVA. ttuuentrnersruesrnesrnersrnersenerssaersenersenerseaersrnersenerrmerenerenes 11
B 1V 20 7 16 L 1 O ]\ PP 12
1.1 L= o= or= P 12
1.2 Background on fish behavior models, Research questions and hypotheses......... 12
1.3 {00} 1 =] 1 13
3 0] o= o | PP 13
2 THEORETICAL AND MATHEMATICAL BACKGROUND .....cciviiiiiiiiiii e e e e 16
20 R =Y o =T - | PP 16
2.2 Types of fish Migration.....cviiiii i e 16
2.3 Detection mechanism and detection range ......ccoiiiiiiiiiiiiiic i 17
2.4  Movement, behavior responses and l€arning.......covvieiiiiiiiiiiii i 19
2.5 Existing Mathematical and computational models ..o 24
3 PRESENTATION OF THE FISH BEHAVIOR MODEL.....c.ccciiiiiiiiiiiii e e 30
7 N =Y o =T - | PP 30
3.2 Description Of the Program ... e 30
3.3 [ 1111l 1= o PP 39
3.4 INPUL IS i e 42
G T T O 101 o T L o 1= PP 44
4 CASE STUDY: JEDSTED MILL FISH FARM ...iiiiiiiiiiiiiii it ee et se e e e e aeneeaeneas 46
4.1  Case study area - Jedsted Mill Fish Farm ......ccoiviiiiiiiiiiiii e e 46
4.2  Measurements of fish trajectories for the Jedsted Mill Fish Farm....................... 48

4.3 Bathymetry and velocity data, discharge and riverbed roughness information....52



5 SET UP-CALIBRATION OF HYDRODYNAMIC MODEL .....covviiiiiiiiiiiae 55

o R =T o 1= o= | PP 55
5.2 Defining the computational mesh ... 56
5.3  Setup of the hydrodynamic TELEMAC-2D model .....ccviiiiiiiiiiiiiii i 57
5.4  Calibration/verification of hydrodynamic model ..........cccoiiiiiiiiiiiiiiiiiic e 58
6 IMPLEMENTATION OF THE MODEL FOR THE CASE STUDY ..cciiiiiiiiiiiiiiiiieiiiienae e, 60
6.1  Application of the hydrodynamic model on case study........c.coiiiiiiiiiiiii i, 60
6.2  Application of the Fish Behavior Model — ReSUItS .....ccoivviiiiiiiiii e 61
6.3  SeNSIHIVILY ANAlY SIS ittt 62
7 CONCLUSIONS AND PROPOSED RESEARCH.....cciiiiiiiiiiiii i eae e e 72
2% N @ 3 [0l [ U 1=] o o = PP 72
7.2 Proposed rESEaANCR .. e 72
2= T @ T ] Y =] PP 74
PN o o = T ) ) PP PRPPRP 76
Table of parameters and variables ..o 76



ACKNOWLEDGEMENTS

ACKNOWLEDGEMENTS

This work has been carried out at the Department of Water Resources and Environmental
Engineering of the School of Civil Engineering of the National Technical University of
Athens (NTUA) under the supervision of Professor Anastasios I. Stamou.

I would like to express my gratitude to Professor Anastasios I. Stamou for the useful
comments, remarks and engagement through the learning process of this master thesis.
Furthermore, I would like to express my very great appreciation to Dr. Jon C. Svendsen,
Researcher of the Technical University of Denmark (DTU) for providing experimental data
on fish trajectories, as well as flow field information necessary for conducting my work and
for his valuable and constructive suggestions.

I would also like to express my deepest gratitude to Dr. A. R. Goodwin from the
Environmental Laboratory, US Army Engineer Research and Development Center, who
kindly provided me with the latest version of his model. I also own special thanks to the
whole research team of Professor A. I. Stamou and especially my colleague Stavros Diles
for his assistance at the last stages of this work.

I offer very special debt of deep gratitude to my family for their unceasing sacrifices and
encouragement.

The present work was performed within the framework of a research project entitled
“Programme for the promotion of the exchange and scientific cooperation between Greece
and Germany”, IKYDA 2016. A part of this work was carried out in the TUM; Special
thanks are also due to the DAAD, the TUM and the NTUA.



ABSTRACT

ABSTRACT

The main research questions the present dissertation attempts to address are: (1) how
can someone analyze and simulate fish movement and fish behavior in a river flow and (2)
how can the above behavior be modeled by structuring a mathematical model describing
the main aspects of fish behavior-movement. By addressing the above research questions,
researchers will be able to create hydraulic structures such as fish passes, so that fish can
recognize and orient themselves towards them. The present work attempts to address the
fore-mentioned research questions by structuring a mathematical model for simulating fish
behavior in river flows. In particular, (1) a background research review on fish behavior in
rivers, stimuli that affect the decision making while swimming, movement related to each
behavior decision and already existing behavior models was conducted, (2) a fish behavior
mathematical model was structured based on existing fish behavior models, and (3) an
implementation of the model was conducted on a river in the Jedsted area of Denmark,
where fish movement data were recorded, in the scope of validating the model that was
created. Hydrodynamic stimuli for fish behavior is calculated with the use of existing
Computational Fluid Dynamics (CFD) models, and TELEMAC-2D in particular. In the model
created, flow velocities and acceleration magnitude are used as stimuli to determine
different behavior decisions and related movement. For the present model three different
behavior responses were modeled: B1, to swim along with the flow, which consists of a
Biased Correlated Random Walk in the direction of the flow, B2, to swim towards regions
of faster flows thus facilitating downstream migration through obstacle avoidance, B3, to
swim against flow vector, which is an escape response, where fish abandons downstream
migration to swim upstream. The model also applies a random change in swimming depth,
incorporated in the above behavior responses. Acceleration magnitude is the triggering
stimuli to activate different behaviors and flow velocities can influence its trajectory

Keywords: Fish behavior modelling, Fish Passes, ecological modeling
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EKTETAMENH NEPIAHWH

ZKonog TNG napolodag epyaciag

O kUplog okondg Tng napouoac epyaciac ivar n dounon &vog PadnuaTtikou HPOVTEAOU
OUMMnEPIPOPAC 1XBUWY, IKavoUu va MPOCOHOIWOEl Tn CUMMEPIPOPA IXBUwV OTnV avavrn
nepioxn evog YoponAekTtpikoU ‘Epyou (YHE), a&lonoiwvTag epebiouaTta nou d€xovTal Aano To
nepiBdAAov peucTo. H eniTeuén Tou oOTOXOU auToU E€yive aflonoiwvtag Oedopéva
nponyoUUEVNG METANTUXIAKNG O1aTpIBAC, Onou avaAulnke n AsiToupyia undpyovTog
MOVTEAOU OUMNEPIPOPAG IXOUwV. AElonoliwvTac PBACIKEC AEITOUPYIEC TOU UNAPXOVTOG
HOVvTEAOU, KaBwg kal Tn diaBgoiun BiBAloypa®ia OounBnkKe pabnuaTiko / UMOAOYIOTIKO
HOVTEAO, MOU avTanokpiveTal oTn cupnepipopd 1XBUwV Tou supwndikoU Ywpou. H dounon
TOU NapoOvToG MOVTEAOU danoTeAei kaivoTopia, Oedopévou TNG UNAp&Ng Aiywv povo
avTioTOIXWV MOVTEAWV, KAl AVAMEVETAlI VA OUVEIOQEPEI GNUAVTIKA OTNV KAtavonon Tng
OUMMEPIPOPAC IXBUwWV Kal oTn PeAETN YHE Tou €AAadikoU Xwpou, PYE OKOMO TNV NMpooTacia
TwV IX0UWV.

MeBodoAoyia kal HEpN TNG Epyaciag

1 EIZAIrQrH

H kaTtaokeur] udpaulikwv €pywv O€ MOTAMIA AV KAl €XEl JEYAAN onuacia yia Tn olkovouia
MIOG XWpag, EMIPEPEl OUVEMEIEG, OIAKONTOVTAC TN QUOIKNA PO TWV MNOTAMWV KAl
OnuIoUpYyWVTAc €va TeXvVNTO €unodio, To onoio ol 1XOuec aduvartouv va unepBoulv KaTa Tn
METAVAOTEUON TOUG MPOG Ta avavTtn n Ta katavrn. Avayvwpifovtag TIG nePIBAANOVTIKEG
ENINTWOEIC TWV UdPAUAIKWV £pywv, n Eupwnaikn ‘Evwon eiofiyaye odnyia-nAaiocio {8},
oUU@wva pPe TNV onoia Ta uddTiva cwpaTa anaiTeitar va d1aTnpouV Hid KaAr OIKOAOYIKA
kataoraon. Baoikf npolndBson autou eivar n anpookonTtn OiéAsuan 1XBUwv npoc Ta
avavTn Kal katavTn Tou notapoU {15}, To onoio anaiTei opBr XwWpPoBETNON TWV UdPAUAIK®V
EPYwV. ZTO Napandvw avapgeveTal va ocuvdpduel n katavonon Tng Kivnong Twv 1XBuwv oTa
noTapia Pe Baon Ta udpoduvapika XapakTnpIoTIKA Tou nediou ponc.

H kivnon Twv 1x6Uwv pnopei va yivel, und To npioya TnNG HEAETNG TNG CUMUNEPIPOPAC TOUG,
kabwc npooavaTtoAilovTtal kal Ta&idelouv o peyaAo Pabuo onwc kal ol avBpwnol {233}.
Mpoc autn Tnv KaTtelBuvon €xouv avanTuxBei €va apiBuoc HadnuaTikKwV MHOVTEAWV
npooopoiwaong TNG Kivnong 1Ix6uwv Pe Baon Tn oupnepigpopd Toug {1}, {123}, {13}, {14},
{153}, {3}, evw €xel vivel kal ekTevAc BIBAIOYpaA®IK avaokonnaon kal JeEAETN gualgdnaiag
o< oplopéva ano auta {11},

>Tn BIBAloypagia undpxel NANBwpa €peUVWV OXETIKA UE TOV TPOMO Mou avTiAapBavovral
kal avTidpouv ol 1XBUeg oTa udpoduvapikd XapakTnploTIKa Tou nediou pong WE Bacn Tn
ouunepipopd Toug. O1 1XBUec avTIAauBavovTal Ta udpoduvapikd XapakTnpIoTIKA TNG PONg,
Onw¢ TaxuTNTEG Kal emMTaxUVoeIC, Kal dIaUOp@®WVOUV TNV €1KOVA ToUu NEPIBAAAOVTOC XWPOU
Toug {5}. To napandvw YiveTal €vrog WIAC MEPIOXNC aAvTiAnwng, n onoia eKkTeiveTal o€
MEyIOoTn anoortacn ion Pe dUo uAkn 1X0Uog {4}. H nepioxn avriAnwng upnopsi va eivai
KUKAIKRA 1 napapopwpévn {123,

'EpPEUVEC OXETIKA WE TIG TaXUTNTEG KOAUMBNONG Twv IXBUwv £de1&av OTI ep@avidovTal TPEig
Baogikéc katnyopieg kKOAUUBNoNG: (1) Zuvexng koAUuBnon, (2) napaterapévn KoAUPBnon,
kal (3) ekpnkTIKA KOAUUBNon {263} kalr ouvdEovVTdl PE AVTIOTOIXEG OUMUMNEPIPOPEG. ZXETIKEG
£PEUVEC NApoucialouVv OPIOHEVEG BACIKEC CUUNEPIPOPEC KOAUNBNONG WG Npog Tn por {25%,
{133}: (1) Evepyn KoAUuBnon otnv kaTtelBuvon Tng pong, (2) nadbnTik koAUWBnon Kai
cupnapacupaon and Tn por, (3) ano@uyn Kal YETABOAN ywviag og ox€an YE TNV pon, Kai (4)
dlaguyn Kal KoAUPBnon avTiBeTa atn pon.

Kata Tn didpkela TNG METAVACTEUONG NPOC Ta KATAvVTN ol 1XOUeC gupavifouv pnxaviopoug
Hadnaong kal Npogappoyng 0Tav cuvavToUVv onPavTIKEG NETABOAEC TNC PonG, KaBwg apXIKa
anoppinTouv OPICHEVEC NEPIOXEC Kal gugavifouv cupnepipopd avalnTnong MHEXpl vda
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npooapuooToUV OTIC OUVBNKEC POrG KAl vd CUVEXIOOUV TNV PETAVACTEUON MPOC TA KATAVTN
{24%, i va emA&ggouv diapopeTikn diadpour {203}.

H napouoa epyacia €nixeipei va HOVTEAOMNOINGCEI TO PUNXAVIOWO avTiAnwng, TIC JIAMOPETIKEG
OUMMEPIPOPEC Mou eu@avifouv ol 1XBUec kal Tov TpoOmo avTidpaonG HWE BAcn aAUTEC,
a&lonoiwvTag geBOdoUC anod undpxovTa PJadnuaTika PHOVTEAA MPOCOPOoIWONG CUMNEPIPOPAC
IX6UwWV KaTad TNV KATAVTN METAVAOTEUON TOUG. To padnuatikd povTéAo To onoio
napouaoiadeTal anaiTei TNV NpoTepn e€niAuon Tou udpoduvapikoU nediou TNG AEPIOXNG MoU
€€eTadleTal, To ornoio Kal €yIVE YE XPrion Tou unoAoyloTikoU povTéAou TELEMAC-2D, To onoio
eniAUel TIC €EloWOsIC Saint-Venant pe nenepacu€éva oToIXEia PE XPRon Tou TupBwdoug
povTeéAou k-g& {10}. =Tn OUVEXEId, NMPOCOHOIWVOVTAl Ol KIVNOEIC IXBUwV oTnVv MEPIoXN
MEAETNG Ye okond TNV Baduovounon Kal eniBeRainwon Tou HOVTEAOU.

2 ZYNONTIKH NEPITPA®H TOY MONTEAOY

2.1 BaoIKEG apxEG

270 napodv £dA@Io avapePovTal Ol TPEIC BACIKEG APXEG TOU HOVTEAOU. ZnNMEIWVETAl OTI Td
oUPBOAG TWV NAPAUETPWY Mou eu@avifovtal OTIG €EICWOEIC ava@EPoVTal OTO KEIPEVO N
oToug Mivakeg 1-5.

1. KUpio gpeBiopa. O1 1xBUEeG, ol onoiol BewpolvTal 2-D otnv napolaa £pyaacia, dEXOVTAl WG
KUpIO €p€Biopa and To nedio pong (udpoduvapikd epéBioua) TNV Tonikn miTaxuvon (Ayh),
BA. €iowon (1), n onoia NPoCONOIGVETAl He TN AoyapiBuikh adidoratn pop®n TNG 1A%, BA.
e€iowon (2), onou t €ival n xpovikn oTiyun unoAoyiopou, kal U, V €ival ol TaxUTNTEG pongG
KaTa TIc d1euBUVOEIC X Kal Yy, avTioToixa, evog KapTeoiavoU CUGTANATOC GUVTETAYHEVWV.

U 9U v V.
AMt:\/(Ugﬁ'V@)Z'F(U&‘FVE)Z (1)
t Am'
IA = 10g10E (2)

2. Baoikéc oupnepipopéc. ‘OTtav ol 1XBuec avTiauBavovTal To udpoduvapikd ep£Bioua,
akoAouBoUv pia and TIGC akdAouBeg oupnepipopec: (Bl) koAupnoUv akoAouBwvTag Tnv
KkaTteubuvon TN pong, (B2) koAupnoUv npo¢ HeEYaAUTEPEG TaxuTNTEG pong, aAialovTag
kateuBuvon kal (B3) koAupnoUv avTiBeTa otn por. ApxIKd, ENIAEYOUV HIa CUPNEPIPOPA WE
Baon Tnv TIUN Tou OgikTn avixveuong (DMETRIC), Tnv onoia otn ouvéxeia snifeBaiwvouv i
OX! M€ Baon TNV TIun Tou ouvTeAeoTtny anogaong (NDECIS).

3. Mepioxn avtiAnwng. H nepioxn evrdg Tng onoiag €vag i1xOUg, avTiAauBaverar To
udpoduvapiko epéBioua npoadiopileTal and 5 B0 avTiANWNG, €K TwV OMoiwv N NpwTn
gival To KEVTPO Tou 1XBUOC HE ouvTeTaypéveg Xp'kal Ygt, 3uo oTn SielBuvon X o anooTAoEIq
SQDX(2) kar SQDX(3), kai duo orn dlelBbuvon y o anooTtdacel¢ SQDY(4) kai SQDY(5).
>TnVv nepintTwon 3-D nediou pong undpyxouv akdpa 2 B€oeig avTiAnywng, ndvw kal Katw anod
ToV 1XOU.
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SODX(4). BODY(4)
+

,a—""f h'“‘m_
/ SODX(1), BODY(1) \
SQDX{2B30DY(2)

SQDX(3), 5:51)\'. 3) M
» - ) >

SQDX(5), BQDY(5)

Eikova 1: >xnuarikn avanapaoracn TnG nepioxnc avtiAnwng Tou 1x8Uog Pe TIC 5 B€oeIC
avTiAnywng

2.2 Aiadikaoia unoAoyiouwv

O1 unoAoyiouoi npayuaTornoloUvTdl PE Hia osipd 8 BnuATwV MNou nepiypagovTal orn
ouvexela.

Brpa 1. KaBopiopog kal €loaywyrn TNG nepioxng unoAoyiopou. EiocdyovTtal oTo POVTEAO N
YEWHETPIA TNG NEPIOXNG EPAPHUOYNC Kal JOUEITAl TO UNoAoyioTikO NAEypa. =Tnv napouaod
epyaoia, To nA€yua eival 2-D, dounuévo kal anoTeAeiTal ano 8738 kOuBouc.

Brua 2. YnoAoylopog Kal €i0aywyn TwV XapakTnpIoTIKWV TNG pong. YnoAoyilovral os kabe
kOUBO TOUu NAEyPATOC ol TaxUTNTEG ponG HE udpoduvapikd JovTEND. ZTnNV napouaoa gpyaaia,
xpnolgonolgital To povtéAo TELEMAC-2D {4}, To onoio emAlel TI¢ €§lowoelc Saint-Venant
ME MENEPACPEVA OTOIXEIA KAl Tn XPnon Tou HovTéAou TUpPng k-£ {4} kar unoAoyilel To
MOvipo 2-D nedio pong.

Briua 3. YnoAoyIiopog Twv TonmKwv enitaxUvoewyv (Ay) o KaGBe KOPPBO TOUu MAEYUATOG ano
Tnv €€icwon (1).

Brina 4. KaBopiopdg Tou XpovikoU BrpaTog (dt), Twv ouvTETayuEVWY TNG apxIKhg B€ong Tou
KEVTPOU Tou 1XBU0G kal TNG katewBuvong Tou (FishAngXY?) Tn xpovikn oTiyun t=0.

BAua 5. YnoAoyiopog Twv B€0ewv aiobnTripwv TNG nepIioXng avtiAnyng Tou 1x6uog. Ol
anooTdoslic Twv Bfoswv aioBnTApwv unoAoyilovralr apxikd oto Tonikd ouoTnua
OUVTETAQYMEVWV HE apxn To KEVTPO Tou IxBUog kal Tn OleuBbuvar] Tou. 3Tn OCUVEXEIQ
avayovtal HME Tn EQAPHOYR HNTPWOU OTPOPRG-PeTaTONIoNG oto KapTteoiavd oloTnua
OUVTETAYMEVWY TOU Nediou ponG.

Briua 6. YnoAoyiopoc Tou Os€ikTn aviXveuong kKdl Tou OUVTEAEOTH andgaong. Me Tov
unoAoylopgo autd kaBopileTal n Bacikn CUMNEPIPOPA Tou IXBUOC nou eniAéyel TNV KABE
XPOVIKN OTIyun.

BAupa 7. YnoAoyiopog Twv cuvioTwoowv Ug' kal VE' TN TaxUTnTag kivnong Tou 1xBUoc KaTtd x
Kal y, avtioToixa. la Tov unoAoyiopo Tng TaxuTnTag kKivnong Tou 1X0Uog AapBaveral unoyn
TO MAKOG Tou 1XBU0G (Lg).

Brina 8. YnoAoyiopog Tng véag 6€ong kai katelBuvaong Tou 1XOUog, ano Ti¢ eElowaoelg (3) Kal
(4), avTigToixa. O ekBeTng t+dt deixvel Tov UNOAOYIOHO TOU OXETIKOU WEYEBOUG TNV TEAIKN
XPOVIKA OTIYMN TOU KABE XpovIKoU dIacTrHATOG TWV UNOAOYIGH®V.

Xptat = Xt 4 (Ut 4 Uph) # dt kar Y98 = Yeb + (V4 VEh) + dt (3)

FishAngXY'dt = FishAngXY® + angleXY" (4)

onou angleXY' eivar n peraBoAr Tng katelBuvong kivnong TR XPovikn oTiypn t. H
diadikacia Twv Bnuatwv 5-8 enavalapBaveralr yia 1o Xpovikd didaotnua ano t+dt péxpl
t+2dt k.0.k.
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2.3 lpoodiopiouoG Twv BEcEwV avTiAnywng

O1 €€lowosIC Kal N ogIpd UNOAOYIOUWYV TwV BEoewV avTiAnwng napouaialovTal otov Mivaka
1.

Mivakag 1: AnooTdoeig npoodiopiouoU TwV BETEWVY avTiAnywng

SPDIST! = ;Lst Kal RINCt = 1+ RRSQD = Delta
A

SQDX'(1) = 0 SQDY'(1) = 0
SQDX®(2) = +SPDIST® x RINC® SQDY!(2) = 0
SQDX®(3) = —SPDIST® x RINC® SQDY!(3) =0

SQDX(4) =0
SQDX'(5) =0

SQDY®(4) = +SPDIST® x RINC*®
SQDY®(5) = —SPDIST® = RINC*®

2.4 Aiadikaoia eniAoyng TG BaociKnG CULINEPIPOPAC

YnoAoyileTal o OsikTng avixveuong and Tnv e€iocwon (5) pe TiIc e€lowoeig Tou Mivaka 2, n
TIU Tou onoiou kaBopilel TNV apxikn PBacikr CUMPNEPIPOPA, AAAd Kal TIC TIMEC TwV
napapéTpwv yeyovotog EVENTY(1), EVENTY(2) kar EVENTY(3), oUpupwva e TIG €E10WOEIG
Tou [Mivaka 2. 3Tn ouvéxela, unoAoyilovral n mbBavoTnTa npoTiynong Tng Kade
oupnEPIPOPAc 1XBUoc PY, n xpnoigdtTnTa TNG KABe ocupnepipopac Tou Utl', n péyiotn
xpnoipotnTa UtilMax!, kal TeAikd o ouvTeAeoTC anogaong, 6nwc napoucialeral oTov
Mivaka 3. O 1xBUG enIAéyel TN oudnePIPOPa yia Tnv onoia NDECISt > 1.

Mivakag 2: >eipd unoAoyiogwV yid Tov KaABopioyd Tou Oe&ikTn avixveuong kdl Twv
NAapapeTPWV YEYOVOTOG

t IAt_Imemt t AMt
DMETRIC' = m (5) IA = loglOE

Imem (1) = (1 — MemAccl(1)) * I,* + MemAccl(1) * I e 9 (1)

Imem'(2) = (1 — MemAccl(2)) * I,* + MemAccl(2) * I e %(2)

Imem'(3) = (1 — MemAccl(3)) * I,* + MemAccl(3) * I e *(3)
Ma t=0: Imemt(l)vlmemt(z)v Imemt(S) = IAt

DMETRIC* = Thres(1) = Thres(2) = Thres(3)
Epapudleral: | Supnepipopd Bl Juunepipopda B2 Juunepipopd B3
EVENT!(1) 1 0 0

EVENTY(2) 0 1 0

EVENT!(3) 0 0 1

Mivakag 3: Zcipd unoAoyIoP®V Yia TOV KaBopIGPO TOU GUVTEAEDTH ano@acng

Pt(1) = (1 — MemBeh(1)) » EVENT®(1) + MemBeh(1) * Pt=4¢(1)

Pt(2) = (1 — MemBeh(2)) » EVENT®(2) + MemBeh(3)  P*~4¢(2)

Pt(3) = (1 — MemBeh(3)) » EVENT'(3) + MemBeh(3)  P*~4¢(3)
Ma t=0: PY(1),P(2)',P(3)" = 0.33

UtIlE(1) = PY(1) * IntrUtil(1)
Utilt(2) = Pt(2) * IntrUtil(2)
Utilt(3) = Pt(3) * IntrUtil(3)

UtilMax® = max {Util*(1), Util*(2), Util*(3)}

UtilMax* Util*(1) = UtilMax* Util*(2) = UtilMax* Util*(3) = UtilMax*
Epapuolerar: Juunepigopad Bl Juunepigpopa B2 Juunepigopd B3
NDECIS'(1) NDECIS*™ (1) + 1 0 0

NDECIS®(2) 0 NDECIS*™ % (2) + 1 0

NDECIS®(3) 0 0 NDECIS*™%t(3) + 1
Ma t=0 NDECIS'(1) = 1 NDECIS*'(2) = 0 NDECISt(3) = 0
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2.5 YnoAoyiouog TaxurnTacg ix0Uog yia TiG TPEIG BACIKEG CULINEPIPOPEG

H pEBodog kal o1 eElowoelg unoAoyiopoU TnG TaxuTNTag Tou IXOU0G Kal TNG KATeEUBUVONG TNG
napouaoialovTal otov livaka 4. ZTnv apxn TWV UNOAOYIOP®V, unoAoyileTal n kaTteluBuvon
TNG TaxuTnTag poi¢ FlowAngXYt, pe ouviatwoeg (UL, VY) aTn Béon Tou 1x8U0g (X', V') kai n
S1euBuvor) Tou 1X8UOG TN XpoviIkr oTiyun t. MNa t = 0,angleXY' = 0 kai FishAngXY*' = 0.

FlowAngXY' = tan~1 Vt/U" (6)

Mivakag 4: YnoAoyIiopgog HETPOU KAl KATEUBUVONG TaxUTNTAC Kivnong yid TIG CUMNEPIPOPEG
B1, B2 kai B3

Supnepipopa Bl.

NDECIS'(1) 1 2 > 2
e0.00S*(NDECISt(l)—l) - 1) - >R >R
angleXy' FlowAngXY* RRD = 20° RRD * 20°
— FishAngXY" + angleXxyt~d
SpeedFiSht LF * (SCruise + RRSI = (SCruise — SDrift)
aoA
. A I:l
R-. R ’ !
\‘-.\ L,_-’. /II__,___. e
..\'\ /.-'f../ “.\‘an_m'g)(}” . Ili — ~\, =T i|.Ff.\'.l'1.«1.I1_‘i'/\'¥'r1;‘l
kY ) P ‘:"f. \ : . [/\'.l'm"-}'r[_:r_[lr/‘
/ ™ -~ g II 1I FlowAngXY*" e
I M""Y"'r]/.‘ FishAngXy*
L

Supnepipopa B2.

NDECIS'(2) >1
B2velt(2) = 1./,/UT(2)? + Vi(2)2 B2velt(3) = 1./,/UT(3)? + VE(3)2
B2velt(4) = 1./,/UN(2)Z + VE(4)2 B2vel'(5) = 1./,/UE(5)? + VE(5)2

B2velMin® = min {B2vel'(2), B2vel*(3), B2vel‘(4), B2vel'(5)}
OvvmoAoylopol yivovtat ywx Tig B€oelg Twv atonmpwv 2,3,4 kat 5

B2velMin* B2vel*(2) B2vel'(3) B2vel'(4) B2vel'(5)
angleXY* RRD * 20° 4+ 0° RRD * 20° + 180° RRD * 20° 4+ 90° RRD * 20° — 90°
At — Ay <0 >0
SpeedFisht Le * (Scruise + RRSI * (Scruise — Sprift) VU2 4+ V2% (14 15)
-\‘{\' " ~. FishAngXyt+ot
‘.\ :)
. .

FlowAngXY*
>

i ) T Fishangxy®

—
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Supnepipopa B3.

NDECIS!(3) 1 > 1
e0.00S*(NDECISt(3)—1) —1) >R
180°
angleXY"* FlowAngXY"' — FishAngXY"' — 180° T FlowAngXY"
A
SpeedFish* Lg * Spoost SpeedFisht~9¢ x (1 — 0.025)
‘."._ " . \/’_ . _./_v.\‘.‘ \\
\__1. / \ : | . J'j}'mwnn_(,uxr' N
-~ f'-.ﬁ - \ (fxf_'_’l-.'l./' fFishangx*
[ : N
PIRE T{ r;’h:’:_"£1l:(']1.fl angleXY*®
\\ - ..//;
Uptemp® = SpeedFisht * cos (angleXY") (7)
Vrtemp® = SpeedFish®  sin (angleXY") (8)
Ug' = Ugtemp® * cos(FishAngXY") — Vptemp* * sin(FishAngXY") (9)
V' = Ugtemp' * sin(FishAngXY") + Vitemp® * cos(FishAngXY") (10)
Mivakag 5: SUvTeEAEOTEC HOVTEAOU
SUMBOAIOWOC | MeTaBANTA Tiun g/lsoqva
A0 EAGXIOTN TIUA ENITAXUVONC 10° {12} m?/s
Delta I'Iogoo-ro Tuxaiag auv&nong anooTaong onueiou 2 {13} )
€EAEYXOU
intrutil(1) Eyyevic npoTignon eniAoyng cupnepigopdcg Bl 1{12} -
intrutil(2) Eyyevnc npoTiunon eniAoync cupnepipopdc B2 0.3+1 {12} | -
intrutil(3) Eyyevnc npoTiunon eniAoync ocupnepipopdc B3 0.3+1 {12} | -
MemAccl(1) El]J-VTE)\EOan HVAKNG NPOCAPHOYAG OE OUHNEPIPOPA | (12} )
MemAccl(2) E;ws)\so-rr]q HVAUNG NPOCAPHOYAG OE CULMEPIPOPA | . 4 (12} )
MemAccl(3) E;ws)\so-rr]q HVAUNG NPOCAPHOYAG OE CULMEPIPOPA | . 4 (12} )
MemBeh(1) | SuvTeA£0TNG PVNUNG cupnepigopdc Bl 1{12} -
MemBeh(2) | ZuvTeEAE0TAG NVAUNG CUMNEPIPOPAC B2 0+1{12} -
MemBeh(3) | ZuvTeAeoTnC PvNUNG ocudnepipopdc B3 0+1{12} -
R TuxaioG apiBPOC OUOIOPOPPNG KATAVOUNG 0+1 {10}
RRD Tuxaiog apiBuocg eupouc dielBuvonc Kivnong -1+1
RRSI Tuxaioc apiBuoc eUpouc alénong TaxuTnNTac -0.5+0.5
RRSQD TU?(GIOC apiBuog auénong anooracng OnueEiou 0+1 {13} )
EAEYXOU
SBoost SUVTeEAEOTNC TAXUTNTAG €KPNENC 6-10 {15} |s*
Scruise SUVTEAEOTNC TaXUTNTAg NAEUONC 0+2 {15} st
Sorift JUVTEAEOTNC TaXUTNTAC ouunapdoupaong 0.25 {15} st
Thres(1) ‘Oplo evepyonoinong YeyovoToc gupunepipopag Bl 0 {12} -
Thres(2) ‘Oplo evepyonoinong YEYovOTOG oupunepipopdac B2 0.84 {12} -
Thres(3) 'Opl0 EVEPYOMOINONC YEYOVOTOC CUUNEPIPOPAC B3 0.89 {12}
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3 MEPINTQZH E®APMOIHz

3.1 lMepioxn epapuoyng.

MeTd ano dig€odikn avalntnon otn diedvr BiBAloypapia, diamoTwlnke OTI dev unapxouv
O1aB€aiueg peTpnoeig nediou ornv neploxr YHE og notapouc. MNa 1o Adyo auTto, epapuocaps
TO WOVTEAO Ot TURAWa Tou notapoU Konge River otnv nepioxr Jedsted Mill Fish Farm oTn
AuTikfy Aavia, 7 km avavtn Tng BaATikig ©dAacoag, oTto onoio pag diateédnkav  (BA.
EYXAPIZTIEZ) ueTpnriocic nediou nou agopoUv Badn pong, HECEG TaxUTNTEG pPONC  Kdal
evOEIKTIKEC Mopeieg 1XBUwv Atlantic Salmon Smolts pnkouc Lg=19.1+1.1 cm kal Bapoug
53.1+9.9g {10}, onwcg ¢aiveral evdeIKTIKA OTIG Eikoveg 2, 3. XTov Mivaka 6 divovral
oToixeia dIEAEUONC YIa Toug 1XBUEG, Onwc npoékuwav and Ta neipagatika dedopéva. Me
Baon Ta BAaBn kal TIC TaXUTNTEC PONG, UNOAoyioaue OTIG dIATOMEG TWV OPIWV TNG NEPIOXNG
epappoync Al, A2 kar A3 Tic napoxég 5.65 m3/s , 2.95 m3/s, kai 2.60 m3/s, avTtioToixa.

EikOova 2: MeTpnbeioec 1000WEeIC KAUNUAEC BaBwv pongG Kal YECTWV TAXUTHATWV PONG oTnv
nepioxn e@appoyng. O1 diatopeg Al, A2, A3 @aivovTal ye aonpn diaywvia ypapun [Mnyn:
J. Svendsen, BA. EYXAPISTIES]

a) B)

30

Y (m)
Y (m)

25 45 -15 45

10 " 10
X(m) X{m)

O Hpl-d ——2240 «woer 2180 2200 O Hpl-4 ——2185 «--+ 2135 2175

Eikova 3: MeTpnBeioeg nopeieg 1xBUwv: (a) xwpig Eapvikeg alhayeg kateubuvong, kai (B)
ME Ea@vikEC aAlayeg kaTteUuBuvong. O1 KukAIkoi deikTec npoodiopilouv TIC BE0EIg
TonoBETNONG Twv OekTWV (hydrophone) nou xpnoigonoinénkav oTIG JETPHOEIG
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Mivakag 6: MeipapaTtika dedopéva dIEAEUONG IXBUWYV og nepioxn MEAETNC [Mnyn: {21}]

E€sTalopevol Xwpic aAAayEg Me anoTopeg aAAayEg .
\ A , Movadeg

NAapapeTpol Karteubuvong Kareubuvong
Ap1BuoC IXBUwV 27 14 -
Xpovoc 162 + 24 6732 + 1236 s
AndoTaon 42,3+ 1.1 353.8 +£ 78.2 m
Méeon TaxuTnTa 0.48 + 0.05 0.22 £+ 0.05 m/s
Mnkoc 1x8locg 19.0 £ 0.2 19.3 £ 0.3 cm

4 YNOAOIIZMOI KAI ZXOAIAZMOz

>Ta npwTta duo PBAuaTta Twv unoloyiopwyv (BA. €dagpio 2.2) siocaydaydude Tn YEWHETPIA TNG
nepIoXnNG €QApUoync oTto povTéAo TELEMAC-2D, JOMNGAME TO UMOAOYIOTIKO MAEYHa Tou,
kaBopioape TIC opIAKEG Ouvlbnkeg oTIG dlaTopeg Al (dedopevn napoxn), A2 (dedopévn
napoxrn kair Oedopévn oTadUn enigpdveiag), kar A3 (0edopévn oTdbun enipaveiag) Kai
npaygaTtonoinoaye Tn Babuovounon Tou HE TNV onoia npocdlopicaue TOV OUVTEAEOTN
Manning (0.065 =+ 0.112){7}, AauBavovrtag unoywn Ta XApakTnpioTIKa Tng PAACTNONG Kal
TOU UAIKOU Tou nuBpéva. XTn ouvéxelia, epapuooape To Babuovounuévo TELEMAC-2D yia
va unoAoyiooupe Ta BAa6N kai Tig TaxUTNTEG PONG TOU POVIPoU nediou pong o KABe KOUBO
TOU UNOAOYIOTIKOU MAEYNATOG, ONWG (aiveral oTic Eikdveg 4, 5. Me Baon Ta udpoduvapika
XAapakTnpIoTIKa nou unoAoyioaue, e@apuocaue Ta unoAoina BApaTta unoloyiopwv 3-8 yia
va npoodlopicoupE TIG NopPEieg TwV IXBUWV nou ¢aivovTal otnv Eikova 6. O1 unoAoyioBeioeg
nopeie¢ napoucialouv MoIOTIKA CUUQWVIA PE TIC YETPNOEIC NMOU HUNOpei va Bewpnbei wg
IKavonoinTikr, AauBdavovTag unown To OTI TO WOVTEAO BPIioKETAl OTNV APXIKN TOU HOP®N
kal Ogv &xel BaBuovounBei To HEPOG TOU Mou agopd Tn CUMNEPIPOPA TwV IXBUuwv. MNa Tnv
anoTeAECHATIKOTEPN Babuovounon Tou PovTEAOU, NPAYUATONOINOANE avaAluon guaiodnaiag
TOU JOVTEAOU.

Eikova 4: Baén pongc
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Eikova 5: TaxutnTeg pong

a) B)
6138510 - - . 6138510

6138500 — ! 6138500

£ E
> 6138490 > 6138490

6138480 6138480 R A ™~

6138470 6138470
482950 482970 482990 483010 483030 482950 482970 482990 483010 483030
X(m) X(m)

——FISH-1 =<+« FISH-2 FISH-3 ——FISH-1 +«++ FISH-2 FISH-3

Eikova 6: YrnoAoylouEveg nopeieg IxBUwvV (a) xwpic Eapvikeg alhayég kaTeuBuvong, kal (B)
HE OpIopEVEG HOVO EAPVIKEG aAAayEC kaTeuBuvong

MpayuaTtonoinoaye Tnv avaiuon eudiobnoiac yia 100 1xBuec nou eixav Tnv idla B£on
ekkivnong, €Eetalovrag apxika Tnv €nidpacn 13 OUVTEAECTWV TOU WOVTEAOU, ME apxikod
OTOXO TNV avayvwpion Twv onNUavrtikoTepwv anod auTtoUC Kkal TeAIKO OKono Tnv
anoTeAeopaTikh BaBuovounon Tou povTEAou. Ma kabe ogipd unoloyiopwy, Npoadiopicaye
TOV PECO XpOVo JIEAEUONG TWV IXBUWV anod Tnv neploxn €QAappoyng, To CUVOAIKO URKOG TNG
nopeiac nou akoAouBnoav, Tn péon TaxUTNTa yia Ta onoia unApxav Kal Td MEIpaparika
O0edopéva Tou [Mivaka 6, kaBw¢ kal Tov apiBud Twv I1XBUwvV, yid TOUG Onoioug
gvepyonoindnkav ol oudnepipopes Bl, B2, kal B3. Zuvowiloupe oTtov [ivaka 7 Toug
UNOAOYIONOUG YIa TOUG GUVTEAECTEG UE TN ONUAVTIKOTEPN MeTABOAM, nou fTav ol Thres(2),
Thres(3) Kal Scrise- 10 TIC APXIKEC TIMEG TWV CUVTEAECTWV, UMOAOYIOAMUE yla Tnv nopeia
IXOUWV XWpic EapVIKEG aAAayec kaTeuBuvong, To Xpovo diEAeuong ico pe 157.7 s kal Tn
MEON TaxutnTa Twv 1XOUwv ion 0.47 m/s, TIMEC Mou €ival NOAU KOVTA OTIC HETPNHEVEG
(162.0 s kar 0.48 m/s, avrigroixa, BA. Mivaka 6). Opwg, n TIYA TNG AnNOGCTACNG MOU
unoAoyioape ion pe 74.5 m ATav noAU peyaAUTeEpn TNG NEIPAPATIKAC TIMAC, YEYOVOC nou
Oeixvel oTI anaiteiTal BeAtiwon Tng diadikaciag Babpovounong. =Tn ouvéxeld, HETABAAAApE
TIG TIMEG TwV ouvTeAeoTwY Thres(2) kar Thres(3), npoadiopicaue TIC TIWEC TOUCG, YIA TIG
Onoiec evepyonoloUvTal ol CUPNEPIPOPEC B2 kal B3 kal dianioTwoape OTI auTd oupBaivel
oTav Thres(2)<0.21 kai Thres(3)<0.135. TéAog, Ofoape TIC TIMEG Thres(2)=0.08 «kai
Thres(3)=0.09 kal JIEpEUVNOAPE €K VEOU TNV €nidpacn Twv unoloinwv 11 ouvTeAEOTWV
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TOU povTEAoU. 'Onwg cuvowileTal oTov MMivaka 8, naparnprjoaue oTi enidpolv onuavTika ol
ouvTeAeoTéG MemBeh(2), MemBeh(3), Sgoost KAl Scruise-

Mivakag 7: Enidpaon GUVTEAECT®WV TOU HOVTEAOU

. Xpovog | AnéoTaon Mf':an
ZuvTeAEOTEG TayxuTnTa B1 B2 | B3

(s) (m) (m/s)

ApXIKEC TIMEG (BA.

Nivaka 5) 157.7 74.5 0.47 100 0 0
Thres(2) | -50% | 0.42 157.7 74.5 0.47 100 0 0
-75% | 0.21 160.2 74.8 0.47 100 50 0
-85% | 0.13 191.7 87.5 0.46 100 95 0
-90% | 0.08 220.1 98.1 0.45 100 100| O
Thres(3) | -50% | 0.45 157.7 74.5 0.47 100 0 0
-75% | 0.22 157.7 74.5 0.47 100 0 0
-85% | 0.135 153.9 75.5 0.48 100 0 11
-90% | 0.09 171.5 92.5 0.53 100 0 49
Scruise min 0 451.9 67.9 0.15 100 0 0
max 2 157.7 74.5 0.47 100 0 0

Mivakag 8: Enidpaocn TwvV OUVTEAECTOV ToU HovTEAou via Thres(2)=0.08 «kal

Thres(3)=0.09
ZUVTEAEOTEG Bl B2 B3 B1/fish | B2/fish | B3 /fish
ApPXIKEC TIMEC 100 99 46 92 31 8
MemBeh(2) | min 0 100 99 46 92 31 8
max 0.999 | 100 0 49 74 0 12
MemBeh(3) | min 0 100 63 100 197 28 35
max 0.998 | 100 99 46 92 31 8
Skoost min 6 100 100 49 94 23 20
max 10 100 99 46 92 31 8
Scruise min 0 100 100 51 249 49 2
max 2 100 99 46 92 31 8
5 2YMNEPAZMATA - NMPOTEINOMENH EPEYNA

5.1 Zuunepdouara epyaoiag.

Ano Tnv napouoa €pyacia Npogkuwav Ta akoAouba cuunepdouaTa:

1.

Eivar duvaTtrl n npooopoiwon Tng Kivnong 1x0uo¢ HE TO NPOTEIVOUEVO MOVTENO
Suunepigpopac Ixbuoc.

O1 1XBUec pnopouv va avrtAneBoUv aAAayéc oTnv eniTaxuvon Tng POong kai va
€MAEEOUV  OUMNEPIPOPA  Kivnong MeE PACn AUTEG, EVEPYOMOIWVTAG £TOl  TIG
OUMNEPIPOPEC B2 kar B3 nou npocopoiwBnkav oto MZI. H evepyonoinon Twv
CUMNEPIPOPWY MOU MPOCOHOIMVOUV TNV CUHNEPIPOPd TwV IXBUWV €ival QIKTH HEOW
TNG BaBPovopuNoNg ToU NMPOTEIVOUEVOU HOVTEAOU.

Ol onuavTIKOTEPOI OUVTEAEOTEG TOU MZI €ival ol OUVTEAEOTEG Opiou yia To OEikTn
avixveuong THRES(2) kar THRES(3). Me katdAAnAn eniAoyn Twv napandvw opiwv
yiveTal n evepyonoinon Tng ouunepipopdc B2 kar B3, , kal €neira apyiouv va
€MdpPoUV Kal ol Aoinoi ouvTeAeaTEG Tou MZI oTn Anwn andgaong kKivnong.

10
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To MOVTEAOU aduvaTei va MPOCOHOIWOElI TO OUVOAO TWV OCUMPMEPIPOPWV KAl TNG
noAunAokdTNTAg Kivnong Twv 1XOUwv Kal meavwv andiTeital Npooouoiwaon eNINAEOV
OUMNEPIPOPWV.

5.2 lpoTteivouevn épeuva.

H spapuoyn Tou nMpoTEIVOUEVOU HOVTEAOU €ival IKAvr va NPOCOUOIWOEl OPICUEVEC BACIKEG
OUMMEPIPOPEC Kivnong IXBUwv. AnaiTeital woTOCO MEPAITEPW E€PEUVA HME OKOMO TNV
anoOTEAECOHATIKA TOU XPHAON KAl TNV NPOCOM0IwaN TOU CGUVOAOU TWV KIVACEWV TwV IXOUWV.
MpoTeivovTal ENOPEVWG WC AVTIKEIJEVA WEAAOVTIKNG €pEUVAC:

1.

MepaiTépw avaiuon Twv OedoPEVWV Kivnong Twv IXBuwv, ouvdualovtac Tnv B£on
Toucg oTo udpoduvapikd nedio, TNV TaxUTNTa KAl TNV kKarteuBuvon Kivnong Toug, HE
OTOXO TNV KAAUTEPN KATAVONON TWV NApayovrwv nou ennpealouv TIC ANOPACEIC
Kivnong. MeA&Tn enidpaong kal AAAwv nepiBallovTikwv epebiopyatwy (nX Bepuokpacia
Kal noloTnTa udaTwyv) oTn AfWn anoQAacewy.

BeATiwon Twv JlEpyaciov TOU HOVTEAOU, HE OKOMO TNV AMNOTEAECUATIKOTEPN
NPOCOMOIWON TWV CUMMNEPIPOPWY Mou AdN neplypagovTdl and auTto. € €nOPEVO
oTadlo MPOTEIVETAI KAl N MPOCOHOIWON EMINAEOV CUMNEPIPOPWY Mou eP@avifovTal
oTtnv BiIBAloypagia kal Nnpogouoiwaon TNG Kivnang aTov TpigdidoTaTo Xwpo.

Eqpappoyr Tou NpoTEIVOUEVOU PHOVTEAOU KAl O AAAEG NEPIOXEC UEAETNG, YIA TIG OMOIEG
UnNapyouv NeipapaTikd dedopéva, Kabwg Kal yia AAAEC NepINTWOEIG IXOUWY, e oTOXO
Tn O1EUPUVON TOU AAAA KaAl TNV avanTtuén Tng npoodpHooTIKOTNTAG Tou o€ dIApOPETIKA
nedia pong Kal YEWHPETPIEG NEPIOXNC.

11
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1 INTRODUCTION

1.1 General

The need for water supply, storage and production of energy has been addressed by
human activity in the form of hydraulic structures, such as large or smaller dams or other
structures that fragment river systems. The fore mentioned structures form an artificial
barrier in the river flow that affects the surrounding ecosystem and threatens fish
population in rivers. Hence, from the early 20" century attempts have been made to
address the problem, by studying fish behavior and interaction with artificial structures
and the development of structures that facilitate unobstructed fish passage during
upstream and downstream migration.

1.2 Background on fish behavior models, Research questions and
hypotheses

There have been considerable efforts on the development of fish passes since the
beginning of the 20" century. The main focus of the scientific research and experiments
were focused on the design of fish passes, suitable for salmonids species. Especially for
upstream fish migration attempts on fishway structures have been found since the end of
the 19" century in North America. Over the decades there has been significant
development on the design and effectiveness of such structures, especially regarding
upstream fish migration, but failing to reach effectiveness, capable of preserving and
protecting endangered fish population.

New legislation procedures (EU, Water Framework Directive (WFD), 2000; EC Council
Regulation No1100/2007; Canadian Species at Risk Act, 2002) have addressed the need
for aquatic ecosystems to retain a “good” ecological status, as well as secure the
protection of endangered species. Greece in response to those regulations, has
implemented similar legislation to address the issue, such as the Hellenic Eel Management
Plan (Koutsikopoulos, C., 2009). Key factor for the fore mentioned directives and
legislation is the unobstructed passage of fish during upstream and downstream migration,
through fish passes.

The need for maximum efficiency for fishway structures has transferred the focus of
scientists and engineers tackling the problem, from empirically testing and applying fish
pass designs to understanding the procedure of decision making and behavior of fish. By
analyzing and modeling fish behavior, engineers would be able to design cost efficient fish
passage with high fish passage percentage.

The main focus of the present work lies in understanding and modeling fish behavior and
is based on the following key Research Questions:

i. Via what means is it possible to analyze and determine fish behavior and
movement in an aquatic environment, both upstream and downstream of a
hydraulic structure?

iil. How can we express that behavior in a mathematical form, i.e. a
mathematical model?

Research value of presented work: By addressing the above research questions, it will
be made possible for fish passes to be designed and positioned in a way that actively
guides the fish to select a safe medium while migrating. As a result fish will be able to find
the entrance of a fish passage structure and negotiate it without delay, while avoiding
routes associated with high mortality rates, i.e. passage via turbine.

12
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In order to address the above main research questions, several sub-questions have to be
considered such as:

i. What attributes are related with fish behavior and movement?

ii. Through what techniques and methods is it possible to model fish behavior?
iii. Is a fish behavior model dependent on fish species and area characteristics?
iv. How can we validate a model for simulating fish movement?

Simulating fish behavior appears to be quite demanding, and the researcher needs to
apply knowledge from various sciences, i.e. Computational Fluid Dynamics, Biology and
Ichthyology. Knowledge gained from experiments must be also applied for an accurate
computational simulation.

Incorporating theoretical and experimental knowledge concerning fish behavior into a
mathematical model can be as we have seen a quite vexing procedure. Therefore, a series
of Research Hypotheses have to be made, to allow the researcher to tackle this
problem. For the present model the main Research Hypotheses were:

i. Simulated fish movement is dependent on decision, which can be summarized in a
set of behavior responses (see Chapter 2 Theoretical and Mathematical
Background).

ii. Each species reacts to a specific set of stimuli which activate certain behavior
responses, regardless of area characteristics.

iii. Perception area for attributes that activate behavior responses is determined
through a “Sensory Ovoid” in the surrounding fluid.

iv. For the calibration of the proposed model, either experimental or field data is
needed.

1.3 Contents

In the present work, a background literature review, on the theoretical and mathematical
knowledge regarding fish behavior was conducted to determine attributes that influence
fish behavior and existing methods of simulating that behavior. Utilizing existing
knowledge on behavior models, a fish behavior model is developed and its governing
equations are described. The resulting computational code is also presented along with its
main parts. Finally the proposed behavior model is calibrated and verified using a case
study with field data on fish dynamic positioning in a river. The present work constitutes a
part of the Program for the promotion of the exchange and scientific cooperation between
Greece and Germany, IKYDA, entitled “"Development of an integrated mathematical model
for the design of fish-passes in small hydroelectric power plants”.

1.4 Contents
Including the introduction, the present work consists of 5 main chapters:

e Chapter 2 presents the conducted literature review, as well as the mathematical
and theoretical background needed for the present work.

e Chapter 3 describes every aspect of the proposed model and the way that the
model executes fish movement calculations.

e Chapter 4 presents the case study, which was selected for applying the proposed

fish behavior model, and describes the process of analyzing obtained data for the
selected area.

13
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e Chapter 5 describes the process of setting up and calibrating the hydrodynamic
model in order to calculate the hydrodynamic characteristics of the case study area.

e Chapter 6 describes the application of the proposed model for the case study and
presents a sensitivity analysis for validating the fish behavior model.

e Chapter 7 summarizes and discusses the results of this study, while proposing
suggestions for future research.

14
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2  THEORETICAL AND MATHEMATICAL BACKGROUND

2.1 General

To simulate fish behavior, we need to use knowledge from many sciences, such as
Ichthyology, Computational Fluid Mechanics and Computer Science. In this chapter, we
present the basic theoretical background needed to understand fish behavior, and to be
able to model this behavior. Indicative computational models, simulating fish behavior are
also presented.

2.2 Types of fish migration

Fish migration is an extremely complex procedure that has to take into account different
fish attributes, in respect to their species. According to Tuys (2012) the phenomenon of
migration is now examined under the purview of behavioral ecology, as fish find their way
in many aspects just like humans do” with orientation, piloting and navigation. This
complex behavior has to be taken into account for the efficient modeling of fish
movement.

There are two main terms for the classification of fish migrations in respect with their
migration patterns during their life cycle: Anadromous and Catadromous fish.

Anadromous migratory species grow in the sea until they reach sexual maturity and then
migrate into fresh water, where they travel upstream to find a suitable spawning area in a
river. After they hatch young anadromous fish stay in the stream for about a year, until
they become smolts and begin to move downstream to reach the ocean. A typical example
of anadromous fish is the Atlantic salmon and the brown trout.

Figure 2.2-1: Atlantic salmon (Salmo salar) [source: (European commission,
https://ec.europa.eu/fisheries/marine species/farmed fish and shellfish/salmon el)]

Figure 2.2-2: Brown trout (Salmo trutta) [source: (U.S. Fish & Wildlife Service,
https://www.fws.gov/mountain-prairie/fish/fish.html)]

Typical migration characteristics of the Atlantic salmon (Salmo salar) (Thorstad et al.,
2011), are presented in Table 2.2-1.
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Table 2.2-1: Typical migration characteristics of Atlantic salmon (Salmo salar)

Migration Time Age | Weight | Length Water
. Temperature
Type Period | (years) (9) (cm) (C)
Spring
Downstream | & early 1-8 10-80 10-20 =8
Summer
May - ) 500 - )
Upstream October 1-5 25000 45-135

Catadromous species on the other hand follow the opposite migratory pattern, as they
grow and feed in fresh water and when they mature they travel downstream to the ocean
to reach their spawning grounds. The best-known catadromous species are the European
eels.

H-“-“"'-----__

Figure 2.2-3: European eel (Anguilla anguilla) [source: (European commission,
https://ec.europa.eu/fisheries/marine species/wild species/eel en)]

In the present work, the simulation of downstream migration anadromous fish species was
attempted, salmon in particular. The following theoretical and mathematical background
given in the present work is focused on fish physiology similar to that of the Atlantic
Salmon.

2.3 Detection mechanism and detection range
2.3.1 Sensory signals

Fish are able to navigate utilizing multiple sensory organs, which provide them with
information about their environment. The most important sensory cues perceived by fish
relate to:

vision,

hearing,

chemosensory perception,
mechanoreception,
electroreception and

magnetic orientation (Tuys, 2012).

QU hwWNE=
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2.3.2 Lateral line system

Modeling fish behavior in modern literature focuses mainly on sensory signals related to
mechanoreception, which is perceived through the lateral line system and plays a critical
part in fish navigation in water bodies.

The lateral line, as shown in Figure 2.3-1 is a system of sense organs that can be found
in fish, enabling them to detect movement and vibrations in the surrounding water with
the use of epithelial cells (hair cells). The hair cell organs respond to hydrodynamic
disturbances in the surrounding flow field and provide information about the animal’s 3-D
position and its relationship to other entities in the environment. The lateral line system is
thought to form hydrodynamic images of the surrounding moving and stationary objects,
similar to the visual images created by the visual system (Coombs and van Netten, 2006).

head canal system
trunk canal system

B

lateral-line ‘water extarnal
canal displacement opening  epidermis

ﬁﬂw‘c sense hair

sensory
cells

nerve

lateral-line nerve neuromast
©19594 Ency clopaedia Britannica, Inc.

Figure 2.3-1: Lateral line system of fish [source: (Encyclopaedia Britannica, Inc., 1994)]

2.3.3 Detection volume

Fish detect signals and acquire information from their environment (such as distortions
generated by stationary bodies in ambient currents, e.g. a rock in a stream) within a
volume that surrounds fish. This volume can be modeled as symmetrical (sphere) or
distorted (ellipsoid) (Goodwin et al., 2001); its dimensions depend on the lateral system or
simply on fish length and are usually assumed to be equal to a number of fish body
lengths (Coombs, 1999).

Goodwin et al. (2001) in their ELAM model named this volume “sensory ovoid” and its
dimensions Sensory Query Distances (SQD), as shown in Figure 2.3-2. Sensory Query
Distances are related to model time step At =2s, fish body length S =0.2m, and
operating range of sensory system in a 1.0s increment equal to D, =2 (body lengths).
Thus, SQDs are calculated as:

SOD =At*S,*D, (2.3-1)

The SQD values may be modified to reflect differences in fish perception, regarding for
example fish physiological condition, time of the day and water quality (Goodwin et al.,
2006). SQD values should be determined at the preprocessing stage of simulating fish
movement but can also vary during simulation in respect to the fore mentioned conditions.
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Figure 2.3-2: Two-dimensional view of a fish sensory ovoid [source: (Goodwin et al., 2006)]

2.4 Movement, behavior responses and learning
2.4.1 Non-random movement

Fish were initially considered by the scientific community to drift passively with the flow
during downstream migration or move randomly forward. It was later determined that fish
actively orient themselves and swim based on behavior choices, while also incorporating
some random movement. Fish behavior and consequently fish movement is based on
responses to a certain environmental stimulus. The response depends on the intensity of
the respected stimulus and elicits a directed nonrandom movement, which is called “taxis”
(Tuys, 2012).

The most common and important of these “taxis” are:

1. Phototaxis, is related to light. Orientation and movement is affected by light. There
have also been reports indicating differences in behavior when fish are provided with
a light stimulus, exhibiting elevated responsiveness (avoidance) behavior (Vowles
and Kemp, 2012). Fish have also been monitored to adopt a non avoidance behavior
(88%) during the day than when dark (55%) indicating a relation between light and
behavior responses associated with movement (Vowles et al., 2014).

2. Thermotaxis, is cued by water temperature. Nocturnal migration for example is

known to occur at temperatures of around 12C° (Thorstad et al., 2011). Other
studies have also shown correlation between upstream migration and water
temperature (Svendsen and Koed, 2004).

3. Geotaxis, which is related to gravity. Fish respond to gravity through their inner ear
and react to maintain or change swimming depth.

4. Thigmotaxis, which is related to touch. Fish are sensitive to changes in water
pressure and acceleration and utilize such stimuli to detect structures when in close
proximity and orient themselves to it or to detect and avoid obstacles. Thigmotaxis is
a key component in fish, as an avoidance behavior and there have been a humber of
models incorporating behavior responses based on the proximity to a structure
(Haefner and Bowen, 2002; Lemmasson et al., 2008).

5. Rheotaxis, which is the way fish position themselves in respect to the flow direction.
A positive rheotaxis refers to fish that are oriented up-stream facing the flow, in
contrast to negative rheotaxis, where fish are oriented down-stream and swim with
the direction of the flow. Behavior models simulate downstream fish migration

19



Chapter 2 THEORETICAL AND MATHEMATICAL BACKGROUND

assuming negative rheotaxis as a basic behavior,a=0°, and fish orientation is
calculated in respect to flow direction a €[—180°,180°] (Goodwin et al. 2014; Arenas
et al., 2015).

6. Biotaxis, which is related to other organisms, who act as a stimulus. Predator prey
interactions or movement related to fish schooling are typical examples of biotaxis.

The present work attempted to simulate Thigmotaxis and Rheotaxis as nonrandom
movement behaviors.

2.4.2 Swimming speed classes

Webb (1998) identified the following 3 classes of fish swimming speed that are
interconnected with fish behavior:

1. Sustained swimming,
2. prolonged swimming, and
3. burst or sprint swimming

In sustained swimming, fish assume a low speed for navigating through the stream
without fatigue. Sustained swimming in downstream migration enables fish to swim in the
downstream direction, facing downstream (negative rheotaxis) or upstream (positive
rheotaxis).

Prolonged swimming is mainly used as a reaction mechanism to avoid possible obstacles,
during which fish experience fatigue (Katopodis, 2005).

Fish assume burst swimming to avoid immediate danger, either by collision to an obstacle
or after detection of a predator; thus, burst swimming is related to thigmotaxis or biotaxis.

Indicatively, the characteristics of speed classes for Atlantic salmon are shown in Table
2.4-1.

Table 2.4-1: Characteristics of different swimming speed classes for Atlantic salmon
(Salmo salar)

Classes of Speed Duration
speed (Lenghts/s) (s)
Sustained 0-2 indefinitely
Prolonged 2-6 20-1800
Burst or sprint 6-10 <20

2.4.3 Fish Behavior Responses and their activation

The present work attempts to model fish behavior responses, related to differences in
hydrodynamic stimuli. Such responses can be described, with the fore mentioned taxis:
Thigmotaxis, Rheotaxis and Geotaxis in particular. In modern literature a series of
behavior responses have been determined, the most important of which are presented
below.

Haefner and Bowen (2002) examined fish behavior through a louver-type fish collection
facility (Tracy Fish Collection Facility) that is located in the Central Valley of California
(USA), as shown in Figure 2.4-1, and developed a mathematical model that solves the
equations of motion for fish movement according to:
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1. Physical forces implied by the flow field, and
2. simple modes of behavior to avoid the obstacle, which are the wall or the louver
panel that are virtually the “danger”.

Haefner and Bowen (2002) determined 4 behavior responses that are activated_based
on the distance of the fish to the “danger” as follows:

1. No danger is detected. Then, sustained swimming is used.

2. Danger is detected within distance of 1.0 fish length. Then, prolonged swimming is
applied.

3. Danger is detected within distance of 0.5 fish length. Then, burst swimming is
applied.

4, No danger after burst swimming. Then, reverse swimming is used.

When fish detect the “danger” and activate prolonged or burst swimming; firstly, they turn
with the minimum angle that is required to avoid “danger”.

Injection Fuint A Injoction Fuini B

Indlow feom e il 1o the Dela
Primary Louvers Mimdota Canal

Figure 2.4-1: (a) Schematic of the secondary louver channel at Tracy Fish Collection
Facility [source: Haefner and Bowen et al. (2002)], and
(b) louver panel used as behavioral barrier
[source: Food and Agriculture Organization of the United Nations,
http://www.fao.org/docrep/004/Y2785E/y2785e03a.html]

Goodwin et al. (2006) examined the downstream fish passage systems in 3 hydropower
dams on Columbia and Snake rivers of the Pacific Northwest, USA. They developed a
mathematical model and applied it to simulate 3D movement patterns of individual
downstream migrating salmon.

Goodwin et al. (2006) determined 4 behaviors that are activated_based on (1) hydraulic
strain, (2) water velocity, and (3) pressure gradient, which are the following:

1. B1: Swim with the flow vector.

2. B2: Swim towards increasing water velocity to minimize hydraulic strain.

3 B3: Swim towards decreasing water velocity or against the flow vector to minimize
strain.

4, B4: Swim towards acclimatized pressure (depth).

Lemasson et al. (2008) extended the work of Haefner and Bowen (2002) and using data
derived from experiments in a small-scale physical model of the Tracy Fish Collection
Facility, they introduced mainly stochasticity in the model of Haefner and Bowen (2002)
and proposed the following 5 behavior rules.

1. When fish maneuver to avoid “danger”, their intended orientation is drawn from a
uniform distribution (randomized) bounded by angles leading away from either the
wall, or the louver.
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W N

Fish detect “danger” within distance of 1.5 fish length and use prolonged swimming.
Fish do not consider channel walls as danger, but they see them as “neutral”; thus,
channel walls elicit alignment behavior. The louver panel continues to be “danger” for
the fish; thus, it elicits repulsive behavior.

During their movement, fish were undergone through unpredictable shifts in
intended speed and orientation (in regular time intervals of 0.3 secs), which were
drawn from appropriate distributions found by experimental data (gamma
distribution for speed and wrapped normal distribution for orientation).

Fish are attracted towards the wall on the bypass side of the channel in their
movement.

Indicative virtual fish paths are shown in Figure 2.4-2.
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Figure 2.4-2: Virtual fish paths depending on behavior rules 1-5. The straight diagonal
line is the louver panel and the bypass is at the top right [source: (Lemasson et al.,

2008)]

Vowles et al. (2014) examined the behavior of downstream migrating salmon in an
experimental flume, upstream of a rectangular orifice weir, which is shown in Figure 2.4-3.
They highlighted the potential of using “signals”, such as flow accelerations and light
conditions, to repel fish from dangerous areas, such as turbine intakes, and determined
the following 5 initial behavioral response types:

1.
2.
3

Swim actively with the bulk flow in the downstream direction.

Drift (fish velocity=0) passively with the bulk flow in the downstream direction.
React, switch orientation (facing upstream) and continue moving in the downstream
direction.

Reject, stop moving downstream and hold within regions of high velocity gradients,
as shown in Figure 2.4-2(a).

Retreat and escape upstream swimming against the flow with speed higher relative
to water, as shown in Figure 2.4-2(b).

Figure 2.4-3: (a) Plan view of the experimental channel, and
(b) side view of orifice weir [source: (Vowles et al., 2014)]
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Figure 2.4-4: Velocity profile upstream of orifice weir.
(@) High velocity gradient; the response is “Reject”, and
(b) low velocity gradient; the response is “Retreat” [source: (Vowles et al., 2014)]

1.2 m

2.4.4 Learning behavior

During migration fish tend to experience multiple changes in the environmental stimuli
they perceive as they travel upstream or downstream. Therefore, adaptation and
habituation to hydrodynamic conditions plays an important role in navigating through a
stream. This process of adaptation to persistent hydrodynamic stimuli can be also
expressed through their lateral line system, where a hair cell’'s response to a sustained
stimulus declines with time (Coombs and van Netten, 2006). This learning behavior allows
them to evaluate possible threats and avoid certain hydrodynamic conditions until they are
habituated to them.

Milling or oscillatory behavior is thought to be connected to the process of habituation and
acclimatization to an area and its hydrodynamic characteristics. Milling behavior has been
documented in areas where fish are exposed to a high velocity gradient. In that case fish
originally rejected certain locations with greater water accelerations and showed milling
behavior, until they eventually passed through that area (Vowles et al., 2014). Such
behavior responses could be explained by assuming that fish became acclimatized after
some time, to the specific stimuli they initially rejected. Other studies also showed milling
behavior near a water withdrawal zone which resulted in a number of fish entering an
originally rejected path (Svendsen et al., 2011).

This acclimatization effect can be integrated in a computational model, by utilizing an
adaptation coefficient to the perceived stimuli as a relaxation factor to previously identified
values of the same stimuli (m,,,, for strain, m, for depth acclimatization e.t.c) (Goodwin
et al., 2006). For example, if we consider the intensity of total strain, /(¢), perceived by
fish as a stimulus then the acclimatized value of total strain, /_ (), perceived by fish can be

modeled with a relaxation factor of m with a value between 0 and 1, as:

strain 1
Ia (t) = (1 _mstrain) *I(t) _mstrain *Ia(t _1) (2'4-1)

As a result, the acclimatized strain is a tradeoff of the total strain perceived at the current
time interval and the already acclimatized strain that is stored in its memory.
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2.5 Existing Mathematical and computational models

There exist various mathematical models for fish behavior in the literature. A background
research and review of the existing models has determined the following ones as the most
sophisticated, highlighting their main attributes and functions (Giannoulis, 2015). The
present model was based on the main concepts already presented by the models below,
and the one presented by Goodwin et al. (2014) in particular.

2.5.1 Haefner and Bowen, 2002; Lemasson et al., 2008
The main aspects of the model of Haefner and Bowen (2002) are:

1. The model perceives the fish as a single 2D body,

2. fish navigate through the flow field according to Newtonian forces present in the
medium and water velocities provide the physical forces acting on a fish,

3. fish use the basic survival instinct of obstacle avoidance,

4, the behavior and physiology of the fish determine its reaction to obstacles, and

5 fish position is updated by the equations of motion through solving five ordinary
differential equations using a fourth order Runge-Kutta method.

The equations of motion solved by the model are:

—dZ'x=0.5*p*Sa*(Ux)2*(C%C’J+:l—x (2.5-1)
du CrtC. P.

—2 = 05%p xSy x (Uy)?+ % +o (2.5-2)
dx

d_tf =, (2.5-3)
ayr _

s =, (2.5-4)
Z_Ct) — _F) (2.5-5)

where, U = u,, — uy is the relative velocity of fish us in respect to fluid field velocity u,,, M
is the swimming mode related to the four fish behavior responses, C are drag coefficients,

do
T is the rate of exhaustion related to oxygen needed for each swimming mode, and P is
swim thrust depending on the current direction 6 of fish motion as:

P, = P *cos () (2.5-6)
P, = P xsin (0) (2.5-7)

Swim thrust P is calculated as:

O.SC/Sapufz
SpO.SCfSapuf2 M = Sustained
1.0 ) =
P=100-—3 - g am, ~ for M=Trolonged (2.5-8)
1.0+|Ux 0. M =Reverse
0] S, d,m, M = Burst
@)

where, Cr is the drag coefficient for surface friction, S, the wetted area of the fish, p is
water density, us is fish swimming speed, U, = u,, —uf, A is the acceleration for each

swimming mode, m, is the virtual mass of the fish, S are factors depending on the species
and O is the amount of time left for swimming modes, related to oxygen consumption.
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Depending on the type of behavior response selected by the fish, there is a different
oxygen consumption that is related to the time left for each swimming mode, which is
measured by:

0.0 M = Sustained
d -0.01 =
O S for M =Prolonged (2.5-9)
dr - |-0.02 f M =Reverse
-f M = Burst

where, O is measured in units of time (s) with O=6s for every fish at the beginning of the
simulation and f is nominally 1.0.

Fish behavior responses near the louvers are shown in Figure 7.1-1 and indicative fish
paths simulated are shown in Figure 7.1-2.
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Figure 2.5-1: (a) Fish behaviour responses near the louvers (b) simulated fish path and
flow field near the louvers [source: (Haefner and Bowen, 2002)]

Downstream Position (m)

U0 19 20 30 40 50 60 7.0 80 9.0 100 110 12.0 13.0 140 150 16.0 17.0 18.0 19.0
T -1 T T T T T T

| B T

T

T

0 1.8 1.6 14 12 1.0 0.8 0.6 04 02 00
. -

20
S g S

Cross—channel Position (m)

2.2

24

Figure 2.5-2: Simulated fish paths for different initial cross channel positions (0.3, 1.4,
2.2 m). The straight diagonal line is the louver panels [source: (Haefner and Bowen,
2002)]

Lemasson et al. (2008) modified the model of Haefner and Bowen (2002):
1. The behavioral rules already mentioned in 2.4.3 were added, and

2. an empirical derived relation between the rate of oxygen consumption and swimming
speed was employed.
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2.5.2 Goodwin et al. (2006); (2014)

Goodwin et al. presented two editions of his fish behavior model in the past decade. The
main aspects of both models are:

1. CFD models solving the Reynolds averaged Navier-Stokes equations are used to
calculate flow characteristics and used as inputs to the models,

2. the preferred computational mesh topology used is of multi-block near orthogonal
structured meshes,

3. fish evaluate hydrodynamic stimuli inside their respective sensory ovoid as seen
earlier to determine their behavior, and

4, when a behavior decision is determined, the respected fish swimming velocity vector
(ur, vr, wy) is assigned, by calculating speed and orientation for the selected behavior

and fish location is updated as a relation to its previous position.

By using Weber’s “just noticeable difference” each behavior is activated by recognizing a
threshold excess between a signal of the respective stimulus and it’s already acclimatized
intensity expressed as:

It

Et ="Ze Sk, (2.5-10)

I

where, It is the intensity of the respective stimulus at the individual’s position at time t,
Iat the value fish has adapted to (equation 2.4-1), and k; the threshold associated with
each behavior.

After determining which behavior is triggered, a probabilistic approach is used to simulate
how fish switch from one behavior to another. An expected utility U! is obtained by

estimating a probability Pt of obtaining a utility, u; assigned for each behavior. The
adopted behavior is the one providing the maximum expected utility Ut as:

Ut =P xu; — ¢ (2.5-11)

where, u; the intrinsic utility for each behavior, Pl-t the probability of each behavior utility
and C;' a bioenergetic cost for executing a behavior response.

After the fish swimming velocity vector (us, vf, wy) is assigned, fish location is updated as:

x0T = x4 (u+up) * At (2.5-12a)
y it =yt 4+ (v+vp) * At (2.5-12b)
Z7 =zt + (W + wy) * At (2.5-12¢)

where, ( x,y,z) the position vector and (u,v,w) the flow velocity vector.

Goodwin et al. (2006) considered hydraulic strain as a stimulus for behavior decisions and,
1¢, is dependent on the log of the hydraulic strain, scaled to a reference value, thus:

It =logSt (2.5-13)

where, S*= [|0u;/du;| the hydraulic strain and S, a reference value.
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Goodwin et al. (2014) used flow acceleration magnitude A,, as a stimulus, thus:

t

It = log% (2.5-14)
0

Both models considered vertical orientation as a separate behavior decision (B3), affected
by hydrostatic pressure experienced by fish, and the already acclimatized depth (Goodwin
et al., 2006; 2014). Swimming towards acclimatized depth (B3) as a behavior decision is
triggered, when difference between fish elevation and depth fish is adapted to exceeds a
threshold value k5, thus:

Es' = |I" — 155" > ks (2.5-15)
where, I;¢ is perceived intensity of pressure stimulus at the individual’s position at time t
(i.e. the depth), Ia3t is perceived intensity of Pressure stimulus to which the individual has

adapted to, also derived from (equation 2.4-1).

Indicative observed and modeled fish paths as well as flow field characteristics are shown
in Figure 7.2-1.

B{4} Not Colored

Figure 2.5-3: Flow field characteristics and fish paths. (a) contour lines of flow
acceleration in simulation area, (b) flow velocity magnitude, (c) model-generated fish
path, and (d) observed fish movement [source: (Goodwin et al. 2014)]
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2.5.3 Arenas et al., 2015

Arenas et al. (2015) presented a study focused on the interplay between flow field
acceleration and smolt swimming behavior, generating probability distributions for fish
thrust and swimming direction (a in XY plane and 61 in XZ plane) in respect to flow
acceleration, as shown in Figure 2.5-4. Simulations and measurements were performed at
the Rocky Reach Dam and Priest Rapids Dam of the Mid-Columbia River, (USA).
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Figure 2.5-4: Probability distributions for fish thrust FT (first row), angle a (second row)
and 0 (third row) for three types of fish (a) to (c): Chinook salmon, (d) to (f): sockeye
salmon and (g) to (i): steelhead [source: (Arenas et al., 2015)]

The main aspects of the study of Arenas et al. (2015) are:

1. CFD simulations were performed using ANSYS FLUENT to solve the Reynolds-
Averaged Navier Stokes (RANS) equations and flow characteristics were calculated,

2. fish swim paths from data measurements were determined and shown in Figure 7.3-
2 and 7.3-3,

3. newton’s second law of motion was solved to find fish thrust at each measured
location,

4, fish thrust components, fish orientation and swimming time were determined, and

5. probability distributions were generated for selected values of flow acceleration.

The following procedure was performed:

1. Cq4r was determined assuming fish was drifting (equation 2.5-18),

2. Drag force Fp, and fish thrust F; was calculated using fish and ground velocity from
measured data (equation 2.5-16, 2.5-17),

3. If F<0.6x10° N then fish was drifting, and

4, If F1>0.6x107 N then the drag coefficient, and drag force were calculated for fish
swimming, and fish thrust was calculated, also generating angles of fish orientation.

The following equations were used:
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o, - -

meZIDT‘T (25'16)

Ip——v.op Lgjgm~g (2.5-17)

where, i, ms are the ground velocity and fish mass, ﬁT,ﬁD are the fish trust and drag
forces, i is the fish swim velocity, A is a reference area depending on the drag coefficient

Cdf .
493.9

WfRef>2OOO
. f
Sw 24 b.Re
_ —(1+bRe")+——2ifRe, <2
C, = Res(+b1 e )+b4+RS1f e, <2000 (2.5-18)

drifting {—1207022
o O

S

where, Res = p = |us| * L/u is the fish Reynolds number and Re; is the Reynolds number of
a sphere with the same volume as the fish, and the coefficients:

b, = exp(2.3288 — 6.458 1y + 2.4486y)

b, =0.0964 + 0.5565y

b, = exp(4.905—13.8944y +18.4222y* —10.25995°)
b, = exp(1.4681+12.2584y —20.7322y° +15.8855y°)

(2.5-19)

where, y = s/S; with s the surface area of a sphere with the same volume as the fish and
St the actual surface of the fish.

In their 2015 work Arenas et al. used a coordinate transformation, relating fish orientation
to the flow velocity, thus obtaining results independent of the definition of a Cartesian
coordinate system. The angle between the vertical axis and fish thrust (same as fish-head
orientation) is denoted as 0;, between the vertical axis and flow velocity vector as 6,.
Changes in water depth is simulated by 68;, with 8; < 90° representing fish swimming
upwards and 6; > 90° swimming downwards. The angle between the projections of the
thrust force and the flow velocity vector onto the XY plane is a, with a = 0° and a = +£180°
denoting swimming in the same and opposite direction of the flow respectively, as shown
in Figure 2.5-5.

Figure 2.5-5: Angles used to analyze fish behavior. Fish thrust FT and flow velocity uf
[source: (Arenas et al., 2015)]
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3 PRESENTATION OF THE FISH BEHAVIOR MODEL

3.1 General

In this chapter, the role and main functions of the program created for simulating fish
behavior are illustrated. Its purpose is to provide the reader with a general understanding
of the program created. Following the main program structure, we analyze its various
aspects and procedures necessary for the accurate simulation of the physical problem. This
is done by decomposing the program into various chapters, highlighting on important
information and providing the mathematical context associated with each procedure.

A flowchart (Chapter 3.3) is conducted, to facilitate the decoding process and clarify
connections between various aspects of the program. The flowchart, acts as a tool for the
reader to further understand the processes presented in chapter 3.2 and their necessity.

Finally, files associated with the program either as inputs (Chapter 3.4) or outputs
(Chapter 3.5) are presented as they are essential to completion of the simulation.

The model created and the program presented below was based on the model proposed by
Goodwin et al. (2014).

3.2 Description of the program

In order to follow the structure of the program and don’t lose sight of different procedures,
certain notations are used for characterizing each chapter and different process.

The main program is divided into 11 chapters, in accordance to their sequence of
execution, to facilitate decoding.

3.2.1 Chapter 1-Preliminaries-read input data

In this chapter parameter and variable data is extracted from input files. The procedure is
described in sections below.

Section 1.1: Read length and speed characteristics

The program reads coefficients related with fish speed and fish length, i.e. SPEEDCRU,
SPEEDBOOST, SPEEDDRIF, SPEEDSUST and FISHLENG from file:

1. 'fish_charact.dat'.
Section 1.2: Read other fish characteristics

The program reads other coefficients necessary for the simulation, i.e. behavior
coefficients, initial values of simulation parameters and fish initial position from files:

1. 'fish_BehavCoeff.txt'
2. 'sim_info_in.dat'
3. 'fish_location.txt'
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3.2.2 Chapter 2-Read geometry from TELEMAC files and calculate accelerations
This Chapter consists of 4 sections.
Section 2.1: Initialization of variables.

Variables related to geometry and flow field values are initialized, i.e. X(1,]1), Y(1,3), U(1,J),
V(L,J).

Section 2.2: Read from TELEMAC files.

Geometry and flow field data are read from the TELEMAC files, i.e. variables X(1,]), Y(1,]),
u(1,l), V(1,1),SURF(I,J) and BOT(I,J).

'DATA_FISH_colums.txt'
'DATA_BOTTOM.dat',
'DATA_VELOCITY UV.dat', and
'DATA_FREE SURFACE.dat'.

e

Thus, the coordinates, the velocity components and water elevations at all grid notes of
the TELEMAC geometry are defined.

Section 2.3: Calculate Acceleration Magnitude (AccMg).

A new coordinate system (ksi,eta) is used to calculate the acceleration.

oU oU
In order to calculate AccMg it is necessary to first find the velocity gradients —, —

ox ' oy’
oV oV . . ) . .
6_' and 6_ for every node of the simulation area. A new coordinate system (ksi,eta) is

X Y

defined in order to calculate the velocity gradients for each node using finite differences.
An appropriate interpolation scheme is then selected to apply the finite differences
method. In the particular program, a linear interpolation scheme is selected. In particular
for the interior nodes of the computational grid central differences are selected and for the
boundary nodes upwind or downwind differencing scheme is selected. For both cases, a

i

oU
second order approximation is used. As an example, the interpolation scheme for — is

Ox;
presented below.
Central differencing scheme for internal nodes,
ou. U, -U.
i i+l i—1 (32_1)
ox 2*DX
Downwind differencing scheme for left boundary nodes,
oU. =3*U.+4*U.. -U.
A i i+l i+2 (32_2)
ox 2*¥DX
Upwind differencing scheme for right boundary nodes,
oUu. +3*U.—-4*U. . +U,
i i il i-2 (3.2-3)

Oox 2*DX
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2 2
AccMg = Ua—UJrVa—U + U&_V+V6_V (3.2-4)
ox oy ox oy

Section 2.4: Calculate perceived intensity of AccMg (IntAccMg) for plot

The intensity of the Acceleration magnitude is calculated, which corresponds to how fish
perceives the acceleration magnitude, in order to create a plot file: ‘toplotAccMgT.txt'.

AccMg

IntAccMg =log,, (3.2-5)

3.2.3 Chapter 3-Fish and Time loop for each fish
Section 3.1: Initialization of counters

Counters and variables necessary for the simulation are initialized, i.e. COUNTBI1tot,
countFB1, filenum and variables DX, FvelMgtot, XFold, YFold.

Section 3.2: Start of fish loop for a total number of fishes: FISHNUM
Fish iterations start from 1 to total number of fishes: FISHNUM.

Initial positions of the first 5 simulated fish are read from file: ‘fish_location.txt’ and
written as outputs at files: ‘FISH_POSITIONSO1.txt" until ‘FISH_POSITIONSO5.txt'.

Counters COUNTB1, COUNTB2, COUNTB3 and fout are also initialized at the start of each
fish iteration.

Section 3.3: Start of time loop for each fish, total number of iterations: ITERMAX

Time iterations start for each simulated fish and calculate the trajectory of each fish.

3.2.4 Chapter 4- Find the position of fish: IFISH,JFISH

In chapter 4 of the program a searching algorithm is used in order to find the location of
the simulated fish in the computational grid. Fish location (XF, YF), which was imported
earlier is used in order to check which node is located nearest to the fish. Thus, distances
between fish location and all the grid nodes (I, J) are calculated. The node with the
minimum distance is selected as seen in equation 3.2-5.

IFISH=1I, JFISH=] (3.2-5)

It is noted that there is a possibility for fish to get off grid boundaries during the simulated
movement, so a counter, fout, is used to indicate that the fish has escaped the grid after it
encounters boundary nodes two consecutive times.

3.2.5 Chapter 5-Find the position of the Sensors: IXSEN (NSEN), IYSEN (YSEN)

Chapter 5 of the program is divided into three sections, in order to accurately simulate the
fish Sensory Ovoid and its relation to the computational grid.
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Section 5.1: Calculation of Sensor Distances

In this section the position of each sensory point is calculated in respect to the fish
orientation.

As, a first step coefficients used in the simulation are set, i.e. NCOEFF, AM, A0, Coeff40
and DELTA (see Appendix).

As a second step the Sensory Query Distances (SQDs) are calculated, as the displacement
from the location of the fish, with a procedure - that consists of Sensory Point Distance
(SPDIST), Random Increase of sensory point distance (RINC) and stochastic noise to
sensory point locations by Adding Range of variability to non-cardinal locations (RND) -
illustrated below. The equation used can be found in the work of Goodwin et al. (2014).

SPDIST=M (3.2-5)
log (Achg)
10 AO
RINC =14+ RRSOD* DELTA (3.2-6)
RND = (2* RRSOD —1) * Coeff 40 (3.2-7)

where, RRSQD is a random number of uniform distribution, ranging between 0 and 1,
created for the Sensory Query Distances. A local coordinate system is used with
coordinates (SQDX, SQDY), as shown in Figure 3.2-1 for each sensory point presented in
Table 3.2-1.

Table 3.2-1: Sensory points coordinates in the local coordinate system, as distances from
the fish center, also seen in Figure 3.2-1

Sensory point 1
SQDX(1) =0
SQDY(1) =0

Sensory point 2

SQDX(2) = SPDIST * RINC
SQDY(2) = SPDIST * RAND
Sensory point 3
SQDX(3) = -SPDIST * RINC
SQDY(3) = SPDIST * RAND
Sensory point 4
SQDX(4) = SPDIST * RAND
SQDY(4) = SPDIST * RINC
Sensory point 5
SQDX(5) = SPDIST * RAND
SQDY(5) = -SPDIST * RINC
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4

3 r""‘hhp 2
b -

(SQDX.. SODY.) - {SQDIX... SODY.)

(SQDX,, SQDY.)

Figure 3.2-1: Representation of the 2D detection volume and the 5 sensory points. Point
1, is the center of the fish, points 2 and 3 are located in the direction of the fish head and
tail respectively, and points 4 and 5 are located on the left and right side of the fish

Section 5.2: Calculation of sensor point coordinates in the global coordination system

The global (grid) coordinates of the sensory points are determined from the local SQDs. A
rotation matrix is applied in the SQDs and added to the existing fish position, in order to
find the boundaries of the Sensory Ovoid in grid coordinates (X, Y). The transformation
procedure is depicted in equation 3.2-8 and 3.2-9.

XSEN _ XF | RFISHANGXY 4 SODx (3.2-8)
YSEN YF SODy
The rotation matrix is given below:

(3.2-9)

RFISHANGXY _ |:COS(FISHANGXY ) —sin(FISHANGXY )}

SIN(FISHANGXY)  cos(FISHANGXY)

The matrix corresponds to the rotation of z-z axis with angle FISHANGXY.
Section 5.3: Calculation of sensor I and J in the global coordinate system

Similar to chapter 4, a sensory point position is requested in the computational grid, so a
search algorithm is implemented, similar to the one used to identify fish position. Thus,
the nodes of the grid are determined (IXSEN, IYSEN) for each sensory point, from where
flow field information associated with the Sensory Ovoid is extracted.

3.2.6 Chapter 6- Decide Initial Behavior: Calculate DMETRIC and EVENT

From program chapter 5 starts the main part of the behavior decision making that affects
fish movement. In this part fish extract hydrodynamic information through their Sensory
Ovoid system, which was modeled earlier and start evaluating different behavior decisions
based on that information that acts as stimuli.

Section 6.1: Calculation of flow velocities and angles
We extract the velocity components VELSEN(1,NSEN) , VELSEN(2,NSEN), and the

acceleration magnitude ACCSEN(NSEN) for each sensory point from its grid location
(IXSEN , IYSEN), so
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VELSEN(1, NSEN) = U(IXSEN, IYSEN), (3.2-10)
VELSEN(2, NSEN) = V(IXSEN, IYSEN), (3.2-11)
ACCSEN(NSEN) = AccMg(IXSEN, IYSEN) (3.2-12)

Having extracted necessary information about the flow field, flow characteristics needed
for the simulation of the next move are given to the sensory points. The angle
FLOWANGXY between the velocity vector and the computational grid is calculated for later
use.

Section 6.2: Calculation of DMETRIC

The value of each behavior related stimulus is calculated, in order for the evaluation to
continue using the given thresholds. Following the example by Goodwin et al. (2014), also
seen in other relative literature (chapter 2.4 Locomotion, behavior responses and learning)
basic behavior decisions that were modeled were:

1. B1l-swimming with the flow,
2. B2-reacting-changing orientation towards faster flowing water, and
3. B3-retreating behavior by swimming against river flow.

For behavior Bl, B2, B3 the perceived acceleration and acclimatized intensities are
calculated (see Appendix):

]ntAccPres=log10% , and (3.2-13)
A0
IntAccPast = (1—- MEMACCL)* IntAcc Pres + MEMACCL * IntAccPast (3.2-14)

The detection metric used as suggested by Goodwin et al. (2014) is calculated:

DMETRIC = IntAcc Pres — IntAccPast (3.2-15)
IntAccPast

It has to be noted that during first execution, IntAccPres=IntAccPast and
IntAccPast > Coeff 42 . Furthermore, AccMg >2*10°m/s”, acting as a lower bound for the
perceived Acceleration Magnitude.

Section 6.3: Calculation of event

After finding for each behavior its respective intensity of stimulus, the detection metric
found for each behavior is compared with the threshold values (THRES (1-3)). Detection
Metrics for behaviors that exceed their respective thresholds are noted as EVENTS of
possible behavior decisions (EVENT= 1).

3.2.7 Chapter 7- Calculate Probability and Utility of Behavior Decision

In this part, after having found which behavior decisions are active (possible decisions), a

Utility Function is given for each behavior based on a probability of selecting each
behavior. Finally the behavior with the greatest utility value for the fish is selected.
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Section 7.1: Initialization of probabilities.

Probabilities PROB(:,:) are initialized for the first iteration and fish are assumed to have no
previous preference (equal probabilities).

Section 7.2: Calculation of probabilities.

Probability of utility is then recalculated for each behavior decision as:
P ROB =(1- MEMBEH )* EVENT + MEMBEH *P ROB"" (3.2-16)

Section 7.3: Calculation of Utility for each decision
The Utility function is then calculated for each behavior (B1-B3) associating an intrinsic

utility for each behavior, with the probability of obtaining this utility already found in the
above procedure. This is done by:

UTIL =P ROB* IntrUtil (3.2-17)
Section 7.4: Calculation of Decision

For every time step the maximum Utility (UTILMAX), between behavior decisions B1, B2
and B3 is determined. The behavior decision associated with the maximum Utility function

is selected, determining the subsequent swimming behavior. Swimming behavior decision
is determined through a vector, named NDECIS , with values:

NDECIS' = NDECIS"™ +1 , if UTIL =UTILMAX (3.2-18a)
NDECIS =0 , if UTIL <UTILMAX (3.2-18b)

In equation 3.2-18a values greater than one indicate, that the fish selects the same
swimming behavior decision more than once, and has selected it a nhumber of NDECIS
consecutive times.

Section 7.5: Calculation of counts

Counters related to behaviour decision are updated, e.g. COUNTB1, COUNTB1tot.

3.2.8 Chapter 8- Calculate velocity and angle

Having already determined which behavior decision the fish (agent) selects, NDESIC is
given an appropriate value for each possible behavior. In chapter 8 the program checks
which behavior response is triggered by examining for each behavior if equation 3.2-19
holds true. It then proceeds on calculating fish speed (SpeedFish) and change in angle
(angleXY), in respect to its local coordinate system (where the fish’s head is pointing).

NDECIS(i) =1 (3.2-19)

where, i=1,2,3 are the three modeled behaviors (B1, B2, B3).

Section 8.1: Behavior B1

If 3.2-19 holds true for i=1 then the fish (agent) has selected behavior B1 for its next
move. When the agent switches to behavior B1 from another behavior it is assumed to

orient itself to the flow. As a result the change in angle in respect to the local coordinate
system is modeled as:
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angleXY = FLOWANGXY — FISHANGXY (3.2-20)

If the fish makes the decision of behavior B1 consecutive times, i.e. NDECIS(i)>1 for

i=1, then a Random Walk is implemented, biased towards the direction of the main flow.
The modeled fish moves within an angle £20° in the XY plane as seen in equation 3.2-21.

angleXY = RRB1*20° , if NDECIS =2 (3.2-21a)
angleXY = RRB1*20° + angleXY , if NDECIS(1)>2 (3.2-21b)

where, RRB1 implementing a Random Range in Direction.

Equation 3.2-21 is valid until:

R1< "W NPECSMD _1 (—TOPANG) (3.2-22)
where, R1 is a random number from a uniform distribution, of range between 0 and 1.

The speed in which the agent moves to its new direction is calculated using different
classes of swimming speeds, as seen in Chapter 2.4. By including a random number from
a uniform distribution RR, ranging between -0.5 and 0.5, as a Random Range of Speed

Increase, the agents speed is:

SPEEDFISH = FISHLENG *(SPEEDCRU + RR*(SPEEDCRU — SPEEDDRIF) (3.2-23)

Section 8.2: Behavior B3

The state B3 (swim against flow vector), is an escape response. When the agent switches
to behavior B3 from another behavior it is assumed to orient against the flow. As a result
the change in angle in respect to the local coordinate system is modeled as:

angleXY = FLOWANGXY — FISHANGXY —180 (3.2-24)

Subsequent moves occur with orientation against the flow vector within an angle:

angleXY =180/log(AccMg / A0)— FLOWANGXY (3.2-25)

Where persistent change as shown in (3.2-25) perpetuates unless fish angle exceeds
angleXY=x90° or (3.2-22) is true. Swim speed upon transition to B3 is equal to:

SPEEDFISH = FISHLENG * SPEEDBOOST (3.2-26)

and decays if the B3 behavior is selected in subsequent time steps as shown in (3.2-27)
but does not drop below (3.2-23) and it is further bounded by [S_,,...> S5m0 ] -

SPEEDFISH = SPEEDFISH *(1-0.025) (3.12-27)

Section 8.3: Behavior B2

If 3.2-19 holds true for i=2 then the fish (agent) has selected behavior B2 for its next
move. In behavior B2 the fish is modeled to receive information regarding the velocity
magnitude of the surrounding flow and changes its movement speed and orientation to
accommodate faster flowing water. Information of water velocities for every Sensory Ovoid
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point is stored to find the maximum velocity magnitude inside its perception Ovoid. Thus,
the following arrays are created:

B2behav(NSEN) = 1. / FLOWVEL (NSEN) (3.2-28)

Where NSEN = 1, 2, 3, 4, 5 the locations of the Sensory Ovoid from where velocity
information is extracted.

The program then finds the minimum or number of minimum of the B2behav(NSEN) array
for and selects to change direction, where B2behav is minimum. After selecting main
direction a random change from the main angle is implemented as in (3.2-21):

angleXY = angleXY + RRB2*20° (3.2-29)

For behavior B2 when the fish reduces water acceleration Ay in successive time steps,
swim speed SPEEDFISH is set in the same manner as in (3.2-21b). If not, then speed
boosts as:

SPEEDFISH = FLOWVEL(1)*(1+1.5) (3.2-30)

Where, FLOWVEL is water velocity magnitude and 1.5 is the boost, with SPEEDFISH
bounded by[S,, ..>S5,.. ], @ entered in Input 1.2 (SPEEDCRU, SPEEDBOOST).

3.2.9 Chapter 9- Calculate Velocity Components

At program chapter 9 swim speed and direction of the next move for the modeled fish is
converted into a velocity vector FISHVELXYZ(1-2) so as its movement can be simulated.
Initially fish velocity vector is found in respect to the local coordinate system, which is
relative to fish orientation. The program then uses a rotation matrix similar to the one
used to find the fish Sensory Ovoid system using (3.2-8 and 3.2-9).

(3.2-30)

FISHVELXYZ(1)| _ [FISHVELNeW(1)] . o ristancxy
FISHVELXYZ(2)| ~ |FISHVELnew(2)

where FISHVELnew(1-2) is the components of SPEEDFISH regarding angleXY and

(3.2-31)

RFISHANGXY _ {cos(FISHANGXY) —sin(FISHANGXY)}

sin(FISHANGXY)  cos(FISHANGXY)

3.2.10 Chapter 10- Update and write fish paths

At program chapter 10 the modeled fish’s location and simulation time are updated for the
next iteration. Fish location, set in global CFD coordinates from the previous procedure, is
updated using the equations of motion, as described in (2.5-12). The program also checks
if the fish has reached an open boundary and should stop the computation. The
displacement is calculated in this time step and in total. Fish orientation on the XY-plane is
also updated and results are printed on an output file: "FISH_POSITIONSO1.txt".

3.2.11 Chapter 11- End of fish loop for the current (one) fish
At the final chapter 11 of the program, we exit fish loop after maximum number of
iterations, and several messages are printed to the user, presenting the progress of the

computation. Finally in case of multiple fish simulations, variables related to individual fish
behavior and iteration count are re-initialized for the next fish simulation.
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3.3 Flowchart

/ READ Geometry /

/ READ Velocities U, V /

Calculate AccMg
|

/ READ FISHNUM /

Locate Fish node

EXIT

YES

Do M=1, ITERMAX

Find Sensory Ovoid Coord

l

! Do FISHITER=1, FISHNUM Find Sensory Ovoid nodes

¥ I
Find DetectMetric(i) Do Behav=1, 3
I I

la

NO
EVENT(i)=0

DetectMetric(i)
= Thrshid(i)

EVENTI(il=1

Do Behav=1, 3
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+

Find ProbPres(i)

:

Find UtilBehav(i)

:

Find Max UtilBehav

UtilBehav(i) =
Max

L i

AgntDecis(i)=0

l

Do Behav=1, 3

AgntDecis(i)=+1

UtilBehaw(1)

=1

Do M=1, ITERMAX

NO

Calculate angleXY

.

Calculate FISHSPEED

utilBehaw(2)
21

NO

h

Calculate angleXY

!

Calculate FISHSPEED
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UtilBehav(3)
=1

Calculate angleXyY

Do M=1, ITERMAX NO :
Calculate FISHSPEED

— T Conwvert FISHSPEED, angleXy
Foee T"""“""""""'I to vector FISHVEL()

| :
Update fish position:
XF, YF

I

: / WRITE XF, YF, angleXY /
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3.4 Input files

Input files for the fish behavior model include several files with different roles. Those,
essential to completion of the simulation, are presented in this section. Data depicted in
figures below are extracted from the application presented in the next chapter.

Input file: “fish location.txt”:

Lists the xy-positions where each fish will start, i.e. the fish release locations, and their
original orientation related to the CFD grid. Additionally, the first humber indicates the
number of fish to be simulated, and whose initial information are given.

Mj fish_location.tst - Inpewopordpo -

Apyeio  Emefepyaoic Mopipr  Mpofolh  BorBow
5

483056.85 6138481.34 0.00
48305470 5138478.90 0.00
483052.70 6138475.50 0.00
483051.61 6138473.10 0.00
483050.12 613847 .66 0.00 0.00

Figure 4.3-1: Fish release location file
Input file “fish charact.dat”:

Lists the swim speed coefficients, which will be multiplied with the fish length to calculate
swim speed. Fish length is also provided in this file.

Mj fish_charact.dat - Inpewopordamo =aRsy X |

Apyeio  Emelepyooic Moppn  TMpofoin  BonBao
SPEEDDRIF
0.25
SPEEDCRU
20
SPEEDSUST
6.0
SPEEDBOOST
10.0
FISHLENG
0.09

Figure 3.4-2: Fish swim characteristics file
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Input file “sim_info in.dat”:

Provides with the basic simulation information: time step (DT), initial time at the start of
iterations (TIME), and number of iterations (ITERMAX).

Mj sim_info_in.dat - Znpenspordpmo

Apyzio  Emzlepyooic Meopgpr  MpoPoln  BeonBeaw

time step DT

20

starting TIME

0.0

number of iterations ITERMA)d
300

Figure 3.4-3: Simulation information file

Input file “"DATA VELOCITY UV.dat":

Provides with the flow field information, and in particular flow velocities U, V for every
node with coordinates X, Y of the computational grid.

“J| DATA_VELOCITY UV.dat - Eneuwpartépio C=11=]

Apyeio  Emelepyogic Mopgn Mpofoln  BonBaw

h’ITLE ="VELQCITY UV: SERAFIN"

VARIABLES = "X", "y™, "U", "W

ZONE NODES=8465, ELEMENTS=16535, DATAPACKING=FPOINT, ZONETYFE=FETRIANGLE
483024 .281250 6138476.000000 0.000350564 -0.000292219
483023.781250 6138476.000000 -0.00013147 0.000449616
483023.281250 6138476.000000 0.000281484 0.000311691
483022.781250 6138476.000000 -0.00062709 -0.000189048
483022.281250 6138476.000000 -0.000161857 -0.000626299
483021.781250 6138476.000000 -1.12034e-008 -9.58174e-008
483021.281250 6138476.000000 5.11984e-009 -1.08118e-007
483020.781250 6138476.000000 2.71436e-005 -7.91557e-005
483020.281250 6138476.000000 -0.00354643 -0.00168842
483019.781250 6138476.000000 -0.00019107 -0.000617562
483019.281250 6138476.000000 -1.06965e-008 -1.01632e-007
483018.781250 6138476.000000 4_65746e-006 -0.00111054
483018.281250 6138476.000000 1.60527e-008 -1.05422e-007
483017.781250 6138476.000000 0.000145421 -0.00102606
483017.281250 6138476.000000 0.00119208 0.00176585
483016.781250 6138476.000000 0.000542302 -0.000:338528
483016.281250 6138476.000000 -0.00100271 0.00149334
483015.781250 6138476.000000 0.0011609 0.0033515

Figure 3.4-4: Flow field information file
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Input file “fishBehavCoeff.txt":

In this file, all sensory and behavior coefficients are enclosed. It consists of 9 coefficients,
necessary for the calculation of simulating fish behavior responses.

3.5 Output files

j fish_BehavCoeff.txt - Inpewapotdpo

=l

Apyeic  Emelepyooia

Moppd  MNpofohh BodBao

kThrshid(1)
0

#Thrshid(2)

013

#Thrshid(3)

089
#ACCzeroRef
1E-6
#MemCoefAcc(2)
0999
#MemCoefAcc(3)
095
MemCoefBehav(1)
1
MemCoefBehav(2)
0.0
MemGCoefBehav(3)
0.998

IntrUtil(T)

1.

IntrUtil(2)

0.5

IntrUtil(z)

1.

Figure 3.4-5: Fish behavior coefficients

Output files from the present model summarize the results from the movement simulation

and present fish positions in the CFD grid throughout the computation period.

Output file "FISH POSITIONS%.txt":

In this file fish positions are presented, using their coordinates and orientation for each
iteration of the computation. A separate file for each simulated fish is printed limited by

100 modeled fish.

ﬂ FISH_POSITIONSOL.txt - Inpswwpatdpio

=l

Apyzio Emefzpyacion  Moper

Mpopoir  Borfew

#XF YF TIME
483014 400000000000000
483013.167621021600000
483012 312740193800000
483011.389886982800000
483010 4284556017300000
483009.092424255400000
483008 082496450800000
483007.556804474100000
483007 538778474500000
483008.069970689300000
483008.251341903200000
483007.028210818200000
483006.217346869900000
483005.386004232100000
483004.461759769800000
483003 120068650300000
483002.202500738000000
483001.392136266900000
483000.616471709300000
482999 906478089900000
482099.134332298100000
4820997 864830192500000
482996.826089576900000
482095 985847471200000
482995.633574263900000
482995 953160486300000

6138489 960000000000000 0 000000000000000E+000

6138490.389682394000000
6138490 860593698000000
6138491.427809244000000
6138491 868964039000000
6138491.904 148900000000
6138491 580820002000000
6138490.733548468000000
6138490 205489206000000
61 SMBQ.SSSZbTZQSDDDDDD
6138490.053868429000000
6138490.530441823000000
6138490.850685235000000
6138401.066121175000000
6138491.140422558000000
6138490 986494743000000
6138490.967655817000000
6138491 163176957000000
6138491.794073320000000
6138492 060780993000000
6138492.360425958000000
6138492 5015837 11000000
6138492 .862407446000000
6138493 540371418000000
6138494 226778711000000
6138494 923159618000000

2.000000000000000
4 000000000000000

6.000000000000000

8.000000000000000
10.000000000000000
12 .000000000000000
14.000000000000000
16.000000000000000
18.000000000000000
20.000000000000000
22.000000000000000
24.000000000000000
26.000000000000000
28.000000000000000
30 000000000000000
32.000000000000000
34 000000000000000
36.000000000000000
38.000000000000000
40.000000000000000
42 000000000000000
44.000000000000000
46 000000000000000
48.000000000000000
50.000000000000000

Figure 3.5-1: Fish position information file
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4 CASE STUDY: JEDSTED MILL FISH FARM

4.1 Case study area - Jedsted Mill Fish Farm

For the calibration and validation of the proposed fish behavior model it was necessary to
determine an area for which there have been studies concerning fish movement during
downstream migration and relative data could be found. Information about water
velocities, bathymetry data and discharge was also necessary. For the present application
the Konge River was selected as a study case, located in western Denmark, and more
specifically the area of the Jedsted Mill Fish Farm, for which there have been studies and
data of fish trajectories (Svendsen et al. 2010; 2011).

Figull'é 4.1-1: Area of mterest Jedsted Mill Fish Farm

General characteristics of the Konge River can be found in Table 4.1-1 and further
information concerning the Jedsted Mill Fish Farm in Table 4.1-2.

Table 4.1-1: General information for the Konge River [Source: (Svendsen et al. 2011)]

Konge River general information
Location Western Denmark drains into Wadden Sea
Average slope 0.05 %
Mean annual 3
discharge 7 m/s
River width 8+15 m
Depth 0.5+1.4 m
sand interspersed with
Substrate scattered areas of
gravel

Table 4.1-2: General information for the Jedsted Mill Fish Farm [Source: (Svendsen et al.

2011)]
Jedsted Mill Fish Farm area information
Coordinates: 5523 N; 843 E
Location: 7 km upstream of Wadden Sea
90 m upstream of standard sharp-crested weir
Discharge Controlled by weir of Height=2m
Slope 0.034 \ %
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In the area of interest, water is diverted from the river into the fish farm and fish have
been found to abandon downstream migration and enter the fish farm depending on the
discharge allocated to the facility. During the fish tracking experiments total stream
discharge and discharge diverted to the Jedsted Mill Fish Farm was measured as can be
seen in Table 4.1-3.

Table 4.1-3: Discharge information for the fish tracking study period [Source: (Svendsen
et al. 2010)]

Jedsted Mill Fish Farm - Case stud

Total stream discharge 2.66+0.37 m3/s
Discharge diverted to fish 20+6.7 %
farm
Free Surface Elevation 2 m
Slope 0.034 %

The substrate for the Konge River in the area of interest was also determined in order to
obtain roughness coefficients for simulating river flow. The river bed is comprised mainly
by silt and sand, being muddy near the edges. Furthermore when the Atlantic Salmon
were tracked, vegetation of the river was dense, comprised of Spargarium emersum, as
shown in Figure 4.2-4, with 50% coverage (Dr. Jon C. Svendsen, personal
communication).

Figure 4.1-2: Vegetation in simulation area for calculation of Manning coefficient

After contacting the author of the scientific paper “Linking individual behavior and
migration success in Salmo salar smolts approaching a water withdrawal site: implications
for management”, Dr. Jon C. Svendsen, researcher at the DTU, he provided us with
bathymetry and current velocity data for the area of interest, as well as data of fish
trajectories for the same area. Using this information a simulation of the river flow was
possible, from which necessary hydrodynamic information for the fish behavior model can
be acquired.
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4.2 Measurements of fish trajectories for the Jedsted Mill Fish Farm

Measurements for the fish trajectories data were done during downstream migration in the
area of interest. Fish characteristics can be seen in Table 4.2-1.

Table 4.2-1: Characteristics of measured fish for the Jedsted Mill Fish Farm [Source:
(Svendsen et al., 2011)]

Fish information
Fish type wild Atlantic smolts (Salmo Salar)
Average Fish
Length 19.1+1.1 cm
Body mass 53.1+9.9 g
Release darkness (
. during spring >2h after
period
sunset)

Fish data provided to us were derived of a Data.7z file containing 57 files ‘.txt’ with
measured fish positions at each time moment.

Table 4.2-2: Data of fish measurements [Source: (Dr. Jon C. Svendsen, after personal
communication]

2.
3.

*TxTime Tag X Y
(s) (m) (m)
40036129.00 1970 6232605.93 1390327.14
40532615.00 1970 6232594.23 1390325.80
40556255.00 1970 6232590.10 1390325.64
40579895.00 1970 6232587.14 1390325.69
40603536.00 1970 6232584.99 1390325.93
40627179.00 1970 6232583.39 1390326.31
40650823.00 1970 6232582.25 1390326.70

Column TxTime: Time stamp for each measured fish coordinate, which can be
calculated by the difference of the first ‘TxTime’ value and the one examined, divided
by 12000. Thus the total time in seconds can be derived (e.g. Time=40556255-
40532615)/12000=1.97s).
Column Tag: Refers to each measured fish (Identity code number).

Column X, Y: Coordinates of tagged fish for every time step.

The X, Y coordinates of the hydrophone receivers used for measuring fish location were

also given as supplementary data and are presented in Table 4.3-3.

Table 4.2-3: X, Y coordinates of the hydrophone receivers used for measuring fish

location [Source: (Dr. Jon C. Svendsen, after personal communication]

X Y units
Hydrophone 1: 6232566.49 1390317.40
Hydrophone 2: 6232588.90 1390330.45 (m)
Hydrophone 3: 6232564.51 1390297.65
Hydrophone 4: 6232603.07 1390319.99
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Presentation of fish paths from measurements in the case study area

40

Y (m)

40

X(m)

-20
X(m)

40

Y (m)

40

20 40

X(m)

60

-20
X(m)

Y (m)

-20

X(m)

0
X{m]

Figure 4.2-1(a): Fish paths (fish 1 through 18) as measured in the Jedsted Mill Fish
Farm. The red circle points represent the position of the 4 hydrophones used for tracking
fish paths
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Figure 4.2-1(b): Fish paths (fish 19 through 36) as measured in the Jedsted Mill Fish
Farm. The red circle points represent the position of the 4 hydrophones used for tracking

fish paths
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4 4
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Figure 4.2-1(c): Fish paths (fish 37 through 54) as measured in the Jedsted Mill Fish
Farm. The red circle points represent the position of the 4 hydrophones used for tracking

fish paths
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4.3 Bathymetry and velocity data, discharge and riverbed roughness
information

4.3.1 Bathymetry data and depth average velocities
For the area of interest we were provided with GIS data in the form of water depth and

average velocity contour lines for the Jedsted Mill Fish Farm area as shown in Figure 4.3-1
and Figure 4.3-2.

g Lrass Socion 1

Figure 4.3-1: Contour lines of water depth in the area of Jedsted Mill Fish Farm. Cross
sections at the inflow and outflow location are shown with white straight lines [Source:
(Jon C. Svendsen, after personal communication]

Cross Section 3

Y .'i_ i RO _ IR i 5 i e
Figure 4.3-2: Contour lines of depth average velocities in the area of Jedsted Mill Fish
Farm. Cross sections at the inflow and outflow location are shown with white straight lines
[Source: (Jon C. Svendsen, after personal communication]

4.3.2 Calculation of Discharge for the case study area

Using the data provided cross sections for the inflow and outflow were constructed in order
to calculate the discharge at the boundaries of the area. Specifically, cross section were
drawn at the upstream part of the area (Cross_Section_1), at the area that water is
diverted to the Jedsted Mill Fish Farm (Cross_Section_2), and at the downstream
(Cross_Section_3).
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Cross_Section_1

0.8 == cepths (m)
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X{m)

Figure 4.3-3: Water depths and average velocity at Cross_Section_1 (intake)
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Figure 4.3-4: Water depths and average velocity at Cross_Section_2 (water diversion to
Jedsted Mill Fish Farm)

Cross_Section_3
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Figure 4.3-5: Water depths and average velocity at Cross_Section_3 (downstream
outflow)
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Having as data water depths and depth average water velocities, discharge was calculated
for the different Cross Sections. Calculated discharges presented an error of 2% which is
considered acceptable. Errors up to 5-8% are considered acceptable and can be attributed
to human error during measurements or error of the given equipment.

Table 4.3-1: Discharge calculated at cross sections A1, A2, A3

Cross Section Discharge units
Cross_Section-1 5.66
Cross_Section-2 2.95 m3/s
Cross_Section-3 2.6

It has to be noted that the vathymetry, velocity and discharge information provided, do
not correspond to the time of fish downstream migration. In order to accurately simulate
the flow field during the time of the case study, the hydrodynamic flow field needs to be
first structured and calibrated, using the above information. The hydrodynamic model can
then be utilized to simulate water flow conditions during measurements of fish trajectories
(Table 4.1-3).

4.3.3 Riverbed data and roughness coefficients

In order to simulate roughness of the riverbed, Manning’s equation was used, according to
which:

y =L g (4.3-1)
n

where, n is the Manning coefficient, V the depth average water velocity, R is the hydraulic
radius of the cross section and J the channel bed slope.

Selection of the Manning coefficient is based on the riverbed characteristics, and a method
developed by Cowan (1956) is used to determine it. The range of the Manning coefficient
for the given area is given in Table 4.3-2.

Table 4.3-2: Calculation of Manning coefficient for the case study area, using Cowan
(1956) method

Basic,n1 Earth 0.02-0.032
Irregularity,n2 Smooth 0.000
intefsa;grsed Cross Section,n3 | Alternating | 0.010-0.015
Substrate | i ccattered Obstruction,n4 Negligible 0.010-0.015
areas of gravel Vegetation,n5 High 0.025-0.05
Meandering,n6 Minor 0.000
Manning Tot: | 0.065-0.112
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5 SET UP-CALIBRATION OF HYDRODYNAMIC MODEL

5.1 General

Hydrodynamic simulations for the area were made with a hydrodynamic model (using the
TELEMAC-2D software), solving the continuity and momentum equations that describe the
2-D flow field in the river area. The model uses the finite element method and a structured
computational mesh to solve the equations 5.1-1 through 5.1-3 and calculates water depth
and the U, V velocity components at each node.

Continuity equation:

%+uV(h)+hdiv(u):Sh (5.1-1)

Momentum equations:

aa—L;+uV(u):—gaa—i+Sx+%div(hvtVu) (5.1-2)
@wtuV(v):—ga—ZJrS +ldiv(hvth) (5.1-3)
ot oo 7 h

where h is the water depth, u, v are the velocity components in the x and y direction of a
2-D Cartesian coordinate system, t the time, Z is the free surface elevation, g the
acceleration of gravity, v, is the eddy viscosity and Sx, Sy are source terms that represent
the Coriolis force and the bottom friction in the x, y direction.

For the description of the turbulent flow, the standard k-¢ model is used and equations
5.1.-4 through 5.1-6 are solved.

ke ah VR +P-c+G (5.1-4)
ot 10
% v divih2eve)+£1.44P-1926)-1445 G (5.1-5)
ot 13 k k
k2
y, =0.09— (5.1-6)
&

where P is the turbulent energy production term, G is a source term for the gravitational
forces, and equation 5.1-6 relates v; to the average turbulent kinetic energy k and the rate
of dissipation €.
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5.2 Defining the computational mesh

The computational mesh for the area of interest was created using the Blue Kenue
software. For the creation of the mesh an independence study was performed since the
quality and fineness of the mesh can influence the results of the computation. An initial
coarse computational mesh was created for the simulation and then refinement of the
mesh was performed to determine a computational mesh, where possible further
refinement would not alter computational results.

Coarse Grid Fine Grid
Figure 5.2-1: Refinement of the computational mesh

Table 5.2-1: Characteristics of selected computational mesh

Computational Grid
Number of nodes 8738
Number of elements 17077
Cross channel node count 68
Along channel interval 0.5
Total area of mesh 2168.45

The computational mesh, as shown in Table 5.2-1 was created using triangular elements
as seen in Figure 5.2-1, while ensuring that elements are of uniform size. Spatial
coordinates for all the nodes were calculated using linear interpolation from the
bathymetry data of Figure 5.2-2. Thus, the computational mesh for the river bed was
created as can be seen in Figure 5.2-3.
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bathymetry (m
>2.08
1.68-2.05

Figure 5.2-2: Bottom bathymetry

BOTTOM (m
> 2.00

1.64-2.00
1.33- 164
1.06-1.33

Figure 5.2-3: Computational mesh for river bed

5.3 Setup of the hydrodynamic TELEMAC-2D model

Setup of the hydrodynamic model was made using the FUDAA-PREPRO software. Three
boundary conditions were set:

1. At the upstream cross section of the area we used an inflow condition, setting the
flow rate equal to a specific value (Q;),

2. at the middle part of the right side of the river, where water is diverted to the
Jedsted Mill Fish Farm, an outflow condition is used by setting a constant outflow
rate (Q,), and

3. at the downstream end of our simulated area we set the water elevation equal to a
specific value (H3), denoting water surface elevation of the area, as seen in Table
4.1-3.

Next, the computational time step was considered by insuring that the Courant-Friedrich-
Levy equation (4.2-1) holds true, where Cmax =1.

C=HAL VAL nax (4.2-1)
Ax Ay
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where u, v are the velocity components in the x and y direction, At is the time step, Ax
and Ay are the length intervals in the x and y direction and C the Courant number.

Basic simulation parameters entered can be seen in Table 5.3-1.

Table 5.3-1: Setup parameters of the TELEMAC-2D simulation

Hydrodynamic model input
Simulation time until steady state is reached
Time step 0.0010
(s)
Bottom Friction Manning
Turbulence model k-€
Initial condition Constan(tmE)Ievatlon 1.5

5.4 Calibration/verification of hydrodynamic model

Calibration of the model was based on the discharge calculated by the velocity and water
depth contour lines of Figure 4.3-1, 4.3-2 and the cross sections (A1, A2, A3) of Figure
4.3-3 through 4.3-5. Boundary conditions for the calibration of the model can be seen in
Table 5.4-1 and outputs of the calibration run are shown in Figure 5.4-1, and 5.4-2.

Table 5.4-1: Boundary conditions used for calibrating TELEMAC-2D

Boundary Bounplgry Values
condition
Boundary with Q=5.66
Upstream boundary Prescribed Q (;13/'5)
(inflow)
I Boundary with Q=-2.95
Jedsted Mill Fish Prescribed Q and (m*/s)
Farm boundary
H (outflow)
H=2.0 m
Downstream Boundary with _
boundary Prescribed H H=1.8 m

The model was calibrated to determine the appropriate Manning coefficients at each
segment of the simulated area by comparing measured versus simulated velocities for the
boundary conditions of Table 5.4-1. The acceptable range of the Manning coefficient for
the Jedsted Mill Fish Farm area can be found at Table 4.3-2.
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B TELEMAC v7p0

WATER DEPTH (m)
01=5.66 02=2.90 (M35
=185
1.65-1.85
1.45-165
1.26-1.45
1.05-1.25
0.85-1.05
0.65- 0.85
0.45-0.66

iy
+ 0.25-0.45
<025

VELOCITY UV (mis)
Q1=5.6 Q2=2.90 (M3/s
> 0.45

0.40

-0.45

0.35

-0.40

0.30

-0.35

0.25

-0.30

0.20

-0.25

0.15

-0.20

0.10

-0.15

0.05-0.10
< 0.05

Figure 5.4-2: Water depth and depth average velocity contour lines, used for validating
the hydrodynamic model. Boundary conditions are set from Table 5.4-1
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6 IMPLEMENTATION OF THE MODEL FOR THE CASE STUDY
6.1 Application of the hydrodynamic model on case study

After calibrating the hydrodynamic model created with the use of TELEMAC-2D, we applied
the model for the information of the case study, as seen in Table 4.1-3. Boundary
conditions used as inputs for TELEMAC-2D are presented in Table 6.1-1. Flow velocities
and water depth contour lines, as calculated by the hydrodynamic model can be found in
Figure 6.1-1.

Table 6.1-1: Boundary conditions used for TELEMAC-2D case study simulation

Boundary Boun_d?ry Scenario
condition
Boundary with _
Upstream boundary Prescribed Q Q(lr;33'56)6
(inflow)
. Q2=-0.53
Jedsted Mill Fish Farm | Bouf‘bdzry W'tg y (m?/s)
boundary rescribed Q an
(outflow) H2=2.0
(m)
Downstream Boundary with H3=2.0
boundary Prescribed H (m)

WATER DEPTH (m)
(=2.66 02=-0.66 (s
>1.70

1.36-1.70
1.07-1.36
.81-1.07

158- 0.81
42-0.58
28-042
0.18-0.28

0.12-0.18
<012

VELOCITY UV (mis)
Q1=2.66 Q2=0.66 (M3/S
> 0.45

0.40-0.45
0.35-0.40

30-0
25-0
20-0
15-0
010-015

0.05-0.10
=0.05

Figure 6.1-1: Contour lines for water depth and average velocity for case study discharge
scenario Q1=2.66 m3/s, Q2=-0.53 m3/s and H3=2.0m
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6.2 Application of the Fish Behavior Model - Results

The Fish Behavior Model is implemented as seen in Chapter 3.2. The computational mesh,
water depths and U, V velocity components have been calculated using TELEMAC-2D. Fish
paths are calculated and compared for validating purposes with fish data measurements
presented in Figure 4.2-1. The location of Hp-4 (Hydrophone 4) is selected as initial fish
position for the simulations.

Three cases of simulating fish paths were attempted, involving:

1. Fish passing through the area following the flow, using a path without sudden
changes in orientation,

2. fish passing through the area following a path with a few sudden changes in
orientation, and

3. fish trajectories as presented in the data measurements of Figure 4.2-1.

Using threshold values for the detection metric (DMETRIC) Thres(1)=0, Thres(2)=0.84,
and Thres(3)=0.89 it was noticed that fish would follow the flow utilizing only behavior B1.
Thus, passage through the area without sudden changes in orientation can be modeled
using the above coefficients. Calculated fish paths are shown in Figure 6.2-1.

For simulating fish following a path with a few sudden changes in orientation, model
coefficients which influence behavior decisions were adjusted and results can be seen in
Figure 6.2-2.

The third case of simulating fish paths was not achieved in the present work since it was a
first implementation of the proposed model.

A sensitivity analysis was performed in order to determine important coefficients of the
model that influence fish trajectories and can be adjusted during model calibration to
simulate fish trajectories.

Fish trajectories from model Fish trajectories from model

6138510 \ 6138510

6138500 o } 6138500
E £
> >

6138490 6138490

6138480 6138480

6138470 6138470
482950 482970 482990 483010 483030 482950 482970 482990 483010 483030

X(m) X{m)

e=—=FISH-1 = = FISH-2 ~—FISH-3 FISH-4

Figure 6.2-1: Simulated fish paths from Fish Behavior Model. Fish pass through the area
following the flow without sudden changes in orientation (only behavior B1 is activated).
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Fish trajectories from model Fish trajectories from model
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Figure 6.2-2: Simulated fish paths from Fish Behavior Model. Fish pass through the area
showing sudden changes in orientation (behavior B2 and B3 are activated). FISH-1 exits
the case study area into the Jedsted Mill Fish Farm

6.3 Sensitivity Analysis

Sensitivity analysis calculations have been performed for 100 fishes with the same starting
location to account for stochastic values in the model. Simulation for each fish was
performed separately. Initially a scenario was calculated, in order to determine the most
important coefficients of the fish behavior model, which are used for the calibration of the
fish behavior model.

We calculated the mean time fish spent in the area, the mean distance travelled, mean
velocity and the number of fish activating behavior B1, B2 and B3 during passage. Results
for the examined scenario are presented in Table 6.3-1. In total 13 coefficients were
studied for their influence on fish trajectories.

As seen in Table 6.3-1, only four cases of coefficient values were found to influence
results: (1) Default (see APPENDIX), (2) THRES(2) downscaled by 75%, 85% and 90%,
(3) THRES(3) downscaled by 85% and 90%, and (4) minimum value for coefficient
SPEEDCRU. In Figure 6.3-1 trajectories of 5 modeled fish, using the initial (default)
coefficient values are shown, as well as their distance-time graph to highlight any sudden
changes in velocity. In Figure 6.3-2, 6.3-3, and 6.3-4 trajectories of fish for different
values of coefficients THRES(2), THRES(3) and SPEEDCRU.
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Table 6.3-1: Sensitivity analysis results for 100 individual fish
Coefficient time | distance Mea.n B1 B2 | B3
Velocity
Default 157.7 74.5 0.47 100 0 0
THRES(2) -50% 0.42 157.7 74.5 0.47 100 0 0
-75% 0.21 160.2 74.8 0.47 100 | 50 | O
-85% 0.13 191.7 87.5 0.46 100 | 95 | O
-90% 0.08 220.1 98.1 0.45 100 | 100 | O
THRES (3) -50% 0.45 157.7 74.5 0.47 100 0 0
-75% 0.22 157.7 74.5 0.47 100 0 0
-85% 0.135 153.9 75.5 0.48 100 0 |11
-90% 0.09 171.5 92.5 0.53 100 0 | 49
IntrUtil(1) fixed 1 157.7 74.5 0.47 100 0 0
IntrUtil(2) min 0 157.7 74.5 0.47 100 0 0
max 1 157.7 74.5 0.47 100 0 0
IntrUtil(3) min 0 157.7 74.5 0.47 100 0 0
max 1 157.7 74.5 0.47 100 0 0
MEMACCL(2) min 0 157.7 74.5 0.47 100 0 0
max 1 157.7 74.5 0.47 100 0 0
MEMACCL(3) min 0 157.7 74.5 0.47 100 0 0
max 1 157.7 74.5 0.47 100 0 0
MEMBEH(1) fixed 1 157.7 74.5 0.47 100 0 0
MEMBEH(2) min 0 157.7 74.5 0.47 100 0 0
max 0.999 157.7 74.5 0.47 100 0 0
MEMBEH(3) min 0 157.7 74.5 0.47 100 0 0
max 0.999 157.7 74.5 0.47 100 0 0
SPEEDBOOST min 6 157.7 74.5 0.47 100 0 0
max 10 157.7 74.5 0.47 100 0 0
SPEEDCRU min 0 451.9 67.9 0.15 100 0 0
max 2 157.7 74.5 0.47 100 0 0
SPEEDDRIF min 0 152.2 72.2 0.48 100 0 0
max 0.25 157.7 74.5 0.47 100 0 0
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Figure 6.3-1: (a) Fish Trajectories, and (b) distance-time graph for 5 indicative fish.
Default values of model coefficients are used and only B1 behavior is activated
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Figure 6.3-2: Indicative fish trajectories and velocity for values of coefficient THRES(2) as
shown in Table 6.3-2. Fish 1-5 are represented in (a)-(e) respectively and different line
types are used for every THRES(2) value
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(e) Fish 5 for different values of THRES(3)
Figure 6.3-3: Indicative fish trajectories and velocity for values of coefficient THRES(3) as
shown in Table 6.3-2. Fish 1-5 are represented in (a)-(e) respectively and different line
types are used for every THRES(3) value
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Figure 6.3-4: Indicative fish trajectories and velocity for values of coefficient SPEEDCRU
as shown in Table 6.3-2. Fish 1-5 are represented in (a)-(e) respectively

As seen in Table 6.3-1 from the initial scenario, behavior B2 and B3 do not become active
with coefficients within the proposed range. A 75% or greater downscale of coefficient
THRES(2), managed to trigger B2 behavior responses in 50 of the 100 simulated fish. A
downscale of THRES(3) by 85% and 90% managed to activate behavior B3 in 11, and 49
of the 100 simulated fish. Coefficient SPEEDCRU also showed different fish trajectories for
its minimum value, as fish drifted with the bulk flow without energetic swimming (Figure
6.3-4).

In Figure 6.3-1 the trajectories and velocity of different fish can be seen for the default
coefficient values. Using the default values of coefficients only B1 behavior is activated.
Different trajectories for each fish are a result of the random values used for simulating
changes in direction and speed. In Figure 6.3-2 trajectories and velocities for different
values of THRES(2) are presented for each fish (total of 5 presented). For THRES(2)<0.21
the effects of behavior B2 can be seen as fish divert from their initial direction for greater
threshold values. Velocity also changes when B2 is activated. In Figure 6.3-3 trajectories
and velocities for different values of THRES(3) are presented for each fish (total of 5
presented). For THRES(3)=0.09 and especially for fish 3, 4 and 5 the effect of behavior B3
can be seen as fish abandon their downstream direction and move against the flow. A
sudden increase in velocity is also seen when activating behavior B3.

It was determined that the most important coefficient for activating Behavior B1 and B2
are coefficients THRES(2) and THRES (3).
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Coefficients THRES(2) and THRES(3) were applied with a downscale of 90% where
behavior B2 and B3 were activated. A sensitivity analysis was performed calculating a) the
number of fish displaying behavior B2 and B3 and b) the mean number of B2, B3
activations per fish. Coefficients MEMACCL (2), MEMBEH (3), SPEEDCRU and SPEEDBOOST
were calculated for triggering behavior responses as presented in Table 6.3-2. We
calculated, the number of fish activating behavior B1, B2 and B3 during passage and the
number of activations per fish.

Table 6.3-2: Behavior B1, B2, B3 activation results for Scenario 4: a) THRES(2) and b)
THRES(3) coefficients downscaled 90%

THRES(2)=0.08 THRES(3) = 0.09
Coefficient B1 B2 B3 B1/fish | B2/fish | B3/fish
Default 100 99 46 92 31 8
MEMBEH(2) | min 0 100 99 46 92 31 8
max 0.999 100 0 49 74 0 12
MEMBEH(3) min 0 100 63 100 197 28 35
max 0.998 100 99 46 92 31 8
SPEEDBOOST min 6 100 100 49 94 23 20
max 10 100 99 46 92 31
SPEEDCRU min 0 100 100 51 249 49 2
max 2 100 99 46 92 31 8

From the sensitivity analysis the following conclusions were drawn:

1. The most important coefficients of the model, used for activating behavior responses
B2 and B3 are coefficients Threshold(2) and Threshold(3) respectively.

2. After determining values of coefficients THRES(2) and THRES(3) that activate each
behavior, other coefficients start to take effect. Different coefficients are associated
with behavior B2 and B3. Downscaling by 85% was able to activate behavior
responses, but were only few for every fish. Therefore further analysis was needed
into determining the appropriate value for THRES(2), THRES(3) coefficients.

3. THRES(2) and THRES(3) coefficients represent the threshold needed to be exceeded,
by a detection metric, in order to reach awareness and a behavior event to happen.
The detection metric is associated with the intensity of acceleration magnitude
perceived by the fish, as well as the one it is acclimatized.

4, MMEMBEH(2) and MEMBEH(2) is the memory coefficient for behavior B2 and B3,
integrating the amount of past information into the next decision, associated with the
probability of obtaining a utility (realize their goal) from each behavior.
Consequently, lower values of memory coefficient lead to more frequent activation of
behavior B2 and B3.

5. SPEEDCRU and SPEEDBOOST is the coefficient determining the swimming speed of
the modeled fish. Therefore lower values of swimming speed lead to greater passage
time and activating more frequently behavior responses. Despite the activation of
behavior response though, lower value of swimming speed coefficients lead to a
more straight path, as flow velocities prevail over fish swimming speeds.
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7

CONCLUSIONS AND PROPOSED RESEARCH

7.1 Conclusions

The following conclusions are drawn from the present study:

1.

Fish behavior is possible to be simulated with the use of the proposed fish behavior
model based on hydrodynamic stimuli as cues for activating behavior responses.

A single fish can perceive stimuli from spatial acceleration magnitude and then
choose among the behaviors:

B1l, to swim along with the flow, which involves orienting itself with the flow and
swimming within an angle of £20° of the direction of the flow.

B2, to swim towards regions of faster flows, facilitating downstream migration
through obstacle avoidance and limiting exposure to turbulence.

B3, to swim against flow vector, which is an escape response, where fish abandons
downstream migration to swim upstream.

Behaviors B2 and B3 are associated with changes in acceleration.

Presence of acceleration cues can trigger behaviors B2 and B3. Activation of these
behaviors can be achieved through the calibration of the proposed model.

The most important coefficients of the model are coefficients Threshold(2),
Threshold(3).

Threshold(2) represents the minimum threshold of the fish Detection Metric,
necessary to recognize the possibility of activating behavior B{2}; lower values
result to more frequent activation of behavior B{2} and vice versa.

Threshold(3) represents the minimum threshold of the fish Detection Metric,
necessary to recognize the possibility of activating behavior B{3}; lower values
result to more frequent activation of behavior B{3} and vice versa.

The proposed model despite succeeding in activating basic behavior responses and
simulating certain movement behaviors, fails to simulate fish movement as
presented by all the given experimental data and further research is needed.

7.2 Proposed research

A first implementation of the model suggests that it is possible to simulate fish behavior in
river flows. It is yet to be calibrated for every behavior presented by data measurements.
In order to further expand the present work the following research is proposed:

1.

An in depth study of fish data measurements, combining fish position and velocity
with fish behavior documented in relative literature, in the scope of determining
more precise measurements of fish velocities for each behavior response, and better
understanding hydrodynamic and environmental cues influencing behavior decision.

Refinement and further development of the fish behavior model procedures, in order
to more accurately simulate fish swimming during downstream migration, including a
simulation of fish behavior and movement in three dimensional space, while
incorporating other behavior responses. An intermediate behavior response is
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proposed, between behavior B1 and B2, where fish changes orientation facing
upstream and drifts passively with the flow, as well as a behavior response for
changing swimming depth, possibly associated with pressure.

3. An application of the proposed model in other areas, containing data measurements
of fish downstream migration, determining its ability to simulate fish behavior in
different areas, making it appropriate for general use in river flows, by determining
key factors in the model, which allow it to simulate fish behavior in different areas.
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APPENDIX

Table of parameters and variables

Variable/Parameter Reference Value
A0 Acceleration arbitary reference 10°
AccMg(:,:) Acceleration Magnitude

The acceleration magnitude for node nearest sensor
ACCSEN point
activeB1l B2 B3.txt
AM Scaled Acceleration Magnitude- decibel scale 10
angleXY XY plane movement angle in respect of the flow
ANGMAIN(2) Angle in degrees of main direction for sensory point 2 0°
ANGMAIN(3) Angle in degrees of main direction for sensory point 3 180°
ANGMAIN(4) Angle in degrees of main direction for sensory point 4 90°
ANGMAIN(5) Angle in degrees of main direction for sensory point 5 -90°
ANGVAR Flexibility angle from main direction

Inverse value of FLOWVELMg for each sensor point (fish
B2behav(sensNUM) selects minimum value in B2 Behavior)
BESTB2beh?2 2nd sensor point with max flow speed in behavior B2
BESTB2beh3 3rd sensor point with max flow speed in behavior B2
BESTB2beh4 4th sensor point with max flow speed in behavior B2
BESTB2behav Sensor point with max flow speed in behavior B2
BESTB2Z Sensor point with max flow speed in Z plane (vertical)
BESTVELTOT Sum of flow speeds of best sensory points

Counter indicates number of sensor points with max
BESTXYcount velocity in Behavior B2
BESTXYL Sensor point in the left
BESTXYR Sensor point in the right
BOT(:,:) Bottom elevation for each node

Add range of variables to non- cardinal sensory points
Coeff40 location 0
Coeff42 Lower bound for first time acclimatization 0.4

Counter indicates the total number of times fish adapted
COUNTB1 behavior B1

Counter indicates the total number of behavior B1
COUNTB1tot activation for all simulated fish

Counter indicates the total number of times fish adapted
COUNTB2 behavior B2

Counter indicates the total number of behavior B2
COUNTB2tot activation for all simulated fish

Counter indicates the total number of times fish adapted
COUNTB3 behavior B3

Counter indicates the total number of behavior B3
COUNTB3tot activation for all simulated fish
COUNTFB1 Counter indicates the number of simulated fishes adapt
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behavior B1

Counter indicates the number of simulated fishes adapt

COUNTFB2 behavior B2
Counter indicates the number of simulated fishes adapt
COUNTFB3 behavior B3

DATA_BOTTOM.dat

Input from TELEMAC containing X, Y and bottom
elevation for each node

DATA_FISH_columns.txt

Input from TELEMAC containing number of nodes for
each row

DATA_FREE_SURFACE.dat

Input from TELEMAC containing X, Y and free surface
elevation for each node

DATA_VELOCITY UV.dat

Input from TELEMAC containing X, Y and velocity
components U, V for each node

DELTA Percent of sensor point random increase 2
The distance between fish or sensory point and the
dist current mesh node
distold The last lower fish/sensor- node distance
DMETRIC(:,:) Agent Decision Metric
Time step between each movement performed by fish
DT (s) 2
DX Displacement in each simulated movement
Dxtot Total displacement
EVENT(:,:) Boolean event
Counter indicates FISH_POSITION output file for each
filenum fish
Input file containing thresholds and coefficients related
fish_BehavCoeff.txt to fish behavior
Input file containing swimming speeds related to fish
fish_charact.dat behavior and simulated fish length
Input file containing fish position, orientation and
fish_location.dat number of simulated fish
Output file containing fish position (XF, YF) and TIME for
FISH POSITIONSO1.txt first fish
FISHANGXY Fish angle in XY direction
FISHANGZ Fish angle in Z direction
FISHITER Counter indicates the humber of the simulated fish
FISHLENG Fish Length (m) 0.19
FISHNUM Number of fish simulated for each project
FISHVELnew(1) Fish axial velocity component in direction relative to fish
Fish vertical velocity component in direction relative to
FISHVELnew(2) fish
FISHVELXYZ(1) Fish U velocity copmonent in cfd- based XYZ direction
FISHVELXYZ(2) Fish V velocity copmonent in cfd- based XYZ direction
FLOWANGXY The flow vector angle in xy plane
FLOWVEL(NSEN) Flow speed perceived in sensory point
fout Counter indicates fish reaches a border node
FvelMgtot The mean velocity magnitude per simulated movement
IFISH The I- coordinate of the node nearest to fish location
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IntAccPast(:,:)

Perceived intensity of Acceleration stimulus by fish
through sensory ovoid

IntAccPres(:,:)

Value of the Acceleration intensity stimulus the fish has
already acclimatized

Subjective intrinsic value of behavior B1 in realizing the

IntrUtil(1) goal 1
Subjective intrinsic value of behavior B2 in realizing the
IntrUtil(2) goal 0.5
Subjective intrinsic value of behavior B3 in realizing the
IntrUtil(3) goal 1
Maximum number of movements the fish perfom during
ITERMAX simulation 300
The I- coordinate of the node nearest to sensory point
IXSEN location
IYSEN The I- coordinate of the node nearest to sensory location
JFISH The J- coordinate of the node nearest to fish location
JMAX(I) The number of nodes for each row
MEMACCL(2) Memory Coefficient for acclimatization in behavior B2 0.999
MEMACCL(3) Memory Coefficient for acclimatization in behavior B3 0.95
MEMBEH(1) Memory Coefficient for behavior B1 1
MEMBEH(2) Memory Coefficient for behavior B2 0.
MEMBEH(3) Memory Coefficient for behavior B3 0.998
NBEH Idicates each of agent (fish) behavior
NCOEFF Coefficient to scale minimum sensory point distance 4.5
NDESIC Indicates behavior fish adapts (>=1)
NSEN Sensory point number
NUMEVENT(:,:) Number of events for an agent
NX A large integer number for matrix dimensioning 400
NY A large integer number for matrix dimensioning 200
pi n number 3.14159
PROB(:,:) Propability of response
R1 Random number from uniform distribution [0,1]
R3 Random number from uniform distribution [0,1]
RINC Random Increase of sensory point Distance
RND Range of the variability to non- cardinal locations
RR Random from uniform distribution
RRB1 Random from uniform distribution angle for B1 [-1,1]
RRB2 Random from uniform distribution angle for B2 [-1,1]
RRB3 Random from uniform distribution angle for B3 [-1,1]
RRSQD Random from seed number
Input file containing time step, initial time and maximum
sim_info_in.dat number of movements per simulation
SPDIST Sensory Point Distance
SPEEDBOOST Burst speed for selected fish (fish lengths*sec™) 10
SPEEDDRIF Drift speed for selected fish (fish lengths*sec™) 0.25
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SPEEDFISH Fish speed for the next move
SPEEDSUST Sustained speed for selected fish (fish lengths*sec™) 6
SPEEDXY Fish Speed in XY plane
SPREEDCRU Cruise speed for selected fish 2
SQDX(1) Sensory Ovoid X for point 1 (fish itself)
Sensory Ovoid X for point 2 (direction fish head is
SQDX(2) pointing)
SQDX(3) Sensory Ovoid X for point 3 (direction of the fish' s tail)
SQDX(4) Sensory Ovoid X for point 4 (to the left of the fish)
SQDX(5) Sensory Ovoid X for point 5 (to the right of the fish)
SQDY(1) Sensory Ovoid Y for point 1 (fish itself)
Sensory Ovoid Y for point 2 (direction fish head is
SQDY(2) pointing)
SQDY(3) Sensory Ovoid Y for point 3 (direction of the fish' s tail)
SQDY(4) Sensory Ovoid Y for point 4 (to the left of the fish)
SQDY(5) Sensory Ovoid Y for point 5 (to the right of the fish)
SUR(:,:) The surface elevation for each node
TEMPANGLE An angle used for computations
THRES(1) Threshold value for behavior B1 0
THRES(2) Threshold value for behavior B2 0.8373
THRES(3) Threshold value for behavior B3 0.89
TIME Time since behavior movement simulation started
TOPANG The top value for random angle variations
u(:,:) The U velocity component for each node
UTIL(:,:) Expected Utility for each behavior
UTILMAX The max of each behavior expected Utilities
V(:,:) The V velocity component for each node
VELSEN(1,:) The U velocity component for node nearest sensor point
VELSEN(2,:) The V velocity component for node nearest sensor point
X(:,1) The X- coordinate for each node
XF Fish X- coordinate in global system
XFold The X- coordinate for past fish location
XSEN Sensory point X coordinate in global system
Y(:,0) The Y- coordinate for each node
YF Fish Y- coordinate in global system
YFold The Y- coordinate for past fish location
YSEN Sensory point Y coordinate in global system
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