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Resumo

Este estudo analisa o impacto de diferentes coeslibidraulicas na movimentagcédo para
montante do barbo Ibérico em passagens para pdREB®) por bacias sucessivas.
Desenvolvido num protétipo experimental de PPPhaaias sucessivas e incluindo peixes de
diferente dimensdes, o estudo investiga: i) a@iiwa de passagem por orificios submersos
ou descarregadores de superficie; ii) o efeito dbbcidade, turbuléncia e tensbes de
Reynolds, no comportamento desta espécie; iii)egj@abilidade de orificios desalinhados e
alinhados para a passagem dos peixes e, finalmentegficiéncia de orificios desalinhados
e alinhados com uma barra deflectora a movimentdg&oespécimes. A PPP por bacias
sucessivas demonstrou ser eficiente para a passpgesn montante desta espécie. Os
espécimes utilizaram preferencialmente os orifidesfundo, principalmente os peixes de
menores dimensdes que apesar da sua maior capaciEzgtactica, apresentaram grandes
dificuldades em transpor a passagem. O seu compamta foi também o mais afectado pela
turbuléncia e tensdes de Reynolds, que se destacamao principais variaveis a afectar o
movimento dos peixes. O alinhamento dos orificiemanstrou ndo ser adequado para a
passagem dos peixes, mesmo com a introducao deébame deflectora. Os resultados séo

discutidos em termos de futuros delineamento destiyacao.

Palavras-chave: barbo Ibérico, migracdo, passagem para peixes porad sucessivas,

velocidade, turbuléncia, tensdes de Reynolds
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Abstract

This study analyses the impact of different hydcagbnditions on the Iberian barbel's
upstream movements in a pool-type fishway. Devaldpean experiment pool-type fishway
prototype and including fish of different sizesististudy investigates: i) the efficiency of
passage through submerged orifices or notcheghe)effect of velocity, turbulence and
Reynolds shear stress on this species’ behaviouithe suitability of straight and offset
orifices to fish’s passage and, finally, iv) théi@&éncy of offset and straight orifices with a
deflector bar for this specimens’ movements. Thbaviiays was found to be efficient to the
upstream passage of this species. Submerged ernfieee preferentially used by specimens,
mainly by small fish which, although their higheheptatic capacity, showed strong
difficulties to pass through the fishway. The babav of the latter was also the most affected
by turbulence and Reynolds shear stress, which exbém be the variables affecting fish’
movements the most. Straight orifices were foundbeoadequate to fish passage, even when

added of a deflector bar. The results are discusseEnms of future research delineation.

Keywords: Iberian barbel, migration, pool-type fishways,oaty, turbulence, Reynolds shear

stress
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Capitulo 1- Introdugdo

1. Introducao

1.1. O fendmeno da migracao

O fenbmeno da migracao, caracteristico de grande gas espécies piscicolas, resulta
da separacdo temporal e espacial dos recursos waitaiseu desenvolvimento (Northcote,
1998), sendo por conseguinte extremamente imperfaauta a manutencédo das populacdes
piscicolas (Porcher e Travade, 2002), que depenietemente das caracteristicas dos
habitats do meio aquético, suporte de todas as fuades bioldgicas, tais como a
reproducdo, alimentacdo e locomocdo (Lucas e B&@®]; Porcher e Travade, 2002).
Segundo as respectivas funcionalidades, os hab#gtgticos sdo classificados em
(Northcote, 1978; 1984): zonas de reproducao, ideeatacédo e de refugio sendo a utilizacdo
das mesmas, variavel de acordo com as diversa8neidg associadas as diferentes fases do
ciclo de vida das espécies piscicolas. As deslesagfectuadas com estes mesmos propositos
dao origem as designadas migracdes reprodutiviasgrdgbres e de refugio. Estas migracdes
envolvem geralmente uma alternancia ciclica entie du trés habitats, abrangendo uma
larga fraccao da populacdo (Smith, 1985). Depermldachatureza da migragcéo e da espécie,
as distancias percorridas podem variar entre pomeesos e milhares de quildmetros

(Northcote, 1978; 1984). A capacidade das espeamesutilizarem habitats de diferentes
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salinidades durante o seu ciclo de vida, emergeoctantor associado a amplitude das
deslocacdes efectuadas (Lucas e Baras, 2001).

Os ciclos de vida podem ser divididos em dois tigns funcdo se as espécies passam
toda a sua vida no mar ou agua doce (ciclo de hdizbidtico) ou se efectuam deslocacdes
entre ambientes com diferentes teores de salinifiiadi® de vida anfibidtico). De acordo
com a sua capacidade de adaptacdo a biomas dentéfemiveis de salinidade, as espécies
piscicolas sdo classificadas como: (a) espécieandédeomas, cujas migracdes ocorrem
exclusivamente no mar; (b) espécies potamoddromgess migracdes ocorrem exclusivamente
em agua doce; e (c) espécies diadromas, cujas gdagacorrem entre o mar e agua doce
(Gresswell, 1997; Northcote, 1998). Sendo quetanas, de acordo com a sua capacidade de
adaptacdo ao meio hipotonico e hipertonico, aptasemmodificacdes morfolégicas e
fisioldgicas claramente evidentes, resultantes cavegdo de mecanismos fisioldgicos e
genéticos (ex. salmaB8almo salay (Porcher, 1987).

De acordo com a direccao da migracdo e com a abrigdade de adaptacéo dos
diferentes estados de desenvolvimento a mudancasliédade, os migradores diadromos

podem ser divididos em trés classes (McDowall, 1997

0] Espécies anadromasujo bioma onde tem lugar o crescimento e alinggitgo mar) difere do
bioma reprodutivo (dgua doce). A migracdo dos esm@xrpara agua doce é efectuada durante a
sua fase adulta, com fins reprodutivos, estandocasta a uma inexistente ou baixa actividade

alimentar na 4gua doce.

(ii) Espécies catddromasujo bioma onde tem lugar o crescimento e aliméatdégua doce) difere
do bioma reprodutivo (o mar). A migracéo dos espésipara o mar € efectuada durante a sua fase
adulta, com fins reprodutivos, estando associagaainexistente ou baixa actividade alimentar no

mar.

(iii) Espécies anfidromasuja bioma onde tem lugar a alimentacdo é o meforiooma reprodutivo
(dgua doce). A reproducdo ocorre em agua doceoesmgbosteriormente a migracao de formas
larvares em direccdo ao mar, onde tem lugar uno quetiodo de alimentagcdo e crescimento,
seguindo-se a migracao de formas pés-larvaresemigiem direc¢do a agua doce, onde ocorre uma

actividade alimentar prolongada.

Os migradores catadromos séo na generalidade ncenusns do que os migradores
anadromos, sendo um exemplo classico de refer@nerayuia europeiadfguilla anguillg,

cuja migracao reprodutiva envolve distancias déands de quildometros percorridos entre 0os
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rios europeus, onde se desenvolvem, e o Mar dama@= (Noroeste do Oceano Atlantico;
longitude: 40-70° Oeste, latitude: 25 -35° Norbe)le se reproduzem. Esta espécie evidencia-
se pela sua ubiquidade nos rios portugueses, dlsema de algumas espécies anadromas,
como: a truta mariscé&almo trutta trutty o savel Alosa alosy, a savelhaAlosa falay e a
lampreia-marinhaRetromyzon marinys igualmente comuns nos mesmos. Apesar da sua
baixa representatividade, algumas espécies anfay@do também possiveis de encontrar nos
Nossos rios (ex. tainhhiza sp.). Nao obstante, os migradores potamodromoslaéamente

0S Mmais representativos nos rios Portugueses, cdesia-se entre os mesmos, o barbo
(Luciobarbussp.), a boga de maiores dimensdfseidochondrostomap.) e o escalo
(Squaliussp.).

1.1.1 Estimulo a migracao

A migracdo € um fendmeno complexo, que resulta nderdccdo entre estimulos
internos e externos (Lucas e Baras, 2001). As em{8iologicas sdo controladas pela accao
de factores ambientais originando as diferentesodlierdades e padrbes migratorios. A
resposta comportamental de uma espécie face aoarestimulo pode diferir de acordo com
a situacdo envolvida (Colgan, 1993), através de umamifestacdo comportamental e
estrutural que varia espacialmente e temporalmeatsequéncia da combinacgéo dos factores
actuantes. As espécies diadromas salmonicolas s@mpks perfeitos desta variacao
comportamental, cujo ciclo migratério e respectivasacteristicas associadas a este processo
diferirem entre populagbes de diferentes rios (Boan 1984). A actuacdo dos factores
ambientais é determinante no desenvolvimento doegsm migratoério, induzindo diferentes
comportamentos em individuos da mesma espéciegmmimio-se a afinidade genética
intraespecifica existente. As caracteristicas noges sao por conseguinte resultado parcial
da componente genética das espécies, fortementeenniadas pelos factores ambientais
envolventes (eg. luz, temperatura, velocidade dooasento, qualidade da agua,
disponibilidade de alimento) (Jonsson, 1982; Naklu®93). Este comportamento € também
fortemente controlado pelas variacbes ontogenétiaasespécies, cujas alteracdes estruturais
e motivacionais indiciam diferentes respostas @®s estimulos existentes (Colgan, 1993).
As diferentes necessidades metabodlicas dos pedxesaljmentacdo), tém igualmente forte
contribuicdo no desenvolvimento das suas migragfies,podem com este proposito atingir

distancias consideraveis (Lucas e Baras, 2001).



Capitulo 1- Introdugdo

A complexidade deste fendmeno incentivou o desemaehto de varios estudos, com
vista a determinacéo e identificacdo dos fact@spansaveis por este processo (Banks, 1969;
Brown e MacKay, 1995; Jonsson, 1991). As difereneesias interpretativas resultantes
fundamentaram-se essencialmente nas caracterisidrasilicas do escoamento da agua nos
rios. Bagliniéreet al. (1987) por exemplo, defendeu que o caudal de gsatta dos rios
emergia como factor determinante ao processo ngpatenquanto que outros autores
(Clapp et al, 1990; Meyerset al, 1992) sugeriram que o mesmo era despoletado pela
temperatura e respectivas variacoes associadadidOet al 1998, propds uma interpretacéo
alternativa as demais, de carisma mais generatiatgual defendia que o processo migratério
era iniciado aquando da sobreposicdo das forcasmudmhtes da deslocacdo, as forgas
promotoras da permanéncia num determinado locahtekpretacdo deste comportamento €

um processo complexo, sendo continuo amago decestddsenvolvimento.

1.2. Capacidade natatoria e factores associados

A capacidade migratoria dos peixes resulta da @ptidtrinseca dos mesmos, que
permite conciliar simultaneamente a capacidade nlotora e 0 respectivo consumo
energético, com a capacidade de estabilizacdo entagdo, cuja direccdo responde a
motivacdo originaria do movimento migratério (LucasBaras, 2001). Numa perspectiva
energeética, a natacdo pode ser considerada comoago de transformacdo de energia em
distancia percorrida (Lucas e Baras, 2001).

A capacidade e modos de natacdo diferem entreiespg®¢ebb, 1984) como resultado
de diversas adaptacdoes de indole morfologica eldgica (estratégias metabodlicas de
consumo de energia e oxigénio), desenvolvidas peksmas. Nao obstante, as espécies
migradoras apresentam também notérias variacéssaneapacidade de natacao, relacionadas
com as suas dimensoes, fases ontogenética e cesdigibientais envolventes (Bainbridge,
1958).

Segundo Larinier (2002a), a capacidade natatété@iesinsecamente relacionada com
a ondulacéo do corpo e da barbatana caudal, dadiioino as principais fontes de propulsao
da natacdo, na maioria das espécies. A frequérciandulacdo do peixe e da barbatana
caudal é determinada pela temperatura e pelo gpmukculo envolvido. O tecido muscular
envolvido na natacdo representa cerca de 50 a @%tdlidade da massa muscular dos

peixes (Lucas e Baras, 2001), compreendendo gais tie masculos, o branco e o vermelho,

4
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cuja utilizacédo se encontra associada a difereatpsies de natacdo. A coloragdo do musculo
vermelho reflecte a alta concentracdo de pigmensmsportadores de oxigénio no sangue,
como a hemoglobina e a mioglobina, e constitui peguena porcao da totalidade da massa
muscular, sendo relativamente menor em peixes sgd®n (3-5% da massa muscular),
guando comparado com a respectiva representateviaiasi peixes que conseguem suster uma
natacdo rapida (15-20% da massa muscular). Esteufolsstd associado a uma actividade
muscular aerdbia, mantida geralmente por period®slodga duracdo, de velocidades
reduzidas. Este regime de natacdo, geralmente ndekigpor velocidade de cruzeiro
“Cruising activity” pode permanecer durante horas, sem causar alteréfisilogicas aos
peixes, dado que o combustivel requerido, a glic@édernecido de forma sustentada a este
tipo de musculo através de inUmeros vasos san@giqueoo irrigam (Santo, 2005). A energia
requerida aquando curtos periodos de rapida nategéede a energia sustentada pelo
musculo vermelho induzindo a activacdo do muscuémdp. Caracterizado por uma fraca
irrigacdo vascular, a actividade do musculo bradepende directamente da converséo
anaerdbia do glicogénio em acido lactico. Apesarcdiatraccdo deste muasculo permitir
rapidas aceleracdes, as reduzidas reservas dedlicoexistentes no mesmo incutem o
rapido esgotamento desta substancia, e, paralelen@geacumulagéo do acido lactico que por
sua vez inibe a contraccdo do mausculo, tornande egime natatério apenas possivel
durante curtos periodos de duracdo, na ordem dosmdes (Beamish, 1978; Wardle, 1975).
Este tipo de actividade assume a designacéo deidaite de exploséddurst speed” (Bell,
1986; Blaxter, 1969; Webb, 1975). A actividade t@ata pode também resultar da accao
simultanea de processos anaerébios e aerobiogjeegen mantida durante alguns minutos,
causando porém cansaco no peixe, prevalecendo entaala componente anaerébica com o
aumento do esforco. Este tipo de actividade assumesignacdo de velocidade sustentada
“Sustained activity” A utilizacdo dos diferentes tipos de natacdo esurgmo resposta
motivacional dos peixes (Bell, 1986). A velocidatk cruzeiro é por conseguinte utilizada
para se movimentarem (mesmo durante a migrac&e)jpaidade sustentada para a passagem
em condicdes de fluxo de maiores velocidades dagidade de explosdo para propositos de
alimentacéo e fuga. A cada uma das velocidadesteaisticas de natacdo esta associado um
nivel de exigéncia energético muscular difererdequmal se assume a existéncia de uma perda
de 15% de energia na transformacédo da energia haugon propulsao (Bell, 1986).

A velocidade de natacdo é determinada pelo comptonéo peixe e a frequéncia de
oscilacdo do mesmo, enquanto a distancia percatagande do comprimento do movimento

do peixes e da frequéncia dos batimentos da badataudal. Deste modo, a distancia (d)

5
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possivel de ser percorrida por um peixe contrarec¢fio do escoamento, € calculada com

base na seguinte equacéo apresentada por Lag0@2H):
d=(Vp-V).t 1.1)

na qual, \j € a velocidade de nado do peixe, V a velocidadestoamento ed tempo de
resisténcia do peixe ao escoamento. Durante a neovagao para montante, 0os peixes s&o
sujeitos a actuacao de forgas, que podem ser dasiaitravés de:

(1.2)

_1 .2
Fy —E.p.U AC

onde, Ip representa a componente da forca na direccdocdaregnto, que é denominada por
arrasto,p a massa especifica da 4gua, U a velocidade netsuiabre o peixe (velocidade de

natacdo — velocidade do escoamento), A a areacgacsé&ransversal do corpo do peixe, que
pode ser simplificada para a area de uma elip§®, @ coeficiente de arrasto. A definicdo

deste coeficiente deve ser obtida experimentalmesgredo utilizada para o célculo do

trabalho (W) realizado pelos peixes ao percorrenema determinada trajectoria de

comprimento (D), a seguinte expressao de acordoocpraposto por Bell (1986):

W=F D=F .Vt (1.3)

onde, ) a velocidade de deslocamento (Velocidade de matadéelocidade do escoamento)
e t o tempo utilizado na actividade.

A amplitude do movimento do peixe, é especificacdda espécie, dependendo da
propor¢cdo dos musculos natatorios, bem como daafocomprimento da barbatana caudal,
estrutura das barbatanas e amplitude dos moviméatirsis do peixe. Nesta perspectiva
véarios estudos tém sido desenvolvidos, visandelzmionar as velocidades de natagdo com
as caracteristicas fisicas dos individuos. No émtaninformacéo disponivel € bastante
limitada, ja que, geralmente, restringe-se a detexdas espécies.

Segundo Wardle (1975a distancia percorrida pelo peixe a cada ondulagéoorpo
estd compreendida entre 0,6 e 0,8% do comprimemtoodpo, pelo que a velocidade de

natacéo (}) pode ser expressa através da seguinte expressao:
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onde, f éa frequéncia de ondulacdo do corpo e da barbatundal; L, 0 comprimento do
peixe e tin 0 tempo minimo entre duas contrac¢des dos musqugarantem a propulsdo
do peixe. Segundo o mesmo autor (Wardle, 1978mpo entre duas contrac¢cdes musculares
consecutivas € menor em peixes menores. O autdficeer também que além do
comprimento do peixe, a temperatura € igualmenta vemavel que fortemente influencia o
comportamento natatério das espécies, sugerinde desdo que as velocidades maximas
dependem especialmente do comprimento do peixdengeeratura da agua.

Beach (1984) salienta a relevancia do tempo queixe pesiste nadando a velocidade
maxima, o que depende do comprimento do peixesrdpdratura da dgua e da quantidade de
glicogénio armazenado nas células dos musculogdsadeste modo, para um determinado
comprimento, 0 aumento da temperatura resulta mandicdo da resisténcia, uma vez que
maiores temperaturas relacionam-se com maioresigdaliles maximas, e consequentemente
com uma taxa de deplecdo maior das reservas ag@tim nos musculos.

Baseado em resultados experimentais (obtidos exegpepm comprimentos inferiores
a 55 cm), Videler (1993) relaciona a velocidade imaxde natacad'Burst speed’) Vmax nat

(m.s%), com o comprimento do peixe, (M) atraves da equagao:
Vimaxnat= 0.4 + 7.4 L, (1.5)

Vérios estudos foram desenvolvidos com o objecti determinar velocidades
maximas de natacdo para diferentes espécies pacidéem 1986, Bell aponta para alguns
migradores anadromos adultos, velocidades maxirnasiyeis, em condicbes optimas de
temperatura, de aproximadamente 6 a 8'pasa o salmédo, 3 a4 ni.para atrutae 4 a 5
m.s* para o savel, sendo que este (ltimo apenas canseguter estas mesmas velocidades
durante curtos periodos de tempo. Porcher (2002%ymo vez indica para individuos juvenis
de enguia (espécie catadroma), com dimensdes centidas entre 10 e 40 cm, velocidades
de natacdo méaximas de 0.6 a 0.9 mevidenciando a reduzida capacidade natatéria dos
mesmos.

A velocidade de cruzeiro, definida como sendo a@cidhde maxima a que 0 peixe
consegue nadar sem exibir sinais de fadiga, falimgente alvo de estudo. Videler (1993),
propde duas relacdes entre a velocidade de cryxgirom.s’) e o comprimento do peixe,L
(m); igualmente obtidas em experiéncias conduzodes peixes de dimensdes inferiores a
s5cm.
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Ve=0.15+241L, (1.6)
V= 2.3 L° (1.7)

Para alguns migradores anadromos, o autor apomanddes inferiores a 55 cm,
velocidades de cruzeiro de aproximadamente 1.3 en&" no caso do salméo e de 0.6 a 1.3
m.s* no caso da truta.

A associagcdo das expressdes anteriormente descetas simultaneo com o
conhecimento actual existente sobre as caractasstnorfologicas das varias espécies
piscicolas, podera contribuir para o aperfeicoamgebmeétrico das passagens para peixes.
Estabelecida a distancia do percurso que o peie ulerapassar e as velocidades de natacéo
caracteristicas das espécies alvo, € possivel abteelocidades de escoamento adequadas a
passagem das diferentes espécies de modo a @jecsditia possa ser realizada sem exaustao

dos individuos.

1.2.1. Influéncia da turbuléncia do escoamento na capacidade
natatoéria e comportamento dos peixes

A capacidade natatéria dos peixes depende fortendad caracteristicas hidraulicas
dos rios, de entre as quais se destaca a turbal@ocescoamento. Esta variavel hidraulica,
cuja actuacao pode despoletar ou inibir o0 compataonmigratorio dos peixes (Montgomery
et al, 1997), dependendo da forma e grandeza de actnagéarpo dos mesmos (Lupandin,
2005; Odehet al, 2002), é indicadora da movimentacao irregular masiculas de agua no
escoamento (escoamento turbulento) e das respedhitaacdes de velocidades inerentes.
Tipicamente reostéaticos (Montgomeey al, 1997) (i.e. cujo comportamento tende a ser
orientado para a corrente), 0s peixes sdo atrgeascorrente, pelo que o comportamento
migratorio dos mesmos € despoletado pela velocidkdescoamento e pela respectiva
turbuléncia associada (Lucas e Baras, 2001; Jutigetial, 1998). A capacidade reostatica é
um comportamento extremamente bem desenvolvidgen®s, associada a um complexo
mecanismo sensorial mediado essencialmente poroajunto de neuromastos existentes na
linha lateral dos peixes, que permitem detectau@eas a grandes variacoes da velocidade da
agua. A informacéo adquirida fornece ao peixe exgbes sobre as caracteristicas hidraulicas

do meio envolvente, induzindo ou inibindo a sua imewntacdo face a grandeza e flutuacao
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das velocidades existentes. O tamanho das flutaad@®durbuléncia (escala de turbuléncia)

(Figura 1.1) é factor fundamental ao entendimep®ichpactos desta varidvel sobre peixes.
| .
(g .%' \

\

Fig. 1.1. Efeito das diferentes magnitudes de {értmia sobre o movimento dos peixes. Fonte: Cetehl
(2002).

Pequenas escalas de turbuléncia, geralmente ad@®capassagem dos peixes nas
turbinas, provocam compressdo e distorcdo dos femmequanto escalas maiores estédo
associadas a desorientacdo dos peixes (@tah, 2002). No entanto a turbuléncia, surge
também como factor favoravel & movimentagcdo doszepeicomo indicado por Coutant e
Whitney (2000), que sugerem que a mesma € utilipatiss espécies migradoras anadromas
durante a migracdo para jusante. O entendiment@ SmmMo 0s peixes reagem e usam esta
variavel hidraulica na sua movimentacdo, tem-seelagdd extremamente importante,
suscitando o desenvolvimento de varios estudos.

Por exemplo, Odehet al. (2002) procurou estudar o efeito da turbuléncia no
comportamento de peixes migratorios, através dadestie trés condi¢cdes de turbuléncia a
jusante de uma comporta. Os autores avaliaram espgécies de peixes: truta arco-iris
(Onchorhynchus mykigsrobalo hibrido orone saxatilisx Morone chrysopse salméo do
Atlantico (Salmo sala), tendo verificado que a exposicdo a tensdes dadRis médias
superiores a 50 N.f por um periodo de 10 minutos, pode causar danesggécies, mas nao
a sua mortalidade. Para valores superiores a 3¢,N@ulehet al, 2002)verificaram que n&o
héa alteragdo da resposta da truta arco-iris, a@artrante ao observado nos exemplares
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juvenis de salmao do Atlantico e do robalo hibritmorone saxatilisx Morone chrysops
cujo comportamento é fortemente influenciado mepaessas tensdes, deixando-os deste
modo mais susceptiveis aos predadores ou a outpus,r demonstrando a variabilidade da
resposta comportamental bem como a diferente skuhesite das espécies a turbuléncia.
Turnpennyet al. (1992) submeteu diferentes espécies de peixessaegivariaveis entre os
206 e 3410 N.M, e avaliou os danos resultantes. Os salmonideds&s do Atlantico
(Salmo salar),truta arco-iris(Onchorhynchus mykis® truta mariscgSalmo trutta trutta
testados sob menores valores de tensfes apresep@naa ou nenhuma perda de camada da
mucosa e nenhum outro dano aparente, bem comcacasie mortalidade dos individuos
nos sete dias que se seguiram a exposi¢cado. Pdlamono acréscimo das velocidades e das
tensdes aumentou os danos e diminuiu 0 tempo dewedncia dos espécimes. Para o
méximo valor testado de 3410 N°nobservou-se uma perda da camada da mucosa e danos
nos olhos, com sobrevivéncia apés 7 dias de 90% imdisiduos. Ja os clupeideos,
mostraram-se bem mais sensiveis aos ensaios deajazs quais mesmo quando testados sob
baixas tensbes, sofreram varios danos, entre aefa pdos olhos e perda da mucosa,
morrendo no periodo de uma hora apos a experin@ntacespecificidade da sensibilidade
das diferentes espécies piscicolas a ac¢cao daéndmi foi igualmente demonstrada neste
estudo. Lupandin (2005) avaliou o efeito da turbci@ do escoamento na velocidade de
natacdo da espéckerca fluviatilis em individuos de diferentes tamanhos. Nesse @stud
verificou que a partir de um determinado valor mkensidade da turbuléncia (razdo entre o
desvio-padrao da série temporal e a velocidadeahédi peixes diminuem a velocidade de
natacéo, o que se inicia quando a escala de taalé@&xcede 2/3 do comprimento do peixe.
As tensdes de Reynolds, representam de maneiraadieg efeito da turbuléncia sobre
0 corpo dos peixes, cujos efeitos descritos comgagoactuantes paralelamente ao corpo dos
individuos, em fluxos excessivamente turbulentegupicam o desempenho dos movimentos
dos peixes podendo mesmo provocar em situacOesneadgrdanos irreversiveis e mesmo a
sua mortalidade. No entanto, em situagbes de maaexabuléncia, Liacet al. (2003),
verificou que os peixes podem utilizar os vortit@snados no escoamento para reduzir 0s
“custos de locomocédo”. O entendimento sobre aango entre a actividade muscular dos
peixes e a utilizacdo dos vortices existentes noagsento para a sua movimentacao, podera

constituir um bom auxiliar para a projec¢éao deragypassagens para peixes.
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1.3. A migracao nos ciprinideos

1.3.1. Considerag0des gerais

A familia Cyprinidae é a maior familia de peixes égua doce (Nelson, 2006)
compreendendo cerca de 2420 espécies distribudi&2p géneros. E uma das seis familias
da ordem dos Cypriniformes e estima-se que contapfaximadamente 321 géneros e 3268
espécies com um maximo de diversidade no Sudegigods(Robalo, 2007).

Fortemente representados nos rios Europeus, alm@dmggproximadamente 42% da
totalidade das espécies piscicolas dos sistemaaifiLelek, 1987), os ciprinideos ocupam
uma variedade de habitats quase exclusivamenteaqiufiplas sendo muito raramente
encontrados em aguas salobras. Existentes emaonatite todo o tipo de cursos de agua
doce, de todas as dimensdes e regimes de corestéemdo no entanto mais associados a
sistemas |énticos podem sobreviver em temperatniaveis entre os 0 e 40 °C, sendo no
entanto diferente o tempo necessario a sua actamtéHowes, 1991). A semelhanca das
restantes espécies dulcaquicolas caracterizadasmmifraca capacidade de dispersao entre
cursos de agua e intolerancia a salinidade, axiespéprinicolas encontram-se restritas aos
rios e lagos, estando a sua distribuicdo, na naatos casos, fortemente relacionada com a
sua historia biogeogréafica. Os ciprinideos na Earapresentam padrbes de distribuicdo
extremamente interessantes, nomeadamente nas yasimseridionais (lbérica, Italica e
Balcanica), onde um elevado numero de espéciesl@rgsmos com pequenas e restritas
areas de distribuicdo, pertencentes a um numeabviahente reduzido de géneros, existem,
especialmente na Peninsula Ibérica. Pelo contrdai&uropa Central esta familia encontra-se
representada por um baixo niumero de espécies docluina diversidade consideravel de
géneros, apresentando habitualmente amplas areasstiiduicdo (Durandet al, 2003;
Zardoya e Doadrio, 1999). Este padrao de distrémiidas espécies europeias levou a
formulacdo de varias hipotese explicativas do ggaregimento na Europa e Peninsulas
Meridionais, tendo sido considerada, numa persgeqgialeontoldgica e corroborada por
registos registo fosseis, a hipotese de que osepam ciprinideos surgiram na Europa no
periodo Oligocénico (ha cerca de 35.4 milhdes des)ardepois do Mar de Turgai (que
separava a Europa da Asia) ter secado (Briggs,)1995
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Apesar da sua distribuicdo se restringir esseneitienaos sistemas dulcaquicolas, a
maioria das espécies da familia Cyprinidae exibeeslodacdes que podem atingir
consideraveis distancias, no entanto a informag@ieate sobre este fenOmeno é bastante
limitada (Mills, 1991; Smith, 1991). Estudos, coista a identificacdo e compreensao dos
padrées e ritmos migratorios destas espécies, itdtho & ser recentemente desenvolvidos na
Europa e América do Norte. As migracdes ocorreraresalmente durante a Primavera, com
propositos reprodutivos, no entanto, durante orimyealgumas deslocacfes séo igualmente
possiveis de observar, apesar de se direccionassem@almente em busca de locais mais
profundos, ou de locais de menores velocidadesad aBaras, 2001).

O inicio do ciclo reprodutivo dos ciprinideos eatsociado a alteracdes fotoperiodicas
(Lucas e Baras, 2001; Mills, 1991; Northcote, 1998)ao aumento da temperatura
(Rodriguez-Ruiz e Granado-Lorencio, 1992; Sambsl, 2002). Tendo como principal
objectivo evitar o risco de predagdo, a generatiddds espécimes efectuam as suas
migracdes ao fim do dia, quando a luminosidadeue@intensa (Cerri, 1983)o entanto, se
as temperaturas Optimas a migracdo se verificaramante o dia, as deslocacbes sé&o
efectuadas durante esse periodo, mesmo com o tedeetor de risco associado (predacéo)
(Baras, 1995)Perante 0 mesmo estimulo ambiental as espécieseapm respostas
comportamentais distintas entre si, pelo que asessgmulos (ex. temperatura, intensidade
luminosa, etc.) se sobrepdem as especificidadeadbeespécie. Caracterizadas por uma fraca
capacidade de natacdo e de salto, durante as sges;@es para montante, as espécies
ciprinicolas enfrentam comummente dificuldades entes a transposicdo de barreiras
naturais e artificiais, que obstruem a sua contéfastocacao, interrompendo o ciclo biologico
das mesmas, e originando o declinio drastico das/gppulacdes de ciprinideos (Katopodis,
2005; Lucas e Frear, 1997; Ovidio e Philippart,20@tendendo a estas limitacdes fisicas,
consideraveis esforcos tém sido feitos para facilé passagem para montante destas e

espécies.

1.3.2. O barbo Ibérico (Luciobarbus bocagei Steindachner, 1864)

Data de cerca de 5.5 milhdes de anos, duranteiodpeMiocénico final, o primeiro
registo féssil do género taxonomitaiciobarbusna peninsula Ibérica (Doadrio e Casado,
1989). O barbo IbéricoL(ciobarbus bocageiSteindachner, 1864) (Figura 1.2) é um

ciprinideo endémico da Peninsula Ibérica, caraetda por um corpo alongado, comprimido
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lateralmente, boca infera com labios grossos coim piares de barbilhos de comprimento
moderado, e com o Ultimo raio da barbatana dossdficado e denticulado (Almaca, 1996).

Fig. 1.2. Barbo ibérica (uciobarbus bocagesteindachner, 1864

Esta espécie extremamente ubiqua existe numagasia de habitats IGticos e |1énticos
(Magalhdes, 1992), ocorrendo na maioria das baud®graficas do norte e centro de
Portugal (Almaca, 1996) (Figura 1.3). Devido ao skvado interesse ecoldgico encontra-se
nas espécies consideradas como nao ameacadasinsuRetbérica (Doadrio, 2001). Habita
areas com baixas ou moderadas correntes da agesemiando uma forte sazonalidade
migratoria que se inicia em Abril, e cujo pico aeoem Maio.

Esta espécie potamodroma efectua migracbes partam@npara desovar em zonas
arenosas de correntes rapidas (Rodriguez-Ruiz ma@woa_orencio, 1992). Os espécimes de
ambos os sexos iniciam as suas deslocacdes comefirsdutivos (Lucas e Batley, 1996;
Lucas e Frear, 1997), mas provavelmente devidoaansior dimenséao ou preferéncia por
locais com caracteristicas mais Iénticas fora d&a&peprodutiva, as fémeas podem percorrer
distancias superiores (Baras, 1992). Os machosbke&nte maduros apresentam pontuacoes
brancas a volta do focinho (tubérculos nupciais® germitem a sua facil identificacdo
(Almaca, 1996). Durante o periodo migratério estpéeie é fortemente atraida pelo forte
fluxo de corrente (Baras e Cherry, 1990; Bagt®l, 1994), evidenciando a sua natureza
reostatica.
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Fig. 1.3. Distribuicdo geogréfica da potencial oéncia do Luciobarbus bocagei em Portugal. Fonte:
http://naturlink.sapo.pt/article.aspx?menuid=3&Gd56&bl=1

1.4. Impacto das obras hidraulicas nas comunidades
piscicolas

A utilizagdo e manipulagdo dos sistemas aquatitogafs remonta a varios séculos
atrds. A disponibilidade de agua, recurso esseaciadla, foi o principal factor responsavel
pelas constantes deslocacfes dos povos ndmadasiaigiéarde se estabilizariam em zonas
de facil acesso a este precioso recurso.

A construcdo de obras hidraulicas constitui certamneuma das mais antigas e
difundidas obras de engenharia (Baxter, 1977), g@mdo como principal factor do
desenvolvimento das primeiras grandes sociedadwearias. Ja4 povos indigenas da Costa do
Pacifico e das regides interiores da América daeNoonstruiam acudes e outros artificios,
para facilitar a captura de espécies que utilizamansua dieta, entre as quais se destaca o
salméo e a truta (Northcote, 1998). Mais recentéenarom propdésitos, de indole ndo tao
primaria; tém sido desenvolvidas obras hidraulioas cursos de agua, principalmente
destinadas a producao eléctrica e a reserva de gggaaconsumo e rega. Actualmente, a
construcdo de infra-estruturas hidraulicas é priooextto comum, pelo que a maior parte dos
rios se encontram regularizados (Petts, 1984; Wastanford, 1979), estimando-se que
aproximadamente metade da agua doce disponivellaretp esteja retida em mais de

800.000 albufeiras (Rosenbaxgal, 2000). Associadas a esta exacerbada construggensu
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alteracdes dramaticas na estrutura, composicavezsitlade das comunidades piscicolas,
devido a alteragcdes humanas ao nivel dos seusatsafi@opp, 1990; Gehrket al, 1995;
Paiaz et al, 1999; Ward e Stanford, 1979). Segundo Gitial. (2002) as principais causas
da diminuicdo das populagcdes piscicolas devem-gesta excessiva, poluicdo e bloqueio
dos rios, sendo que o ultimo representa a causaingdliosa. Os dois primeiros problemas
sdo de reconhecimento geral pela maior parte dalggin e da comunidade cientifica. Por
outro lado, a fragmentacao dos rios, resultantbldgueio imposto pela construcdo de obras
hidraulicas passa muitas vezes despercebido peladsde, pelas facilidades advindas da
construcdo das mesmas, como por exemplo, o abastdo de Agua, a geracdo de energia, a
recreacdo, entre outros. Outro factor importargeralestacado, € o facto de que a poluicdo e
a pesca afectam individuos isolados dentro da cmlade aquatica, enquanto que o bloqueio
dos rios interfere no habitat dos peixes, prinoqgadte nos migratorios, podendo levar a
extincao de espécies piscicolas dulgaquicolas.

A regularizagdo dos rios é, com efeito, o factorraogénico com impactos mais
significativos ao nivel da alteracdo do habitatapas espécies dulcaquicolas, estimando-se
que aproximadamente 77% dos caudais totais dosnbB®es rios da América do Norte e
Europa, se encontrem alterados (Cowx e Welcomn88)19 Peninsula Ibérica ndo é alheia
a esta situacdo mundialmente generalizada. Contoefai irregularidade climatica e a
consequentemente variagcdo dos caudais dos riogcdbgérincentivaram a uma intensa
regularizacdo, que se traduziu na construcdo de deail000 grandes barragens durante os
altimos 100 anos (MMA, 1998). Em Portugal, todosios de médias e grandes dimensdes
encontram-se regularizados por mais de 150 barsageaproximadamente 100 pequenos
aproveitamentos hidroeléctricos (PAH).

A construcdo de obras hidraulicas como acudes ead®ars, produz, um impacto
significativo nas populacdes piscicolas, princigaite a nivel dos movimentos migratérios
que sdo comummente obstruidos. A reducdo da diipdade e acessibilidade dos habitats,
que desempenham uma importante funcdo na suslatdebi das populagbes devido a
presenca dessas obras hidraulicas, comprometenigntd, por vezes de forma irremediavel,
a sobrevivéncia das espécies (Lenne, 1990). Natardbsos efeitos de obstrucéo fisica
associados a implantacao de obras hidraulicasurgesde agua, muitos outros surgem com
igual impacto nas comunidades piscicolas, entreu@s se destacam: as alteragcbes do
escoamento (ex. regime de caudais), da granul@netridos locais de deposicdo de
sedimentos e da qualidade da agua (ex. diminuiQideal de oxigénio). Salienta-se ainda, o

aumento do risco de predac¢do a montante e a jugetdeconcentracdo de um grande numero
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de individuos junto ao obstaculo, que sdo impedidosua deslocac¢do, constituindo um alvo
facil para determinados predadores.

Os diferentes impactos inerentes a construcdo deadems e acudes foram
sistematizados e classificados de acordo com arsieéan de grandeza por Petts em 1988. O
autor dividiu os diferentes impactos em trés ordeendo que os de primeira ordem
conduzem aos de segunda que por sua vez dao aamgede terceira ordem. Nos de primeira
ordem foram considerados: o efeito de barreirara Girculacdo das espécies; a alteracdo do
regime natural de caudais; a alteracdo de granti@me de locais de disposicao de
sedimentos, bem como a sua quantidade; alteracéegualidade da &agua a jusante,
especialmente se as descarga forem no hipolimralbezacdes quantitativas e qualitativas no
plancton. Estes impactos condicionam os impactagedanda ordem que incluem: alteracbes
frequentes na forma do canal fluvial e na distghaide habitats, e alteracdes na distribuicao,
no tipo e quantidade de plantas; que por sua vézzem aos impactos considerados de
terceira ordem que incluem alteracdes na comunidi@denacroinvertebrados e de peixes

(composicéo e biomassa).

1.5. Restauro da conectividade longitudinal: Passagens
para peixes

A conectividade longitudinal de um rio € em termeoslogicos, um factor essencial para
satisfazer as diversas necessidades das diferespésies aquaticas, devendo por isso ser
conservada e restaurada. A introducdo de passgm@aspeixes, permite restabelecer a
conectividade dos rios, interrompida pela impla@tacle infra-estruturas hidraulicas (ex.
barragens, agudes) nos mesmos.

Um dispositivo de passagens para peixes, € em segarais, um caminho alternativo ao
curso de agua, no qual foi instalado um obstaeutansponivel ou dificilmente transponivel
(Bochechas, 1995). O seu principio geral de furaitento, consiste em atrair 0s peixes para
um determinado ponto a jusante de um obstaculaizindo-os ou fazendo-os passar para
montante através de um caminho com agua (passagemppixes em sentido estrito) ou
capturando-os num tanque ou estrutura similar, sgmokteriormente transferidos para
montante (ascensores e sistemas de captura edr@)sfLarinier 2002a). Uma passagem
para peixes é considerada eficiente se os pebasiarem facilmente a sua entrada e se a

transpuserem sem dificuldades significativas, stas@s excessivos ou stress que possam
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prejudicar a sua migragéo. Por conseguinte, o dimeamento de uma passagem para peixes
deve ter em conta determinados aspectos do comparta das espécies migradoras,
nomeadamente a capacidade natatéria das mesmaicaBice deste tipo de dispositivos
hidraulicos depende da capacidade de integracdoandq da sua concepcao, de
conhecimentos de indole biolégica (fisiologia, bémdinica e ecologia das espécies) e
conhecimentos na area da hidraulica e hidrodinarfuetocidade da agua e regime de
escoamento) (Larinier, 2002a; Parasievatal 1998; Pavlov, 1989). As velocidades da agua
na passagem para peixes devem ser compativeis coapacidades natatorias das espécies
consideradas. Algumas espécies sao muito sensivadgserminados regimes de escoamento
ou condicdes: quedas entre bacias demasiado etevadauléncia excessiva, existéncia de
remoinhos ou velocidades da agua demasiado bajx&spodem por conseguinte actuar
como barreiras a migracdo das mesmas. Por outm kEdm dos referidos parametros
hidraulicos, existem ainda outros factores, comjanseo teor de oxigénio dissolvido, a
temperatura da agua, o ruido, a luz, o odor; quiemocondicionar a passagem de cada
espécie, nomeadamente se a qualidade da aguaioemtal a passagem para peixes, for
diferente daquela proveniente da obra hidraulieaiflier, 2002a).

O desenvolvimento de uma passagem para peixespgragesso complexo, devendo ser
elaborado tendo em vista as espécies piscicolatertés no local, em que se pretende

implantar a estrutura hidraulica, assegurando dest® a eficiéncia da mesma.

1.6. Evolucao histdrica das passagens para peixes

1.6.1. No mundo

Na tentativa de minimizar os impactos causadosesalfauna piscicola, resultantes da
implantacdo dessas obras transversais fluviaianfatesenvolvidos dispositivos hidraulicos,
denominados por passagens para peixes, que vigasssibilitar a transponibilidade desses
obstaculos. Estas sdo por conseguinte de grandatémpia a restauracdo das deslocacdes
continuas ao longo dos rios, efectuadas pelas iespéuoigradoras (Clay, 1995). A
implantacdo da primeira passagem para peixes; aoin altura pouco superior a 2 m;
remonta ao século XVII (1640) na cidade de Bernaigd§, especificamente no rio Aar

(afluente do Rio Reno com 295 km de comprimentopakir desse periodo observou-se que
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0 uso de passagens para peixes foi sendo difunpada outras partes do mundo,
nomeadamente a partir de 1850 (Kamula, 2001) abmi® com a producgédo de turbinas
hidraulicas e a implantacdo de aproveitamentos obéirgéticos em maior escala,
consequéncia do avanco industrial sentido na aleevolucdo Industrial; finais de séc.
XVIII - inicio de séc. XIX). Em 1852, em Sligo (hda), é construida a primeira grande
passagem para peixes com sucesso, a passagenepasade Ballisodare (McGrath, 1956).
Segundo Balaque da Silva (Silva, 1896) em 1896tiaxn ja diversos tipos de passagens para
peixes, sendo o sistema mais adoptado o de esuadapeixes, ainda que bastante arcaico. O
mesmo consistia num conjunto de reservatérios @dadrdispostos uns por cima dos outros,
formando uma série de cascatas que 0s peixes tguanranspor saltando. Em Inglaterra e
na América, eram mais utilizados os dispositivospldmo inclinado, com compartimentos
rectangulares (Silva, 1896). Em 1909, um cientigtéga (G. Denil), apresentou um novo
modelo de passagens para peixes (passagens paes @@ tipo Denil) extremamente
avancado, que permitia uma excelente dissipacédendegia, tendo sido implantado para
funcionamento na Bélgica por volta de 1920 (CI&85). A implantacéo de dispositivos para
passagem de peixes é, desde entdo, um processateoem todo o Mundo, aquando da

construcdo de obras hidraulicas.

1.6.2. Em Portugal

Em Portugal a construcdo de passagens para peixespEocedimento relativamente
recente, sendo a referéncia mais antiga conheaigssagem de deflectores instalada na
barragem de Belver em 1951 (Silva, 1991). Esteodifpo, do tipo escada para peixes,
revelou-se ineficaz, tendo sido substituido por uetdusa em 1983, que entrou em
funcionamento apenas trés anos mais tarde 1986a(SiP91). No entanto, referéncias
anteriores a esta estrutura indicam a possivetéexis de outros dispositivos de passagem
para peixes em obras hidraulicas transversaigotab estabelecido nos artigos 165-166 do
Regulamento dos Servigos Hidraulicos de 19 de Dbrene 1892 e no n° 3°do Regulamento
Geral dos Servicos Aquicolas de 20 de Abril de 1883 quais se determina que$ acudes
e represas estabelecidos nos leitos de correntgudg interiores se estabelecam escadas
para a subida dos peixes

A partir da segunda metade do século passadojceeri$e um forte incremento na

construcdo de passagens para peixes, resultadondacentuado decréscimo de algumas
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espécies piscicolas, em particular das diadromsig fnémeno surge como resultado da
intensa construcao de barragens e aproveitameidi@eléctricos de pequena escala (PAH) e
outro tipo de acudes, que alterou o escoamentorahaios cursos de agua e,
consequentemente, o funcionamento ecoldgico dosnosgscomo a livre circulacdo das
espécies piscicolas, fundamental para a realizalgdo diferentes fases dos seus ciclos
bioldgicos. O desenvolvimento das obras hidraulazasrido em Portugal nessa época surge
em resposta a existente limitacdo dos recursoedsdrAqui, onde a orografia, a precipitacao
e as influéncias atlanticas e mediterraneas detaramn uma distribuicdo irregular das
disponibilidades hidricas no espaco e no tempot¢Sa2004), a necessidade de construir
barragens e acudes com propdsito primordial de zan@a agua suficiente para garantir o
fornecimento da mesma para rega, bem como pardeaivasnto publico, sobretudo nas
regides de maior irregularidade hidrica, particulemte no Sul, surgiu como factor
fundamental. Por outro lado, no Norte do pais, coglgecursos eram mais abundantes e
regulares, foram construidos aproveitamentos (céecd0), destinados maioritariamente a
producdo de energia. Em Portugal, tal como em matdros paises, mais de metade das
cerca de 150 barragens (estruturas com mais de d8& attura) e mais de 3000 pequenos
acudes hoje inventariados, foram construidos nasnag 35 anos, devido ao forte
crescimento da procura de agua (Afonso, 2001). #iém dos citados, existem ainda muitos
outros pequenos acudes, em particular a norte adejo (Santo, 2005), que apesar de
abandonados e/ou em elevado estado de degradag@tituem ainda obstaculo a livre
circulacdo dos peixes.

Apesar do elevado numero de barragens e acudesoengd, existem apenas 39
dispositivos de passagem para peixes: 32 passpgemgeixes de bacias sucessivas, sendo
que a grande maioria se encontra instalada em FAECIusas Borland, das quais 5 se
encontram instaladas no rio Douro e uma no Tejascensor, um instalado na barragem do
Touvedo, rio Lima e outro na barragem de Pedrog&o,Guadiana; e uma passagem
naturalizada (canal naturalizado), no rio Lima (ffeg1.4). A maioria destes dispositivos ou
nao se encontra em funcionamento ou demonstrarmeficientes a passagem dos peixes
(Santo, 2005). Um dos principais motivos da ingfi@@estes dispositivos hidraulicos, resulta
do inadequado dimensionamento dos mesmos, parsssagean das espécies piscicolas
migradoras existentes em Portugal.

A concepcéao dos dispositivos de passagens parasppottugueses foi efectuada com
base em projectos realizados noutros paises, cujégos de dimensionamento tinham sido

estudados considerando espécies piscicolas nderdégscomuns nos rios Portugueses. O
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dimensionamento destes dispositivos, que se deracmstficiente nos outros paises,
apresentou grandes limitagdes a passagem dasesspgigradoras comuns dos n0Ossos rios,
cujas caracteristicas biomecéanicas diferem grandiemdas espécies para as quais 0S

dispositivos tinham sido projectados.

Fig. 1.4. Distribuicdo das barragens/acudes exese§), das barragens/acudes em projecto ( ) egesspara
peixes (+ ) actualmente existentes em Portugal. FSateto (2005).

Além da quase auséncia de estudos publicados spaseagens para peixes,
nomeadamente por bacias sucessivas (tipo de passages comum em Portugal), as
espécies que se predispdem a utilizar este tipdigp®msitivos sdo essencialmente espécies
potamodromas, nomeadamente barbos, bogas e egi@®aSs quais 0 conhecimento acerca
da sua ecologia e modo de utilizacdo deste tipdisfmsitivos hidraulicos é muito limitado
(Santos, 2004). Recentemente, tém vindo a ser das&os estudos em Portugal, cujo
objectivo incide na avaliagcdo da eficiéncia dasspgsns para peixes instaladas nos rios
portugueses e na deteccdo de possiveis problem@Enties ao seu funcionamento (Santos,
2004, Santo, 2005), de modo a obter informacao prrenita aumentar o conhecimento
existente sobre este tipo de estruturas hidraulpEasmitindo de uma forma expedita melhorar
0s seus critérios de dimensionamento. O desenvehtde estudos, que visem a adequacao
deste tipo de dispositivos hidraulicos para as @spéxistentes nos rios portugueses € por
conseguinte extremamente importante, permitindaitard evolucdo das passagens para
peixes em Portugal e promovendo a qualidade e d&noamde dos cursos de agua

portugueses.
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1.7. Tipos de dispositivos de passagens para peixes

A multiplicidade de factores (bioldgicos, hidrologs, hidraulicos, topogréficos, etc.) e
a complexa interaccao estabelecida entre os meguesgaracterizam os sistemas fluviais,
conduz a uma dificuldade acrescida aquando da cselee implantacdo do tipo de
dispositivos de passagens para peixes. Cada itéagén caso especifico (Larinier, 2002a),
devendo ser sempre considerados 0s seguintes Gspleicante esses processos: as espécies
piscicolas presentes no local, as -caracteristiddsolégicas do curso de agua, as
caracteristicas do obstaculo (infra-estrutura hidrd), o caudal a transitar no interior da
passagem, as variacoes de nivel a montante erdgusatopografia, o desnivel a vencer e o
custo de funcionamento (Porcher e Larinier, 2002).

As caracteristicas biomecéanicas das espécies mestao curso de agua, sado factor
determinante na selecc¢éo do tipo de dispositivtliaar, pelo que este processo deve incidir
primordialmente na espécie que apresenta cardid@sismais restritivas, procurando
assegurar deste modo um adequado funcionamento gpareior numero de espécies
piscicolas existentes. As caracteristicas da @dpfra-estrutura — hidraulica, a altura e o
respectivo desnivel a vencer, apresentam-se confectmses mais limitativos a selec¢éo do
tipo de passagem a utilizar. De acordo com a (leessiio apresentada pela FAO,

(FAO/DVWK, 2002), as passagens para peixes podetesiés tipos:

0] Passagens tradicionai§€chnical structures” :
» Passagens por bacias sucessiPa®lpasses or Fish laddgrs

 Deflectores ou tipo Denildenil passes

(i) Passagens naturalizad&ose-to-nature types of structures”:
* Rampas e declives escava@Bsttom ramps and slopgs
» Canais lateraisBypass channéls

» Rampas para peixeBigh ramp3;

(iii) Passagens especiaBpecial constructions”:
» Passagens para engu{gel ladders)
 EclusagqFish locks)

» AscensoregFish lifts)
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1.7.1. Passagens tradicionais (Technical structures)

Escadas para peixes ou passagens para peixes por bacias sucessivas (pool

passes or fish ladders)

As passagens para peixes por bacias sucessiva® dfgmw de dispositivo mais
vulgarmente utilizado para a transposicdo de oblktaaturais e artificiais de pequena e
meédia dimensdo (geralmente inferiores a 30 m) &proveitamentos hidroeléctricos e
pequenos acudes) (Borghedtial 1994; Guinyet al. 2003; Jensen e Aass 1995; Linlokken
1993; Santo, 2005), sendo adequadas para situagdesie existem frequentes variagdes do
nivel de agua a montante (Laieeal. 1998; Schwalmet al 1985; 2002; Stuart e Berghuis
2002). A escolha do tipo de escadas de peixes aingglantada devera recair nas
caracteristicas biomecanicas da ictiofauna locag definem as caracteristicas fisicas da
mesma como a perda de carga entre as bacias, a flasnbacias, entre outras (Sanagiotto,
2007). Dada a elevada variabilidade hidroldgicaritms Portugueses, e pela sua adequacéao a
varias espécies (Larinier, 2002c), este tipo deggens € o mais comum em Portugal, sendo
considerado como o mais adequado a passagem deiesspdtamddromas de grande
representatividade na maioria dos rios PortuguéSesitos, 2004). Até a data foram
contabilizados 32 dispositivos de passagem parepeieste tipo (Santo, 2005), constituindo
0 seu principio de funcionamento na divisdo do iWesrentre os planos de montante e de
jusante em pequenas quedas transponiveis pelaspaixaves de uma série de bacias que se
dispbem sucessivamente formando um canal peloogualesmos se podem deslocar (Figura
1.5). As bacias tém duplo objectivo: proporcionatissipacdo da energia do escoamento e
providenciar zonas de descanso (Larinier, 2002xist& uma grande diversidade deste tipo
de passagens, baseado nas iniumeras combinacoaeigode dimensdes das bacias, tipo de

interligacé@o e desnivel entre estas.
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(b)

Fig. 1.5. (a) Passagem para peixes por baciasssuagsconstruida na barragem de Mauzac, no ricldme
(Franca). Foto: Larinier (2002dRrepresentacéo esquematica de passagens parapmbEias sucessivas: b)
equipada com descarregadores de superficie eiasifie fundo; c) equipada com duas fendas verti€aiste:
Larinier (2002d).

Os peixes passam de uma bacia para a seguintedeatia nadando através da lamina
de agua, consoante o tipo de descarregador adopfidipos de passagens de bacias
sucessivas mais comuns, e que tém sido objectovdesols estudos (Borghett al, 1994;
Jensen e Aass, 1995; Laiatal, 1998, 2002; Stuart e Berghuis, 2002), sao agmmsdas
“pool pass€snas quais a passagem da agua entre bacias épteitdescarregadores de
superficie e/ou através de orificios submersoaditsi nas paredes de separacao entre bacias e
as designadasvértical-slot passesbnde o escoamento da agua € feito através de uma ou
duas fendas verticais (Figura 1.5).

Uma passagem por bacias sucessivas com descamegagdosuperficie e orificios de
fundo consiste num canal em betédo, ao longo do sfimbispostas paredes de separacédo em
betdo ou madeira (septos), com aberturas, no tgsrdrregadores de superficie) e no fundo
(orificios fundo). Inerentes a utilizacdo desteotigle passagem estdo associadas algumas
desvantagens, destacando-se de entre as demaisca gonsideravel de obstrucéo,
nomeadamente nos orificios, por folhas, ramos ®uhateriais de pequena dimensao. No
entanto, as mesmas demonstram ser adequadas gesaoespécies piscicolas, desde que as
respectivas bacias e orificios sejam dimensionagoacordo com as espécies que existem
naturalmente no local destinado a implantar o ditipo. Relativamente as passagens por

fendas verticais, estas suportam escoamentosvegtante elevados, formando deste modo,
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boas correntes de atrac¢do para os peixes. Coinparahte as passagens com orificios de
fundo e descarregadores de superficie, sob o mntosta de manutencdo, apresentam um
baixo risco de obstrucdo. Actualmente sdo congidsraomo o melhor tipo tradicional de
passagem para peixes, sendo adequadas para todspéages piscicolas, bem como para
macroinvertebrados, particularmente se o fundadwestido por uma camada de substrato
grosseiro. De uma forma geral, a concep¢do e cm@strdas passagens para peixes por
bacias sucessivas é relativamente simples, namdgigaudais muito elevados para o seu
funcionamento, podendo comportar uma vasta gansautais e alguma flutuacao nos niveis
de agua a montante e jusante. Em Portugal, asgesssspara peixes por bacias sucessivas sao
as mais frequentes, contabilizando-se até a daeisténcia de cerca de 32 dispositivos

instalados nos rios portugueses (Santo, 2005).

Deflectores ou tipo Denil (Denil passes)

As passagens para peixes por deflectores ou tipd, @ensistem num canal rectilineo
de seccdo rectangular e de declive acentuado eheatre os 12 a 50%), com deflectores
dispostos ao longo do fundo e/ou nas paredes, cobjectivo de reduzir a velocidade média

do escoamento (Larinier, 2002b) (Figura 1.6).

(b)

kisiny {
K'/siny

Detalhe do anteparo Corte longitudinal

Fig.1.6. (@) Passagem para peixes do tipo Denil. ntéco  Adaptado de
http://www.chesapeakebay.net/fishpass;htim representacdo esquematica de uma passageéipl. Fonte:
Kamula (2001).
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Os deflectores tém geralmente a forma de U e sjpmslios com um angulo de cerca de
45° contra a direccdo do escoamento, originandeemims secundarias helicoidais que
asseguram, por transferéncia de quantidade de meotamuma eficiente dissipacdo de
energia no seio do escoamento.

O caudal requerido para funcionamento deste tipdigtmsitivos € mais elevado do que
em qualquer outro tipo de passagens para peixggnardo um escoamento caracterizado
por elevadas velocidades e turbuléncias. O cawaltrdccéo é facilmente identificavel pela
ictiofauna, sendo muito sensivel as variacdes delrmde agua a montante. Devido a
inexisténcia de zonas de descanso para 0s peises, favessia tem de ser feita de uma sé
vez dificultando a passagem dos mesmos, principabnelas espécies com limitada
capacidade de natacdo ou de pequenas dimensoese(l,&002d), e da fauna béntica (Baras
et al, 1994; Buntet al, 1999, 2001; Bunt, 2001). E por conseguinte \pu tie passagens
para peixes muito selectivo, dirigido maioritarianee para taxa que apresentem elevadas
velocidades de natacdo e grande resisténcia (egalo®nideos). As principais vantagens
inerentes a sua utilizacdo, incidem no pouco espagaerido e os reduzidos encargos
associados a sua construcao.

Em Portugal foi construida uma passagem para pelgetipo Denil no acude do
aproveitamento hidroeléctrico de Senhora do Satiajo Sousa (afluente da margem direita
do rio Douro). A mesma foi considerada como nacciumal, sendo inadequada para a
travessia das espécies alvo, caracterizadas poffraceacapacidade de natacdo. Mais tarde
foi substituida por um dispositivo de transposigédacias sucessivas.

1.7.2. Passagens naturalizadas (Close-to-nature types of structures)

As passagens para peixes naturalizadas, constitera6 uma solucdo a transposicao
de obstaculos, como também criam diferentes tipdsatbitats de caracteristicas semelhantes
as encontradas em zonas de rapidos ou de pequaisos de agua; adequados a utilizacao
pelos peixes (FAO/DVWK, 2002). O escoamento nagtede passagens é caracterizado por
velocidades relativamente baixa, sendo a energsipdida pela turbuléncia gerada pela
rugosidade do substrato do leito e das margenkgpsenca de blocos, calhaus e outro tipo
de materiais, colocados de forma mais ou menoslae@o longo da passagem. A

especificidade, caracteristica deste tipo de passagara peixes, implica a inexisténcia de
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critérios de dimensionamento definidos (Gebler,8)98ld0 obstante o que ja foi referido, a
utilizacdo deste tipo de passagem apresenta autdaso/antagens como: considerarem um
maior numero de requisitos biolégicos quando coagmaicom as passagens tradicionais; o
bom enquadramento paisagistico, consequente daagdib (sempre que possivel) dos
materiais de origem da zona de implantacao; faeutaa passagem de outros elementos da
fauna aquaticas, que ndo os peixes (ex. macro@ghbrados), e possibilitarem a passagem em
ambos os sentidos.

A sua implantacdo apresenta contudo alguns aspeoss favoraveis, dos quais se
destacam: a necessidade de espaco para a suacanstesultante do seu baixo declive (1%
a 2%, maximo de 5%); a sua aplicabilidade limitald®ido ao posicionamento muito a
jusante da entrada da passagem relativamente a@colos impedimento que pode
igualmente restringir a sua eficacia tornando o hesiante restrito, particularmente em rios
largos. Em rios de menor dimenséo, esta desvantagem ser contornada, fazendo passar
uma elevada propor¢do do escoamento, em periodoaudiais baixos, pela passagem. Por
altimo, refere-se ainda sua quase inaplicabiliqzata transpor obstaculos de grande altura.

Seguidamente apresenta-se uma sumula das cataerifsincionais dos tipos de

passagens naturalizadas existentes:

Rampas e declives escavados (bottom ramps and slopes)

Neste tipo de passagens toda a largura do rimsforanada numa superficie rugosa de
pequena inclinacdo, resultado de uma suavizacagrattiente hidraulico ao longo de um
determinado troco da linha de agua, conseguidaéstrda colocacdo de blocos e calhaus na
mesma (FAO/DVWK, 2002). Construcdo inicialmenteedgionada a estabilizacdo do leito
dos rios, o inerente desenvolvimento ao longo deerfil de suave inclinacdo e com elevada
heterogeneidade de substrato grosseiro, permiteesengolvimento de uma estrutura
complexa de habitats que mimetizam as condigcOestegés num curso de rio rico em
diversidade estrutural. Concomitantemente com  fde permitir a passagem, em ambas as
direccdes, de todo o tipo de fauna aquéatica constimétodo mais vantajoso para restaurar a
conectividade fluvial.

A distingdo entre rampas e declives é baseadaaalseente no declive das obras, pelo
gue as primeiras sdo definidas como estruturdeeis cujo declive de fundo varia entre 1:3

e 1:10, enquanto que nos segundos o0 mesmo € mfarib:10. A sua implantacdo é
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essencialmente adequada para comutar quedas igedicanuito inclinadas do rio, sendo
igualmente utilizada para substituir pequenos agugigando ndo é necesséario o controlo de
escoamento, funcionando como estrutura de proteZ@rosdo e mantendo mais ou menos

constante os niveis de agua a montante (Figura 1.7)

Fig.1.7. Modificacdo de pequeno acude instaladoriooHavel (Alemanha) para uma rampa: a) antes da
modificacdo, b) depois da modificacdo. Representasguematica do procedimento de converséo de ude ac
para rampa (c). Fonte: FAO/DVWK (2002).

Num médio a longo prazo, este tipo de estruturasipe ainda a “naturalizacdo” da
massa de agua a montante do acude, através daaema@yrastamento de materiais finos
anteriormente acumulados. O seu enquadramentgsisa, a pouca manutencao requerida,
e a boa atractividade para os peixes ao longo da # largura do curso de &gua
(FAO/DVWK, 2002), séo igualmente considerados coantagens inerentes a aplicabilidade

deste tipo de passagens naturalizadas.

Canais laterais (bypass channels)

Um canal lateral consiste numa linha de agua quesenvolve nos terrenos marginais
do curso de agua principal, ao qual se une a menéaa jusante do obstaculo que se pretende

transponivel pela fauna aquatica (Figura 1.8).
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(b)

naturalizado

o) |

Fig.1.8. (a) Canal lateral instalado em Varrel Béké&emanha); (b) representacdo esquematica de unal ca
lateral Fonte: FAO/DVWK (2002).

Caracterizado por apresentar semelhante formagduma um afluente natural do rio
principal (Gebler, 1998; FAO/DVWK, 2002), este tide estrutura desempenha um papel
essencial tanto para as espécies migradoras, caracap espécies reofilas, servindo nao so
de local de passagem como constituindo por si r@mn habitat para as mesmas (Aarestrup
et al.,2003; Eberstalleet al, 1998; Madeet al, 1998; Schmutet al.,1998). Este aspecto é
particularmente importante, nomeadamente para aaseabilitacdo de rios regularizados,
em que as areas de abrigo, alimentacéo e reprodesé®tipo de espécies sao eventualmente
escassas ou se encontram fortemente afectadasVA, 2002).

Podendo atingir grandes extensdes, estas estrisimageralmente adaptaveis a todo o
tipo de barreiras, desde que se verifique displifgioie espacial para o seu desenvolvimento,
sendo a exigéncia espacial associada a sua ptindgsvantagem. Devido ao seu
engquadramento harmonioso na paisagem e aos baigtws de concepgédo, constitui uma boa
solucdo para corrigir a intransponibilidade de dieais ja existentes. A construcao deste tipo
de estruturas é particularmente adequada parac@@siagque envolvam barragens, onde se
pretenda instalar uma passagem para peixes, vista @onstru¢cdo ndo implicar alteracdes
estruturais da barragem em si. No entanto ndo sk @dequados para situacdes em que
haja uma variagdo significativa dos niveis de &gumaontante, se bem que a construcdo de

dispositivos de regulacdo do nivel da 4gua nadmt@ode atenuar esse problema.
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Rampas para peixes (Fish ramps)

A conversdo de um acude numa rampa ou declive @dcaao longo de toda a sua
largura, apenas é possivel se ndo houver necessidgadontrolo dos niveis da 4gua e se
existir um escoamento adequado para tal. No entar@m sempre essas condigcdes se
encontram disponiveis, pelo que se opta pela egy@irde uma rampa de largura néo inferior
a 0.20 m (FAO/DVWK, 2002), integrada no préprio @guformando um declive suavizado

relativamente ao leito do rio (inferior a 1:20)dédia 1.9).

(b)

Acude

para peixes

Fig.1.9. (a) Rampa para peixes instalada no agedi&rdwelin no rio Havel (Alemanha); (b) represeétag
esquematica de uma rampa para passagem de parés. FAO/DVWK (2002).

A semelhanca dos outros dois tipos de passagemsaliiddas descritos, um dos
principais objectivos das rampas para peixes denss mimetizacdo da variedade estrutural
do leito de um curso de agua natural. De modo anifiera reducdo da velocidade do
escoamento e garantir um nivel de agua adequadoapamigracdo da fauna aquética, as
rampas sao revestidas com blocos e substrato gms&eprofundidade da agua nao deve
exceder os 0.40 m e o caudal deve ter valores impados de 100 ['S(FAO/DVWK, 2002).
Este tipo de passagem é geralmente aplicavel eacséies onde a altura a transpor é inferior a
3 m, sendo inadequadas em locais onde existant@agasignificativas do nivel de agua a
montante, causadas por exemplo, por eventual gr@sknbarragens.

A construcdo deste tipo de estruturas é tecnictareigente, uma vez que obriga a
um elevado grau de estabilidade estrutural. Nonémtgode existir o risco de secarem em
situacOes de caudais baixos, pelo que podera sess@&io diminuir a permeabilizacdo da

base da estrutura. A pouca manutencdo requeridano caudal de atraccdo facilmente
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identificavel, bem como o facto de serem transpaisipgor todo o tipo de fauna aquatica, em
ambas as direc¢Oes, emerge como a principal vantdgauitilizacdo deste tipo de passagens.

1.7.3. Passagens especiais (Special constructions)

Passagens para enguias (Eel ladders)

As passagens para enguias podem ser de dois ifippsquenos canais revestidos de
adaptacdes como escovas ou gravilha, atravessamosinpa pequena lamina de &agua,
suficiente para permitir a passagem de enguiag(m White 1998)ii) canos revestidos de
pequenas escovas, mato, galhos ou gravetos, iosena propria estrutura do acude, que
assumem a designacdo deel’ pipes O ultimo ndo tem provado constituir uma solucao
eficaz, uma vez que tem uma tendéncia frequenta fiear obstruido, sendo a sua
manutencdo extremamente dificil. O mesmo apres@Entia como desvantagem o elevado
risco de predacdo a que 0s espécimes se sujeifarmao da sua utilizacdo (FAO/DVWK,
2002). Outro aspecto negativo associado a suaragéet € a limitacdo a passagem de
enguias, ndo garantindo a livre passagem das oegpEies piscicolas para montante. Por
outro lado as suas principais vantagens de utdzagcidem no baixo custo de construcao
associado, bem como o0 pouco espaco e 0S baixosnesotbs necessarios para a sua
implantacéo.

Este tipo de passagem € geralmente usado comat@isaecundario em passagens de
bacias sucessivas com descarregadores de superfariéicios submersos, sendo somente

necessarias de implantar em locais de ocorrénaidigtacoes desta espécie (Figura 1.10).
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(@ (b)
| st

Passagem para
enguias.

Fig. 1.10. (a) Passagem para enguias instalada passagem para peixes na barragem de Sauer emrRospo
(Luxemburgo); (b) representacdo esquematica depassagem para enguias de escovas. Fonte: FAO/DVWK
(2002).

Eclusas (fish locks)

Contrariamente as restantes passagens para pedrasekcepcdo dos ascensores), as
eclusas nédo proporcionam um caminho pelo qual oepese possam deslocar de forma a
vencer o desnivel, sendo a sua deslocacao param@mfbrcada atraveés da elevacao do nivel
da agua no interior de uma conduta. Este tipo dpoditivo de passagem para peixes é
constituido por uma conduta inclinada ou verticdlas camaras, uma posicionada a jusante
do obstaculo, normalmente com maiores dimensfegtra @ montante, cujo controle de
entrada e saida de agua € efectuado por meio deodas de funcionamento automatico
operadas em funcédo dos periodos de funcionamentecldaa. (Clay, 1995; Travade e
Larinier, 2002a) (Figura 1.11). O principio de fiomamento de uma eclusa para peixes,
muito semelhante ao de uma eclusa de navegacamposto pelas seguintes fases:

(i) Fase de atraccdoa comporta de jusante encontra-se totalmentetaalsera comporta de
montante controla o caudal que atravessa a edbssppixes sdo atraidos para a camara de

jusante pela corrente assim criada

(i) Fase de enchimenta comporta de jusante fecha-se e ocorre o enatinta eclusa; os peixes
acompanham a subida do nivel da agua no intericcodduta e passam para a camara de

montante.
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(i) Fase de saidaos peixes sé@o estimulados a sair da eclusa pathueira através de uma

corrente criada pela abertura de um “by-pass” nzacé de jusante.

(iv) Fase de esvaziamenta comporta de montante é fechada e esvazia-tmmiente a eclusa

através do “by-pass” ainda aberto e, quando o ndeelagua na camara de jusante é

suficientemente baixo, € aberta a comporta de fes@ esvaziamento deve ser lento para

evitar grandes velocidades e turbuléncias na emtiaceclusa, pois podem repelir a entrada dos

peixes que se encontrem nas proximidades da mesma.

(b)

Comporta de topo

Saida dos peixes

Estrado em
ascensdo

l-‘ i

Comporta
de fundo

Estrado

Entrada de agua

AT

T g LN SR T
Eiral _; .,\_": i ;’//[’ -///‘1’,.4;”."
e e, _:1 ks ." . ‘ ZI///y/// Tomada de agua

Barragem

= 7 ou acude

Fig. 1.11. (a) Eclusa para peixes. Foritép://naturlink.sapo.pt/article.aspx?menuid=3&cid@s6&bl=1 (b)

representacdo esquematica de uma eclusa para pentes FAO/DVWK (2002).

O ciclo de funcionamento e a duracédo de cada uséadas acima descritas é variavel,

sendo apenas durante a primeira fase, que o disposkerce atraccdo sobre os peixes.

Durante os periodos de enchimento, de saida deasspeide esvaziamento, nenhuma atracgao

€ exercida junto da entrada do dispositivo e qualgeixe que se apresente nesta zona podera

abandoné-la antes que se inicie um novo periodardecao de peixes (Travade e Larinier,

2002b). Uma das desvantagens das eclusas incidactwode durante a fase de saida, os

peixes poderem entrar e sair ou permanecer na aameamontante, voltando a camara de

jusante na fase de esvaziamento. Outra desvantaggde na reduzida capacidade de

passagem devido ao caracter descontinuo do seiprfiantento, bem como ao curto periodo

de tempo em que os peixes sao atraidos. O seuapianéo e construcdo tecnicamente

bastante exigentes implicam elevados custos detrungée, manutencdo e funcionamento,

factores limitantes a utilizacdo destes disposstio ponto de vista ecoldgico sdo bastante
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limitadas, sendo essencialmente adequadas parciessgdé maiores dimensdes (ex. esturjao,
savel) e para espécies de menores capacidadeériaatdFAO/DVWK, 2002), ndo sendo

adequadas para espécies bentonicas. No entangseafam como principais vantagens de
utilizacdo, permitirem vencer desniveis elevadosjemo espaco e o escoamento disponivel,
sdo limitados. Em Portugal, até a data, existentlésas para peixes, nas barragens de
Crestuma-Lever, Carrapatelo, Régua, Valeira e Roc¢ino rio Douro, e na barragem de

Belver, no rio Tejo. Todas elas se mostraram pafementes (Bochechas, 1995; Santo,
2005). Devido a baixa eficacia demonstrada, assaslulas barragens do rio Douro, com

excepcao da existente na barragem de Crestuma-loraer desactivadas.
Ascensores (Fish lifts)

Os ascensores de peixes séo dispositivos hidraulinde os peixes sao atraidos pelo
escoamento para uma cuba, geralmente com uma @&r@gradorma de V (para impedir a
saida dos mesmos), contendo agua (2 &)4que é posteriormente elevada através de um
sistema mecanico, largando os peixes num canakectamente na albufeira (Travaeteal.,
1992) (Figura 1.12).

(@) (b)
Wator
Compartimento em 1_|

posicio elevada

R
B Tubo de saida
= T

%QPQ,/E%""”%

—
s ‘Tomada de dgua
E

Barragem
ou agude

Compartimento

Escada de acesso

a0 ascensar

.

Fig. 1.12. (a) Ascensor para peixes instalado naapam de Tuiliéres no rio Dordogne (Franca); (b)
representacao esquematica de um ascensor para.geixee: Larinier (2002b).

A semelhanca das eclusas, o funcionamento degtesitiso compreende trés fases: a

fase de atraccdo, a de ascensdo e finalmente andaniento dos peixes a montante do
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obstaculo. A duracéo dos ciclos é regulada em tude&quantidade de peixes potencialmente
dispostos a transpor o obstaculo em determinadaaédo ano (Barry e Kynard 1986;
Bellariva e Belaud 1998; Kynard 1998; Travagteal 1998). Neste tipo de estruturas os
peixes nao realizam nenhum tipo de esforco paraevem o desnivel existente e subirem
para montante.

Este tipo de passagens geralmente adaptado auesdrule grandes dimensdes
(superiores a 15m) (FAO/DVWK 2002), requer poucgaes disponivel para a sua
instalacdo. E também caracterizado por se adaptardms obstaculos e ser independente as
variacbes do nivel de &gua a montafiieavade e Larinier, 2002aA sua principal
desvantagem incide nos elevados custos de manaterfgacionamento.

Em Portugal, encontram-se em funcionamento doi€nast para peixes um na
barragem de Touvedo, no rio Lima (Santo, 2005) #oona barragem de Pedrogédo (rio
Guadiana) O ascensor de Touvedo, foi monitorizado entre Maledl998 e Fevereiro de
1999, tendo sido observada a passagem de 1194speaire sete espécies diferentes,
concluindo-se que o mesmo € relativamente eficig@aatoset al, 2002). Actualmente esta a

ser realizado o estudo ecohidraulico do ascensde dRedrogao.

1.8. Posicionamento de uma passagem para peixes e
respectivos factores de influéncia

A seleccdo do posicionamento de uma passagem patespé fundamental para o
sucesso de funcionamento da mesma. Este procesde @ssencialmente na acessibilidade
do dispositivo, para efeitos de vigilancia e mangé®, e na sua atractividade para a fauna
piscicola (Santo, 2005). Apesar de néo interfeireaamente no funcionamento do
dispositivo, de facto, quer o posicionamento quier@a como a passagem se insere na infra-
estrutura hidraulica, interferem indirectamentesna acessibilidade, factor este essencial ao
seu controlo e manutencdo. Associada a eventueesedilidade ao dispositivo, surge a
impossibilidade de detectar problemas e resolvégoslendo limitar o funcionamento do
mesmo. Relativamente a questdo da atractividade, essxontra-se directamente ligada a
eficacia do dispositivo, dependendo essencialmeatde localizacdo e das condicdes
hidrodindmicas da entrada da passagem. Geralmssdeiada as migracdes para montante, a
atractividade surge como factor determinante a wgéa dos peixes e a respectiva passagem

para montante. Considerando que a totalidade darkados rios esta geralmente disponivel a
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migracdo dos peixes e que uma passagem para pepiesenta apenas uma pequena parte
dessa seccao, todo o processo de atractividade éopseguinte complexo, envolvendo uma
diversidade de variaveis a serem consideradascdai®, velocidade de corrente, caudal de
escoamento e localizacdo da passagem. Esta Ultimaseélerada de importancia critica, uma
vez que o dimensionamento das passagens € geralmanitado por diversos
constrangimentos indole hidraulica, de engenhari@amnémicos, particularmente aquando
da sua implantacdo em rios de grandes dimensd&3/[RANVK, 2002). Sendo a largura do
curso de agua muito superior a da entrada da passpara peixes, a velocidade da corrente
nas proximidade do obstaculo, surge assim como igouestimulo activo para o
encaminhamento dos individuos até a entrada da ad3on conseguinte, durante o periodo
migratorio, o caudal de escoamento devera encesdgrantre aproximadamente 1 a 5% dos
caudais de competicdo (Larinier, 2002c), devendopseceptivel pelos peixes 0 mais a
jusante possivel e ndo existirem outras fontesedealga que se tornem competidoras em
termos de atraccdo dos peixes. A velocidade deemt&rassociada € um indicador
fundamental em todo este processo, devendo enaissddentro dos valores de referéncia
para as diferentes espécies, na ordem dos 2.0-84para espécies salmonicolas e 1.0-1.5
m.s* para espécies ciprinicolas.

Segundo Larinier (2002c), a localizacdo da entdaldispositivo para a passagem dos
peixes devera situar-se 0 mais proximo possiveldtaculo a transpor, para que, em caso de
impedimento a sua progressao, 0s peixes sejamiduped procurar uma passagem. Deste
modo, para que seja facilmente detectavel, o memwera ser posicionado junto as margens
do rio, uma vez que os peixes tendem a deslocaesta zona. Assim, em rios de grandes
dimensdes podera justificar-se a implantacéo dedispositivos, um em cada margem do rio
(Santo, 2005). Nao obstante a importancia asso@adaaccao da fauna piscicola para a
entrada da passagem, o tempo dispendido duramatéasst € relevante, uma vez que este se
pode tornar factor limitante ao sucesso da migré&Cémy, 1995). Outro aspecto associado ao
posicionamento das passagens diz respeito & stecgio contra os caudais de cheia, os
quais podem comprometer a estabilidade do disposihomeadamente nos casos das

passagens por bacias sucessivas, cujos septos peddestruidos.
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1.9. Critérios de dimensionamento de passagens para
peixes por bacias sucessivas

1.9.1. Considerag0des gerais

Os dispositivos de passagens para peixes por bswiassivas sdo 0s mais utilizados
em Portugal (Santos, 2004), adaptando-se bem &iandias obras fluviais construidas no
ambito dos aproveitamentos hidroeléctricos, pele gardo seguidamente abordadas, de
forma detalhada, as caracteristicas inerenteseatipst de estruturas. Numa passagem para
peixes por bacias sucessivas, 0s principais parésnde dimensionamento relacionam-se
com as dimensdes das bacias e as caracteristmaigieas dos dispositivos para passagem
do caudal entre bacias (descarregadores de supeftindas e orificios). Estas caracteristicas
geométricas, em funcdo dos niveis de agua a menwniusante do referido dispositivo,
determinam o caudal e o padrédo de escoamento ikrark002c), bem como os inerentes
campos de velocidades e turbuléncia associados.in@@ndionamento das passagens
determina a eficiéncia de utilizacdo pelos pebdesyendo contemplar as caracteristicas
especificas das espécies piscicolas as quais tseagdegstacando-se entre estas: a capacidade
de natacao e de salto, a condicao fisiologica dpéa@mes e a sua dimenséo. A consideracéo
destas caracteristicas, permite minimizar o steess tempo dispendido pelos peixes na
transposicao do obstaculo (Santo, 2005).

Seguidamente, apresenta-se uma descricdo detalbadactores de dimensionamento
hidraulico considerados de maior relevancia, queemte ser considerados aquando da

concepcao deste tipo de dispositivos hidraulicos.
1.9.2. Caudal de dimensionamento

O caudal de dimensionamento de uma passagem pges paum parametro de extrema
importancia sendo base do dimensionamento da mé&meesmo devera proporcionar uma
boa atractividade para a passagem dos peixes, sstadanto maior quanto maior for o
caudal escoado na passagem.

O caudal de dimensionamento depende do caudal naddial do curso de agua, do

caudal ecologico no periodo de migracdo, adoptaedgeralmente, valores de cercade 1 a5
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% desse caudal (Larinier, 2002c). Em cursos de agda circulam caudais elevados (caudal
médio diario anual da ordem das centenas 8 dimensionar a passagem para peixes
para aquelas percentagens pode conduzir a valeredintensionamento incomportaveis.
Nestes casos, recorre-se a utilizacdo de um calsdaltraccdo superior ao do caudal de
dimensionamento na extremidade jusante da passageordem dos 10% do caudal do rio
na época de estiagem, e dimensiona-se a passagemnpaaudal de cerca de 1 a 1,5% do
caudal médio anual. Este procedimento promove uodatade atraccdo para a fauna

piscicola, salvaguardando os valores de velocidadmrrente suportados pelos peixes.

1.9.3. Configuracao e declive do canal

A configuracdo de uma passagem para peixes, bas@ad&sposicdo das bacias no
canal, depende da sua insercao na infra-estrutt@angargem do rio. A forma mais comum é
a forma linear, na qual o escoamento se realizanesdmente numa Unica direccdo. Por
vezes, por necessidade de adaptacdo as caracasrida margem do rio ou mesmo por
limitac&o espacial a construcédo da passagem pe@spe canal pode apresentar inflexdes ou
as bacias podem ser dispostas lado a lado, seeduegta situacao existe alteracdo do sentido
do escoamento entre bacias (Santo, 2005).

O declive (i) do canal é:

i = Ah/L (1.8)

onde, Ah é o desnivel entre bacias e L o comprimento td#élbacia. Considerando a
existéncia de valores limite para os parametradimdensionamento das componentes de uma
passagem para peixes, o declive do canal méxinmsivehsle adoptar, resulta da conjugacéo

de um volume de bacia maximizado para um desnited bacias minimizado (Santo, 2005)

1.9.4. Numero e dimensoOes das bacias

O numero e a dimensao das bacias a implantar nassagem para peixes dependem
do desnivel total a vencer e do desnivel entreabagendo que o ultimo devera ser
estabelecido com base nas diferentes caractesisiicaecanicas das espécies piscicolas alvo

(Larinier, 2002d). Através do quociente entre ondled imposto pela barreira e o desnivel
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entre bacias é obtido o niumero de septos a uti{idpre consequentemente o namero de
bacias a implantar (N+1).

O dimensionamento devera ter em consideracdo oneotutamanho dos espécimes que
irdo utilizar o dispositivo. O tamanho das baciaveda ser tanto maior quanto maior a
dimensao dos peixes que potencialmente utilizar@stratura, correspondendo por norma, a
trés vezes o comprimento total do maior individdioprofundidade das bacias, devera ser
estipulada tendo em consideracdo as capacidadsaltdedas espécies, principalmente em
passagem onde 0s peixes tenham que saltar paspdranmesma (ex. passagens para peixes
por bacias sucessivas com descarregadores sugsjfidde acordo com Larinier (2002b),
profundidades de aproximadamente 1.0 m e 0.6 nagdé@quadas para os salmdes e trutas,
respectivamente

As caracteristicas do escoamento criado no carmaheadamente o0s niveis de
turbuléncia e arejamento, séo igualmente factoegsrminantes das dimensdes das bacias. O
escoamento devera apresentar baixos niveis del@ndim, mas velocidades ndo muito
reduzidas, de modo a permitir a atraccao dos pép&S/DVWK, 2002).

1.9.5. Desnivel entre bacias

O desnivel entre baciaal) é definido como a diferenca de cotas altiméraxare dois
pontos equivalentes em duas bacias sucessivaso(S¥#)Ii5). Este deve ser escolhido de
acordo com as capacidades natatorias das espégrasamas, sendo a progressao dos peixes
para montante tanto mais facilitada quanto menobfeeu valor. No entanto, ndo deve ser
adoptado um desnivel demasiado reduzido, por cimduzm nimero de bacias excessivo
(Larinier, 2002d). Segundo esta perspectiva, valdeereferéncia para o limite superior deste
parametro foram estabelecidos para diferentes iesppiscicolas. De acordo com Larinier
(2002b), o desnivel entre bacias devera variareedt5 e 0,25 m no caso de espécies
ciprinicolas, sendo este tanto menor gquanto memop ftamanho da espécie em questao
enquanto que para espécies salmonicolas os lisufeiores indicados oscilam entre 0.30 e
0.60m, dependendo de serem considerados, respeetity, pequenos ou grandes

salmonideos.
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1.9.6. Dimensao e geometria dos dispositivos para controlo do

escoamento entre bacias

A dimenséao e geometria dos dispositivos para clintto escoamento entre bacias sao
variaveis, condicionando o escoamento no interdopassagem, nomeadamente o campo de
velocidades. Estes parametros deverao ser defidelasordo com a particularidade da obra,
em funcéo das variacdes de caudal, das variacdeiselea montante e a jusante do obstaculo
a transpor. A dimensao e geometria dos disposipaoa controlo do escoamento entre bacias
dependem igualmente da dimenséo dos espécimeotpreialmente utilizardo a passagem.

Seguidamente, apresenta-se uma sumula das catcasridos dispositivos para
controlo do escoamento mais utilizados e que mela@daptam a maioria das situacfes em

Portugal.

Orificios de fundo

Os orificios de fundo séo geralmente quadrado®ddpse junto ao fundo da bacia, de
um dos lados dos septos ou ao centro. Podem econstih dispositivo para controlo do
escoamento entre bacias por si s6 ou em conjunto ao designados descarregadores de
superficie. A utilizacdo dos mesmo como forma uxieacontrolo do escoamento é habitual
para reduzir as variagcbes de caudal resultantesvadiecdes do nivel de montante,
nomeadamente quando da instalagéo dos disposamgsequenas obras (Larinier, 2002b). A
existéncia de dois orificios num mesmo septo, gerrepartir o caudal de entrada e, no caso
de possuirem comportas, regular a entrada de aguaypou outro orificio ou pelos dois em
simultaneo. No entanto, qualquer uma das situagiiresenta como principal desvantagem de
utilizagdo o elevado risco de obstrucdo e, por eguiste, os necessarios cuidados de
manutengao inerentes.

A largura dos orificios de fundo deve ser suficgpdra permitir a passagem dos peixes
e para evitar que figuem facilmente obstruidos geltritos. Segundo Larinier (2002d), as
areas minimas de referéncia de 0.30 x 0.3@ .20 x 0.20 Mms&do recomendaveis quando a
passagem se destina respectivamente a espéciemngailas, e espécies ciprinicolas. Em

Portugal as dimensées dos orificios variam geraienentre os 0.15 x 0.15%ne 0.40 x 0.40
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m?, sendo superiores quando constituem a Unica fdeneomunicacdo entre bacias (Santo,
2005).

Descarregadores de superficie

Os descarregadores podem assumir diferentes farpasicionar-se em qualquer zona
do septdlateral e central)A forma mais habitual é a rectangular, podendemtanto, assumir
forma triangular, mais adequada a grandes variad®esudal. O posicionamento, largura e
profundidade relativa ao fundo da bacia, do desgador determinam o padrédo e o tipo de
escoamento na passagem.

A largura dos descarregadores de superficie daweitpeo escoamento de um caudal
adequado para as espécies piscicolas alvo e degafgentemente larga para possibilitar a
passagem dos peixes de maiores dimensdes. O viaionorda largura dos descarregadores a
optar de acordo com as diferentes espécies fdvadstado, (Larinier, 2002d), para grandes
migradores salmonideos entre 0,30 e 0,40 m; 0,4%na saveis e savelhas; e de 0,20 m para
trutas. No caso da passagem para peixes se destspecies ciprinicolas, a largura minima

dos descarregadores depende do tamanho da espégigestdo.

Fendas verticais

As fendas verticais sdo dispositivos para contrdo escoamento entre bacias,
adequadas a locais que apresentem variacdes db ddévédgua a montante e jusante
simultaneamente e de forma idéntica (Clay, 1995)v&@ores de largura minima de referéncia
das fendas verticais sdo semelhantes aos dos mggmores de superficie, dependendo da
dimensdo do maior peixe potencialmente utilizadompdssagem. A sua principal vantagem
de aplicacao incide no facto dos peixes poderemilesmca profundidade da coluna de agua
que mais se adequa a sua deslocacdo. A utilizagatisgositivos com fendas verticais é
adequada a uma vasta gama de espécies com catmegrbiomecanicas muito diferentes.
Por vezes, quando necessario 0os septos podem dampiwas fendas localizadas
lateralmente. Como principal inconveniente, ap@®a-os elevados caudais de
dimensionamento, relativamente a passagens eqsipgaha descarregadores de superficie

e/ou orificios de fundo.
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1.10. Caracteristicas do escoamento em passagens para
peixes por bacias sucessivas

1.10.1. Caudal

O caudal € um parametro extremamente importante, guntamente com as
caracteristicas geométricas dos diferentes disposipara controlo do escoamento entre
bacias, define o padréo e tipo de escoamento, bem os respectivos niveis de velocidade e
turbuléncia existentes na passagem para peixesidaeente, sdo apresentadas algumas
caracteristicas dos caudais de escoamento pardocatade comunicacdo entre bacias.

Orificios de fundo

O caudal que se escoa num orificio depende esharoi@ da area do mesmo e do
desnivel entre os planos de agua da bacia a mergaté bacia a jusante. Para orificios de

fundo o caudal pode ser calculado através da degexpressao:

Q=C, S,/2gah (1.9)

onde, Q é o caudal ™), C, o coeficiente de vazdo do orificio, S a area dfictw, g a
aceleracdo da gravidade (9.8 M.e Ah o desnivel entre duas bacias. O coeficiente deovaza
depende da forma e do perfil do orificio, bem catacespessura do septo e da posicdo em
que o orificio se encontra inserido no mesmo. Go$ com arredondamento a montante

apresentam geralmente coeficientes de vazao neaiadels, de aproximadamente 0.65 a 0.85.
Descarregadores de superficie

O tipo de escoamento numa passagem para peixesdecordo com a geometria,
posicionamento e profundidade do descarregador weerfécie, sendo seguidamente

caracterizado para as diferentes situacdes. Qdepescoamento numa passagem para peixes
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por bacias sucessivas pode ser de dois tipos: adghd ‘plunging flow” e afogado
“streamingflow” (Clay, 1995; Larinier, 2002d) (Figura 1.13).

Fig. 1.13. Tipos de escoamento em escadas paraspeom descarregadores de superficie: (a) escomment
desafogadoplunging flow; (b) escoamento afogadstteaming flow. Fonte: Clay (1995).

No escoamento desafogadpluinging flow, a corrente passa sobre a crista do
descarregador e “mergulha” na bacia a jusante,dodm uma grande &rea de recirculagédo de
sentido oposto ao fluxo principal (Figura 1.14).sidetipo de escoamento o jacto é do tipo
mergulhante (o nivel da agua na bacia de jusaméeabmixo da soleira do descarregador)
(Figure 1.14a), induzindo a existéncia de areakde agitacédo, pelo que cerca de 90% da
taxa de dissipagao de energia ocorre nos prim2s#sdo comprimento total da bacia (Ead
al., 2004).

No escoamento afogadstfeaming flow, a corrente é superficial, sendo que maior
parte do caudal se escoa nas camadas superfigibacth, deslizando sobre uma recirculacao
no mesmo sentido do escoamento. O jacto nestaléipsscoamento é do tipo superficial (o
nivel da 4gua na bacia de jusante esta acima éiaasdb descarregador) (Figure 1.14b), pelo
que as camadas inferiores apresentam menor tudiléh taxa de dissipacdo de energia

ocorre de modo uniforme ao longo de toda a extedadmacia (Eadt al, 2004).

(@ (b)

|
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|

Fig. 1.14. Representacao esquematica do: (a) fjaetgulhante, (b) jacto de superficie. Fonte: Lari2002d).
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Nao obstante as suas caracteristicas especifieabettEal (2004), avaliou mais
detalhadamente os tipos de escoamentos em pasgmgangeixes com descarregadores de
superficie, e constatou que os perfis de velocidbEleescoamento entre os dois regimes,
“plunging flow e “streaming flow sdo semelhantes.

Dada a importancia do tipo de escoamento huma gesspara peixes, Varios estudos
tem sido desenvolvidos com vista a uma maior coema@&o das caracteristicas do mesmo e
sua adequacdo a passagem de espécies piscicqstriRanet al (1988) tentaram definir
experimentalmente em que situacao € que o escoaupasga do tipoglunging flow para o
tipo “streaming flow. Os autores modelaram a escala experimental uasaagem para
peixes com 9 bacias de 0.31m de largura e de comapto variavel (0,18; 0,38 e 0,57 m),
com descarregadores de superficie com 0.21m dea.allu passagem foi testada para 4
declives diferentes: 2%, 5%, 10% e 15% e a avaliat@i passagem entre o regime de
escoamento plunging flow para o ‘streaming flow foi realizada visualmente, através da
injeccdo de corantes. Rajaratnaial (1988) observaram que essa transicao ocorreu mais
rapidamente nas bacias de menor comprimento, bera nos menores declives testados.

O caudal escoado num descarregador de superfioiejacio mergulhante pode ser

calculado através da seguinte expressao:
Q=C,b,.(29)*°H,"* (1.10)

onde, G é o coeficiente de vazéog kb largura do descarregador, ¢ & carga sobre o
descarregaddm).

O caudal escoado num descarregador de superfitigaobo de agua de superficie, isto
€ quando o afogamento da soleira atinge 50 a 60éamd@ hidraulica sobre o mesmo, pode
ser calculado através da seguinte expressao:

Qn =Ky Qq (1.11)
com
0.385

K af :[1_((H1 _Ah)/Hl)l's]
Q=C4by,.(20) 05H1l5

onde, @ é o caudal num descarregador com afogamento @tgusam uma carga;Hm°.s?),
Kar 0 coeficiente de reducdo de caudal (<1) induzidim mfogamento, Qo caudal num
descarregador livre com uma carga de(i®s"), Cy 0 coeficiente de escoamento g&

largura do descarregador.
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A semelhanca do que ocorre com os orificios dedsind coeficiente de escoamento
nos descarregadores de superficie é afectado edswrte pelo perfil do mesmo, bem como
pela espessura do septo, sendo este maior no eastestarregadores arredondados a
montante, relativamente aos de arestas vivas e rnpama descarregadores mais espessos.
Geralmente é adoptado o valor de 0.4 (Larinier28p0

O tipo de jacto criado numa passagem € um aspecticyparmente importante, uma
vez que se relaciona directamente com a capacidadgalto das espécies potenciais de
utilizar esta estrutura. No caso de passagensairerias para espécies com fraca capacidade
de salto (ex. espécies potamddromos), dever-s@a avocorréncia de jactos mergulhantes,
devido a inerente necessidade de uma boa capadaldashdto pelos espécimes, bem como a
formacdo de correntes de recirculagdo a jusantgadm mergulhante que tendem a

desorientar algumas espécies (Larinier, 2002d).

Fendas verticais

O caudal escoado numa passagem para peixes coas feadicais, pode ser calculado

através da seguinte expressao:
Q=C;b, H,.(2g.An) % (1.10)

onde, G o coeficiente de escoamentos@ltargura da fenda.

O coeficiente de vazao de uma fenda vertical depdadorma da fenda, variando entre
0,65, para fendas com paredes biseladas, e 0,85, f@adas com paredes arredondadas
(Larinier, 2002d).

Solucdes combinadas entre dispositivos para controlo de passagem

de agua entre bacias

Numa passagem para peixes por bacias sucessivagptess podem comportar um
anico tipo de dispositivo para controlo do escoamesntre bacias (orificios de fundo,
descarregadores de superficie e fendas vertiaqig),constitui por si sé a Unica forma de

escoar o caudal entre bacias, ou dois ou mais giigms, sendo frequente a utilizacdo de
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orificios de fundo e descarregadores de superf8ato, 2005). A selec¢do da combinacdo
de dispositivos a utilizar, deve permitir encontwaequilibrio entre o caudal, o desnivel dos
planos de agua entre bacias e a carga sobre aer@gsciores, parametros que se relacionam
entre os tipos de dispositivos para controlo do&sento entre bacias utilizados. Deste modo
o caudal deve ser suficiente atractivo e adequadgpassagem dos peixes, o desnivel entre
bacias deve ser transponivel pelos peixes e a saliya a soleira do descarregador deve ser
suficiente para permitir que 0s peixes passem edrda mesma. A geometria e a orientacao
dos dispositivos para controlo do escoamento éwtceas determinam o tipo e orientacao do
escoamento dentro das passagens, condicionanddidaffe com que os peixes se deslocam
dentro das bacias. Dada a importancia do padracest®amento e das respectivas
caracteristicas hidraulicas numa passagem paragyeidrios estudos tem sido desenvolvidos
em termos da sua adequacao para a passagem despEaicolas.

Kim (2001) estudou as caracteristicas hidrauli@apassagens para peixes por bacias
sucessivas com diferentes tipos de descarregaderssperficie e orificios de fundo, com
vista a compreender 0s respectivos efeitos na gasspara montante dos peixes. O autor
testou trés modelos de passagem para peixes, upadqucom descarregadores de superficie
de largura igual a do canal e crista inclinadag&edrapezoidal), outro com descarregadores
de forma rectangular e os orificios de fundo digggwsem zigzag e um terceiro com
descarregadores de superficie rectangulares eiasiifle fundo dispostos em linha recta. Na
configuracdo com descarregadores de superficieZo#gais, observou-se a formacéo de uma
corrente principal, entre os descarregadores, emafade S e de um jacto turbulento,
proveniente dos orificios de fundo, bem como a &m@o de turbilhdes em toda a bacia, ndo
havendo zonas de menores velocidades e turbuléadeapiadas ao repouso dos peixes. Na
configuracdo experimental, com descarregadoreamgglares dispostos emgzag o autor
observou a formacdo de uma corrente principal a@gatre os descarregadores e de uma
corrente secundaria, ndo afogada, junto as pateaes/ersais da bacia. Como as correntes
afogada e desafogada ocorrem em simultaneo na niesni@a 0 escoamento torna-se instavel
e nao se criam zonas de repouso para os peixedtiMa configuracdo testada, na qual os
descarregadores rectangulares se encontravamddmbfa observada uma corrente principal
desafogada entre os descarregadores, junto a gatedd, e uma corrente secundaria, com
velocidades de escoamento baixas, na restantedardzacia. Devido a estabilidade do
escoamento, bem como a criagdo de zonas de degm@asos peixes, 0 autor concluiu que a

altima configuracdo seria a mais adequada a passdge peixes para montante.
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1.10.2. Velocidade e padrao de escoamento

A velocidade e o padrdo de escoamento numa pasSa@enpeixes sao aspectos de
extrema importancia, devido a sua influéncia nopantamento e na facilidade de progresséao
para montante das espécies piscicolas.

A velocidade maxima de escoamento numa passagemppates do tipo de bacias
sucessivas com determinado desnivel entre baaa® ger calculado a partir da seguinte

expressao:
V = (29.Ah) % (1.12)

Segundo Larinier (2002d), as velocidades maximassdeamento deverao variar entre 1.5-

1.9 m.§" no caso de espécies ciprinicolas e 2-2.5'mascaso de espécies salmonicolas.

1.10.3. Turbuléncia

A turbuléncia do escoamento € um factor de extrenportancia a ser considerado
numa passagem para peixes, pois condiciona fortenmgemesposta comportamental bem
como a capacidade de natacdo dos peixe durante@eyressao para montante neste tipo de
estruturas (Odeh, 2002; Rodriguetz al, 2006) (ver ponto 1.2). A turbuléncia varia
continuamente no espaco e no tempo, pelo que 3@ t@cessario caracteriza-la a partir de
valores médios temporais e de parametros relacishadm as variacdes em torno dos
valores médios (Odeét al, 2002). A poténcia dissipada por unidade de velR) surge
como um indicador bastante expedito, apresentamdentanto a desvantagem de apenas
caracterizar a turbuléncia globalmente (Tarrad@8R0Torna-se por conseguinte necessario
recorrer a outros parametros como a energia cindticbulenta (K), a intensidade de
turbuléncia (Tl) e as tensdes de Reynolds, quectwizam de forma mais detalhada a
variacdo da turbuléncia no escoamento. A descrdggies parametros € seguidamente

apresentada.
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Poténcia dissipada por unidade de volume

A poténcia dissipada por unidade de volumg),(B um bom indicador global da
turbuléncia do escoamento, considerada como urpritt@pais aspectos a ponderar aquando
da concepcédo de uma passagem para peixes, nomedelaraalefinicdo das dimensdes das
bacias. A poténcia volumica dissipada € inversaengmbporcional ao volume de agua

existente na bacia, sendo definida como:

p = pgQAh (1.12)
' LBh,

onde,p é a massa volimica da agua (1000 K3,rh o comprimento da bacia, B a largura da
bacia e h a altura média da agua na bacia. Segundo La(2@€2b), os valores de, lem
passagens para peixes destinadas a espécies shawri ciprinicolas, ndo devem exceder
200 e 150 W.n, respectivamente.

Energia cinética turbulenta

A energia cinética turbulenta (K) indica a energi@ética associada as flutuacbes de
velocidade num dado ponto. A velocidade num deteduo instante, num escoamento em
regime turbulento, pode ser expressa pela somaudwaor médio e da componente que

representa a flutuacédo em relagdo ao mesmo:
V(t)=V +V'(t) (1.13)

onde, V é a velocidade média num determinado ponto duranéenpo de medicdo e V'(t) a
componente flutuante num dado instante (t). Dedacoom Rodi (1980), a energia cinética

turbulenta pode ser calculada, através da segexpiessao:

(1.14)
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onde, U, V' e w' sao respectivamente, as flutuacde velocidade segundo o0s eixos
coordenados X, y € zZ, enkl V'ims € W'ims 0S respectivos desvios-padrdo. A energia cinética

turbulenta sera por conseguinte, tanto maior quauatior as flutuacdes da velocidade.

Intensidade de turbuléncia

A turbuléncia pode também ser caracterizada atrdaésua intensidade (Odeh al,
2002). A intensidade de turbuléncia (TI1) traduzagmtude das flutuacdes em torno da média
num dado ponto durante o periodo de medicéo (@otal, 2006; Odelet al, 2002; Nietzel
et al 2000). A intensidade de turbuléncia pode semtadi@a a partir da seguinte expressao:

K (1.15)

\Y

Tl =

onde, as variaveis tém o significado anteriormaptesentado.

Tensdes de Reynolds

As tensdes de Reynolds ocorrem entre camadas dmamesnto com diferentes
velocidades. Quando os peixes hadam em massasudeeéy que existem gradientes de
velocidade ficam sujeitos a accdo dessas tensfigenaais (Cadat al, 1999). Os danos
resultantes da accéo destas tensdes nos peixasvael acordo com magnitude da tenséo
exercida. As diferentes lesdes resultam essenaéénu® facto de diferentes partes do corpo
do peixe estarem submetidas a diferentes velogdadeque pode originar distensao,
compressao, torcdo ou danos localizados do indivitiste parametro é, por conseguinte,
extremamente importante, sendo considerado por édah(2002) como um bom indicador
de turbuléncia do escoamento, quando se pretemdisaaro seu efeito no comportamento das
espécies piscicolas. Nos escoamentos turbulensofiutaiacdes de velocidade provocam
transferéncia de quantidade de movimento entreaammdas adjacentes do fluido, surgindo
tensBes tangenciais adicionais devidas a turbaé@s valores médios da tensdo tangencial
turbulenta ou tensdo de Reynolds, exercidos haakoente (plano xy), verticalmente (plano

Xz) ou transversalmente (plano yz) podem definrdspectivamente por:
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UV (1.16)
_puw (1.17)
oW (1.18)

onde, as variaveis tém o significado anteriormaptesentado.

1.11. Técnicas de monitorizacao das passagens para
peixes

Apds a construcao de uma passagem para peixesegsaeo avaliar as suas condi¢des
de funcionamento e eficacia. Este procedimento goitante sob diversos pontos de vista:
verificacdo da eficacia de novos dispositivos entya ajustamento das suas caracteristicas
se necessario, conhecimento das populacbes despemgradores e das respectivas
caracteristicas das suas migracoes, recolha dena¢do técnica e bioldgica, indispensavel a
optimizacado de futuros dispositivos e a uma gestéional das espécies migradoras (Travade
e Larinier, 2002b). Salienta-se ainda a importarbia processo de monitorizacdo de
passagens para peixes existentes, cuja avaliac@oadeficacia nunca tenha sido objecto de
estudo, desconhecendo-se por conseguinte o sedgeficacia (Santo, 2005).

As técnicas de monitorizacdo utilizadas incluemcantrolo do funcionamento
hidraulico e mecéanico do dispositivo, a recolha idi®rmacdes bioldgicas qualitativas
indicadoras da eficacia do dispositivo, a contagesipeixes que transitam pelo dispositivo e
a determinagdo da eficiéncia do dispositivo (retzticido do namero de passagens pelo
dispositivo com a populacao migrante) (Travade rinlex, 2002Db).

N&o obstante as referidas técnicas, a fiscalizagastitui igualmente um importante
meio para conhecer a situacao actualizada dasgessspara peixes, nomeadamente no que

respeita ao seu funcionamento e estado de limpeaaservagao.
1.11.1. Controlo do funcionamento mecanico e hidraulico

O controlo do funcionamento mecanico e hidrauliocnsiste na medigdo e observagéo

de determinados parametros e situacdes, que deeenmefsctuadas imediatamente e
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periodicamente apds a construcdo de um disposjia@ verificar a sua conformidade com
os critérios definidos em projecto.

O controlo dos parametros mecanicos incide esderanige na verificacdo periddica
dos orgaos reguladores de caudal ou de nivel da, dggm como dos mecanismos que
asseguram o funcionamento das passagens ditas icas;a&omo as eclusas e ascensores,
assegurando o normal desenrolar dos seus ciclosmcienamento.

O controlo dos parametros hidraulicos consiste adi¢gdo e na manutencéo dos niveis
de agua em locais especificos e nas proximidadédggositivo, em conformidade com o que
estipulado durante a sua projec¢cdo. Nas passagempgixes por bacias sucessivas, 0 mesmo
deve incluir os niveis de 4gua como quedas de égua bacias, em cada bacia e a entrada do
dispositivo. Este processo devera incluir igualmeatverificacdo da adequabilidade dos
escoamentos e niveis de turbuléncia em todo o sltspppara as diversas espécies potenciais
utilizadoras do mesmo.

A velocidade e a turbuléncia do escoamento podenawaiadas através de varios
instrumentos de medicdo, sendo ultimamente rederren utilizacdo dos designados
“velocimetros acusticos Doppler (ADV) ", devido aascapacidade de permitir medir
simultaneamente a velocidade do escoamento nogik@s cartesianos e velocidades muito
rapidas, realizando 150 a 250 medi¢cbes por seguBdtra vantagem associada a sua
utilizacdo é o facto deste tipo de equipamento cedibrado durante a sua fabricacéo,
dispensando a realizacdo de afericbes periddicstenmres, excepto em caso de ocorréncia
de danos a sua integridade fisica. O principio wlecibhamento do ADV baseia-se na
medicdo das velocidades das particulas presentaguzaatravés de um principio de efeito
Doppler. Segundo este principio, se uma fonte des®desloca em relacdo a um receptor, a
frequéncia do som percebida pelo mesmo € deslcaadeelacdo a frequéncia transmitida

(Sanagiotto, 2007). Sendo esta relacdo expressgatda seguinte expressao:

Fdoppler = _Ffonte (Vf Ir /Vsom) (117)

onde, Roppler® 0 deslocamento da frequéncia recebigae B frequéncia do som transmitido,
Vyr a velocidade da fonte em relagéo ao receptapgaielocidade do som.

O ADV é composto por um transdutor transmissor e gms ou trés transdutores
acusticos receptores, construidos de modo a operéeixes estreitos, cuja interseccao define

um volume de &gua (volume de amostragem), ondereo@medicdo da velocidade. O
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transmissor emite dois pulsos de som de frequ@&acibecida, separados por um determinado
tempo (TLag- “pulse lag”), que se propagam na a@gukpngo do eixo do seu feixe, passando
pelo volume de medicdo, fazendo com que a enemgiatiea seja reflectida em todas as
direccdes pelas pequenas particulas presentesiaaRayte da energia reflectida volta através
do eixo receptor, onde é feita a medicdo de capuéncia do sinal de retorno de cada pulso
emitido (Figura 1.15).

Acoustic Acostic Aroustic Aroustic Arcoustic Arcoustic
FeCeiver Transmmitter Feceiver Tranatnitter Feceiver Transmitter

=\ = %

Bistatic Bizstatic Bistatic
Axis Axis Aig

Obs: FT € a freqliéncia transmitida (da fonte) e BRréqiéncia recebida, dada por FRgmd+ Fuoppler

Fig. 1.15. Representacdo esquematica do princéfarttionamento do ADV. Fonte: Sanagiotto (2007).

O deslocamento da frequéncia medida pelo receptopgorcional a velocidade das
particulas na direccdo do eixo bi-estético (bissedio angulo formado pelo transdutor
transmissor - volume de medicéo -transdutor recepfovelocidade da particula é obtida
através do coeficiente entre o deslocamento daérezsia e o tempo entre dois pulsos de som
(TLag).

1.11.2. Recolha de informacao bioldgica qualitativa

Concomitantemente com a avaliacdo da eficiénciairda passagem, a obtencéo de
informacdo de forma indirecta, pode ser extremaen&nii numa analise qualitativa do
funcionamento do dispositivo, nomeadamente: obgéovae/ou densidade (em caso de
visibilidade) de peixes que tentam transpor o aodda concentracdo de pescadores a jusante
do obstaculo (sinal provavel de ineficacia da pgmsg, observacdo de movimentos
piscicolas ao longo do dispositivo, indices de dhunnia piscicola (por observagdo ou
captura), observacéo de ninhos e locais de desmantante do dispositivo. Esta informacéo
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bY

€ extremamente importante, principalmente quandidabpreviamente a instalacdo da

passagem para peixes.

1.11.3. Contagem de peixes

Contagem por captura

Este tipo de contagem de peixes consiste na cagégtas num dispositivo instalado no
interior ou a saida da passagem para peixes, eaneostagem manual antes de os libertar a
montante do obstaculo (Travade e Larinier, 200@bYdispositivo de captura € geralmente
constituido por uma nassa em rede, com a entradarem conica, o que facilita a retencéo
dos peixes e posterior contagem em intervalos aeggll No seu dimensionamento deve ser
tido em conta o nUmero maximo de peixes possivebdgistir (Clay 1995).

O sistema de contagem por captura é facilmentetaz a dispositivos de pequenas
dimensdes, permitindo a facil identificacdo dasergs, a aquisicdo de dados biométricos e a
manipulacdo dos peixes para outros fins (marcacé@pevoamento). As suas principais
desvantagens consistem no maior risco de ferimdo# peixes, nos maiores custos de
manutencao e a na impossibilidade de uma recolténca de dados (Travade, 1990).

Em Portugal esta técnica foi utilizada para a nooizid¢do de passagens para peixes por
bacias sucessivas dos aproveitamentos hidroeléstie Vale Soeiro (rio Paiva) e de Janeiro
de Cima (rio Zézere), tendo-se revelado muito didmsa e com resultados pouco
interessantes, na medida em que 0s mesmos naotgarmelacionar em tempo real a

utilizacdo da passagem com as condi¢cOes de exfodarmesma (Santos, 2004).

Bloqueio

A captura por bloqueio, consiste no bloqueio ddasda passagem para peixes por uma
rede ou grelha, com o objectivo de prevenir a datide peixes de montante (FAO/DVWK,
2002). Posteriormente, através de pesca eléctricaeoagem da passagem, 0S peixes Sao
retirados da mesma, sendo posteriormente feito antralo do namero de passagens

provenientes de jusante. Este método é aplicat@las as passagens que possuam zonas de
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descanso para o0s peixes, no entanto, a sua aplipaci facilitar a obstru¢éo de orificios
submersos por folhas e diversos materiais (Sabd@gl).

Contagem automatica

A contagem automatica consiste na utilizacdo deodifvos que reagem a passagem
dos peixes, registando o niumero de passagens.n@&loces automaticos mais frequentes séao
0s de songrem que a deteccéo é feita com base no eco dageasslo peixe através da zona
de accédo de uma sonda (Arnold, 1978)sale resistividadegque se baseiam na diferenca de
condutividade entre a agua e o corpo dos peixess@ul978; Fewings, 1994). A principal
vantagem que advém da utilizacédo deste tipo deadorgs € o baixo custo de investimento e
de manutencdo. No entanto, os mesmos nao permitdentificacdo das espécie, sendo por
isso de aplicacao restrita a rios com apenas unguas espécies (truta e salméao), principal
desvantagem da utilizacao deste tipo de contadores.

Recentemente foi desenvolvido um contador de iefraelhos, oRiverwatcher que
permite contar e estimar o comprimento de indivéduem passagens para peixes
(Halfdanarson, 2001). Este dispositivo de monitg@ funciona como umbib-scannet,
efectuando ndo s6 o registo do niumero de passages condicbes em que estas se
processam (data, hora, sentido do movimento), srabém a gravacdo das silhuetas dos
peixes e o registo de dados ambientais como a tatope da agua.

Em Portugal este contador foi testado na passagam eixes no aproveitamento
hidroeléctrico de Janeiro de Cima com resultadex@aatisfatorios, nomeadamente no que

respeita & deteccdo de peixes de pequenas dimégPRatdesiroet al, 2003).

Contagem visual ou por gravacdo de imagem

A contagem visual € um método continuo sem necdsidle manuseamento dos
peixes, 0 que evita 0s principais inconvenientesatdagem por captura (Travade, 1990). O
seu principio consiste em obrigar os peixes a passaa area em que sejam facilmente
visiveis para serem identificados e contados. Ré&ms peixes podem ser obrigados a passar
por uma zona pouco profunda, em cujo fundo é cdimcen painel de cor clara, facilitando a

sua observacao feita de cima através da supedécigua, ou podem ser forcados a passar
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junto a uma janela, através da qual é feita a bsarvacdo lateralmente. Dado o reduzido
namero de caracteres morfolégicos que permitenstingd@o entre espécies, a identificacéo
dos peixes torna-se mais dificil no primeiro caso.

A contagem e a identificacdo podem ser efectuadaseenpo real, o que implica a
presenca permanente de um observador. Os recemgegsos registados no campo da
tecnologia de video tém permitido uma maior autaraefio das operacdes e reducdo do
tempo de contagem pelos observadoressty, facilitando a realizacédo desta operacéao.

A monitorizacdo das operacdes de contagem e igeifo em passagens para peixes,
do tipo ascensor, séo facilitadas pela naturezeodésua das passagens. Travade e Larinier
(2002b) citam o caso do ascensor de Poutes no ltier AFranca), em que apesar da
observacdo por camara de video durante 24 h ppagksas sdo registadas imagens durante
um curto periodo de passagem dos peixes, que pon@s a cada ciclo de elevacao do
ascensor. Esta solucdo permite reduzir o consumditdemagnética e o tempo de
visionamento, que pode ser limitado a uma hora ®agdo mensal, com um grau de
confianca de 95%.

No entanto, na maioria das situacdes € necessmistar a imagem de uma forma
continua, dado que a passagem dos peixes podeoeorrqualquer momento. Neste tipo de
passagens a monitorizagdo por video pode seradalatravés da aplicacdo de dois métodos:
i) gravacao continua de imagens a baixa velocidadelibsequente analise a velocidades
superiores; ii) automatizacdo de gravacbes apemaseguéncias de imagens quando se
encontram peixes em movimento em frente de umalgade observacédo (sistema
CERBERE). No primeiro método a andlise das gravagimle tornar-se num processo
mMoroso, se 0 numero de peixes que utilizaram aagass for significativo. A utilizacdo do
segundo meétodo permite conhecer com grande rigorpersodos de migracdo e o
comportamento das espécies, sendo baixos os neggectistos de operacdo. No entanto, a
sua utilizacao é limitada em 4guas muito turvas.

Em Portugal a contagem e identificacdo por videioaplicada em vérios dispositivos:
Barragem de Belver, no rio Tejo e Barragem de GneatLever, no rio Douro (Bochechas,
1995), no ascensor de peixes da Barragem de Touncedo Lima (Santost al, 2002), com

resultados excelentes.
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1.11.4. Determinacao da eficiéncia do dispositivo

A eficiéncia de uma passagem para peixes é avapiatiapropor¢cdo de individuos
migradores presentes a jusante do obstaculo qusegoem efectivamente transpor o
dispositivo, e pelos atrasos na migracdo. Existems dipos de métodos: métodos
quantitativos ou estatisticos e métodos de estoohportamental (Santo, 2005).

Os métodos quantitativos ou estatisticos constitaenetodologia mais directa e usual,
consistindo na medicdo ou estimativa do numerd ttgandividuos a jusante do obstaculo,
por amostragens ou utilizacdo de armadilhas, eepostcomparacdo com o0 numero de
individuos que utilizou o dispositivo. Em alternati pode ser aplicado um método indirecto
que consiste na relacdo entre um numero de indigidue sdo marcados a jusante do
obstaculo e os que efectivamente usaram o dispmsito qual € incorporado um coeficiente
(0 < C <1) que representa a influéncia das opesadgéemarcacdo nos peixes (Travade e
Larinier, 2002b). Em termos praticos, a maior diilade consiste na estimativa desse
coeficiente, uma vez que a referida influénciaavaleé acordo com as espécies. A marcagao
dos espécimes pode provocar grandes alteragcfesodamgntais ou mesmo a morte de
individuos, no caso de espécies mais sensiveiss@el), enquanto que em espécies mais
robustas os efeitos podem ser insignificantess@ronideos) (Travade e Larinier, 2002b).

Os métodos de estudo comportamentais tém comotivbj@videnciar os factores que
influenciam a eficiéncia de uma passagem para peiaes como a localizagao da respectiva
entrada, o escoamento no dispositivo e o efeitdetierminados factores ambientais (Santos,
2004). Estes envolvem a monitorizacdo directa dovimmento e comportamento dos
individuos, particularmente durante a sua aprox@imap dispositivo. Técnicas de telemetria,
baseadas na deteccdo remota de um sinal, emitideéatde transmissores colocados nos
individuos a monitorizar, sdo geralmente utilizadas este propdsito (Travade e Larinier,
2002b). As vantagens associadas a esta metodaégiaa monitorizacdo dos individuos
marcados ser efectuada no habitat natural, o moads implantacdo dos transmissores ser
realizado com perturbacfes minimas, e ser adequaitiaacdes de fraca ou nula visibilidade
e de permitir realizar estudos de grande amplit¢ge migracbes transcontinentais).
Apresenta no entanto como principais desvantagemsevado custo do material utilizado,
sobretudo transmissorestdqf)s) e receptor (tlata loggef) e a sua limitacdo para

espécies/individuos de pequena dimensao (Beivah, 1999).
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Actualmente existem trés sistemas de telemetii@a-sonico, radio-telemetria e
satélite. Em ambientes dulgaquicolas, o sistemadie-telemetria tem sido a técnica mais
aplicada na monitorizacdo de migradores (Chanseauimier, 1999; Chanseaat al, 1999;
Travade e Larinier, 2002b). Este sistema utilizangmissores que emitem em bandas
compreendidas entre 20 e 180 MHz, permitindo umamfacilidade na deteccéo de sinais na
agua, podendo atingir distancias relativamentedsngté 2 km. Apresenta ainda a vantagem,
em relacdo aos outros sistemas de telemetria,rdeesws perturbado pelos ruidos existentes
nos cursos de aguas e pelos emitidos por centdneléctricas.

Em Portugal, a maior parte das passagens paraspex@&entes sao pouco eficientes,
devido a problemas relacionados essencialmenteacguma concepg¢ao ou manutencgéo (Santo,
2005). Os primeiros dependem particularmente dia fdé conhecimento existente que
impede a progressao da qualidade dos dispositermgianto os segundos se centralizam
essencialmente na falta de acompanhamento dasgpasspara peixes, homeadamente no
que respeita a implantagédo de accdes de fiscalizgg@ permitam uma actualizagédo continua
sobre cada caso. E por conseguinte necessario voésan o conhecimento sobre as
passagens para peixes, com vista ao seu melho@ipeat as especies piscicolas existentes

nos rios portugueses.

1.12. Objectivos e estrutura da dissertacao

A presente tese teve como principal objectivo adaren conhecimento sobre o
comportamento do barbo Ibérico e dos respectivqaerementos biolégicos e hidraulicos
associados a utilizacdo de uma passagem para ppodresacias sucessivas ha sua
movimentacg&o para montante. Foi realizado o eddadeficiéncia de diferentes configuracdes
hidraulicas num protétipo experimental de uma pgmsapara peixes por bacias sucessivas
para a passagem para montante de espécimes dmutifeclasses de dimenséo. Os resultados
obtidos pretenderam fornecer informacdo para oneafhento de critérios Optimos de
dimensionamento de passagens para peixes destadgpguados a esta e outras espécies de
caracteristicas biomecéanicas semelhantes.

A tese foi estruturada em seis capitulos. No primneapitulo, referente a presente
introducdo geral, efectua-se o enquadramento gbrsle estudo, sendo demonstrada a

importancia do mesmo, bem como a definicdo doseotiss objectivos e sua estruturacao.
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Os subsequentes quatro capitulos apresentam olhtraleaperimental efectuado e os
resultados obtidos, visando os seguintes objectesecificos: Capitulo 2 - estudar a
eficiéncia de orificios submersos ou descarregadideesuperficie para a passagem do barbo
ibérico. Analisar a existéncia de diferencas emméarde utilizacédo preferencial deste tipo de
descarregadores, entre peixes de duas classesdesdies distintas. Capitulo 3 - investigar o
efeito da velocidade, turbuléncia e seus paraméamargia cinética turbulenta e tensdes de
Reynolds), no comportamento desta espécie, e dgfiais as variaveis hidraulicas que mais
influenciam o seu comportamento. Analise de possiveiferenca nas respostas
comportamentais dos espécimes de diferentes dieriade a estas variaveis. Capitulo 4 -
avaliar a adequabilidade de orificios desalinhaglasinhados a passagem para montante de
espécimes de barbo ibérico de diferentes dimens&mscterizar as condi¢cdes hidraulicas
existentes em ambas as configuracdes, com visienpreender o comportamento dos peixes
aguando da sua passagem para montante. Capituwabar a eficiéncia de orificios,
desalinhados e alinhados com uma barra deflecborapvimentacdo dos espécimes para
montante. Estudar e analisar as caracteristicadutichs inerentes a ambas as configuracoes,
visando o entendimento entre a relacdo estabelgali®s mesmas e a movimentacdo dos
peixes. O ultimo capitulo, Capitulo 6, apresenta smula dos principais resultados obtidos,
das suas implicacdes e das subsequentes necessigadgestigacao futura que suscitam. Os
quatro capitulos base que compdem a dissertacdapsésentados sob a forma de artigos
cientificos, publicados, aceites ou submetidos pakdicacdo em revistas de indole cientifica
de reconhecimento internacional, encontrando-seegee motivo na Lingua Inglesa, em
conformidade com a forma original submetida patalipacdo. Esta estratégia é de salientar
devido ao facto de a Lingua Inglesa ser cada vag anéorma universal de expressao nos
meios cientificos, favorecendo a maior divulgacadrdbalho realizado. No entanto, algumas
desvantagens que advém desta estratégia sao igelmeorias, salientando-se a repeticao

de aspectos metodoldgicos quando se comparamessrdids capitulos entre si.

Os seguintes capitulos/artigos séo apresentadtzstess:

Capitulo 2 — Silva AT, Santos JM, Franco AC, Ferreira MT,Himo AN. 2009. Selection

of Iberian barbelLuciobarbus bocage{Steindachner, 1864) for orifices and notches upon
different hydraulic configurations in an experimanpool-type fishwayJournal of Applied
Ichthylogy.25: 173— 17.
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Capitulo 3 — Silva AT, Santos JM, Ferreira MT, Pinheiro AN, t&@odis C. ém

publicacdq. Effects of water velocity and turbulence on thehaviour of Iberian barbel
(Luciobarbus bocageiSteindachner, 1864) in an experimental pool-tyjsaway. River
Research and Applications.

Capitulo 4 — Silva AT, Santos JM, Ferreira MT, Pinheiro ANatpodis C. fubmetidd.

Iberian barbel l(uciobarbus bocageSteindachner, 1864), preference for straight ised
orifices in an experimental pool-type fishw&iver Research and Applications.

Capitulo 5 — Silva AT, Santos JM, Alvarez TP, Ferreira MThiiéiro AN, Katopodis C.em

preparacag. Hydraulic performance of two designs of poolayfpishways for the Iberian
barbel Luciobarbus bocagesteindachner, 1864).
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2.1. Abstract

Trends in fish passage studies are increasinglyimgoiowards a holistic approach
considering movements of a wide range of specidso#imer aquatic fauna. In this context, it
is important to consider not only salmonids anceoifame species, but also coarse species,
such as cyprinids. Moreover, knowledge on their avedur when facing fishways,
particularly their upstream movements upon diffeteydraulic configurations, is still scarce
and poor. To address this lack of knowledge, thidyspresents results from an experimental
research conducted in an indoor real scale pod-fighway to assess how a cyprinid species,
the Iberian barbdluciobarbus bocagegiSteindachner, 1864), responded to the simultaeou
presence of submerged orifices and surface notchd, adjustable dimensions, in
association with two different flow regimes oveethotches, i.e. plunging and streaming.
Overall, there was a clear selection for orificE8%) to negotiate the fishway. A significantly
higher proportion of individuals selected the @e® to move upstream when the flow was on
the plunging mode, but proportions were equivatkiming streaming flow conditions. Time
taken for fish to enter the fishway differed sigrahtly according to the discharge device
chosen and was lower for submerged orifices (5235 in.). The present study identified
key factors on Iberian barbel upstream movemenrds ltlave direct applications to future

fishway design for this species.

KEYWORDS: Fish passage; pool-type fishwayiciobarbus bocagepassage type.
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2.2. Introduction

River fragmentation by dams and weirs has beertifdhas one of the most dramatic
impacts of human societies on stream fishes, pdatly for those that perform migrations
within the river systems (Lucas and Baras, 200he Tontinuous decline of many species
stocks stimulated the development of the so-calfeshways”, which are of increasing
importance for the restoration of free passagenfiagratory fish in rivers (Clay, 1995).
However, the restoration of fish passage has histity focused on anadromous species with
high commercial value (Lainet al, 2002), with low emphasis being given to coarsecees.
Recent studies demonstrated that these fishes ngagteover long distances to reach their
spawning grounds or for refuge and trophic reag@vwsdio and Philippart, 2002). Moreover,
knowledge on their migratory behaviour and swimmaagpabilities is generally poor and
scarce (Santost al, 2005). Therefore, to provide fish passage towadhe restoration of
stream connectivity, studies accommodating movesnamtl behaviour of coarse fish, such as
cyprinids, are becoming increasingly necessaryfiture fishway design. This challenge is
highlighted in Iberian rivers where cyprinid fishage frequently the most dominant and
abundant group of species encountered (Doadrial)2dhe main fishway options for those
fishes at low weirs, which stand as the most commimeam barriers are the pool-type
fishways (Santogt al, 2006). It consists of a series of pools sepdraie cross-walls with
submerged orifices at the bottom and/or surfacehast, arranged in a stepped pattern. Fish
may move from pool to pool by leaping over the het or swimming through submerged
orifices.

The Iberian barbelLuciobarbus bocage(Steindachner, 1864) is one of the most
common cyprinid species in Iberian rivers. Thouggirt migration and feeding ecology have
been assessed in recent studies (Collares-Patemb 1996; Santoet al, 2005), little is
known about their behaviour when facing pool-typghways, particularly whether they
negotiate them by swimming through submerged @sfior leaping over the surface notches.
This information is needed to develop robust gdngualelines for future fishway designs.
However, to be successful, studies should be basebalanced experimental designs, in
which the variables of interest can be manipulatédle controlling for confound effects.
Studies conducted on such conditions offer an &mebpportunity to gain generic insights
into fish behaviour.
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The primary goal of this study is to assess, uriderexperimental conditions of a
indoor real-scale pool-type fishway, the behavibuesponse of Iberian barbel to different
hydraulic configurations. Specifically, the followg questions were asked: (a) do Iberian
barbel prefer to swim through submerged orificeower the surface notches?; (b) are the
proportions equivalent of Iberian barbel that pdsgeough the orifices and notches upon
different notch dimension and flow regimes over tioéches?; (c) do Iberian barbel take the
same time to enter the fishway by using submergdttas or surface notches; and (d) is

there a relation between passage time througltesifiveirs and flow discharge?

2.3. Materials and methods

Fishway facility

The experimental study was conducted in an indealr scale pool-type fishway located
at the Hydraulics and Environment Department of tlational Laboratory for Civil
Engineering (LNEC), Lisbon. The structure was 10omg, 1 m wide and 1.2 m high, and
presented a steel frame, with glass-viewing pamelisoth sidewalls (Figure 2.1).

It consisted of 6 pools (1.9 m long x 1.0 m wid&.2 m high) divided by five cross-
walls, each one incorporating a submerged orifieek @ surface notch of adjustable width on
opposite sides creating a sinusoidal flow path. fidfevay was positioned at a slope of 8.5%,
which is within the range of those commonly usedhis type of fishways (Larinier, 2008).
The fishway also encompassed an acclimation cha(db@x 4.0 x 3.0 m) at the downstream
end of the channel, which was separated from the staucture by two mesh panels. Two
slot gates, positioned at the upstream and dovamstrends of the fishway were used to
control the discharge and the water level withia $tructure, respectively. Water used in the
experiments was drawn from domestic water supit {gater) and was recirculated through
the system for at least two weeks prior to the arpents to ensure throughout dechlorination
and “maturation” (Coppet al, 1998), and checked for temperature, hardness,apti
dissolved oxygen at the beginning and at the endexperiments by means of a

multiparametric probe (Hydrolab, Quanta model).
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(a) Upstream tank

Central valve

.0

Acclimation
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Fig. 2.1. (a) Side view of the artificial real segbool-type fishway at the National Laboratory fouvil
Engineering; (b) details of a cross-wall showing submerged orifice and the surface notch.

Fish capture and holding

Iberian barbel were collected from the River Sardhe largest left tributary of the
River Tagus, central Portugal. Further detailshaf $ampling area may be seen in Collares-
Pereira et al. (1995). Sampling was undertaken using electrofgsh(Electracatch
International, SAREL model WFC7_HV, WolverhampttiK) with low voltage (250 V) and
a 30 cm diameter anode to reduce the effects afiywgalvanotaxis. Fish were captured
during a natural reproductive migration, which gatig takes place from April-June (Santos
et al, 2005). Fish were all mature as shown by in sitacroscopic observations of their
gonads development stage, particularly their volureescular irrigation and visibility of
oocytes, and by the presence of nuptial tuberddgmogtinho et al, 2007). A total of 45
Iberian barbel ota. 14.0-28.5 cm total length (TL) were brought te thboratory facilities
and randomly introduced in three 1.45 x 0.70 x (8@anks equipped with ELITE aerator
systems, at a number of 15 individuals per tangh Bize was similar among the tanks (mean
total length (TL) £+ SD: A=18.6 +3.1 cm, B=2G&72.4cm, C =19.6 + 3.1 cm; ANOVA,
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= 2.13, df = 2,P > 0.06), which allowed for valid comparisons to be mdasween
experiments. The laboratory was well lit with nafuight. Difference in water temperature
between the collection site and the tanks / fish(vagan temperature = 18°C) was less than
2°C. Fish were kept in the tanks for 1-2 weeks teeéxperiments started. During that period,
the water was permanently filtered by a mechatiltal and a closed circuit with a turn over
rate of 200 | per day. Feeding was supplied as sbickls (Tetra Pond) three times a week,

but stopped 24 h prior to experimentation.

Experiments

Each experiment took place on a different day (38ilA 10 May 2005) and was
performed between 17:00h-22:00h, to encourage pttefmy this species which typically
migrates at dusk (Santes$ al, 2005). The submerged orifices dimensions (witineight)
were set at 0.20 x 0.20 m and remained constaughout the study period. These
dimensions have been found to be adequate foragmstpassage of other European cyprinid
species in pool-type fishways (Larinier, 2002), bheir adequability to the target species
remains still unknown. Parallelly, a design consgbf combinations of two different surface
notch dimensions (widtkx height) — 0.20 x 0.30 m and 0.30 x 0.30 m — witb different
flow regimes over the notches - plunging and stiegr{Rajaratham and Katopodis, 1988) -
was employed to test the ability of Iberian barb®lnegotiate with different hydraulic
configurations.These dimensions were previously emeined from calculations to
approximately match velocities between the two mgssnings. Accordingly, mean velocity
through the orifices was determined consideringlldrap between consecutive pools and the
discharge coefficient of a square orifice with gentraction in two of the edges, whereas
velocity through the notches was calculated byghetient between notch discharge and the
flow cross section on the plane of the crest. Tlogv fheight at this cross section was
measured through a transparent scale attachee wdé wall. Overall, three replicates (A, B
and C) of each hydraulic configuration (notch widtflow regime) were tested, giving a total
of 4 experiments (Table 2.1). Each replicate usediduals of a different tank, which were
allowed to recover for 48 hours, prior to the begig of the next experiment. Dischardg) (

was fixed among replicates and previously deterchitte create a head drop between the

pools of 0.16 m - producing a maximum flow veloaify= \/2gAh = 1.77 m &, where g is the
acceleration due to gravity, 9.8 M, @indAh is the head drop between two consecutive pools
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- and a turbulence not higher than 100 W2 imall experiments. These values fall within the
range of recommended ones for pool-type fishwaysnatyprinids are the target species to
be passed (Larinier, 2002). Individuals of eaclk tamre first introduced into the downstream
chamber and provided with a 12h acclimation peribdh behaviour, whether moving
through submerged orifices or over the surfacehestcwas continuously monitored through
the glass sidewalls of the fishway by means ofalicdservation and video recording. A fish
was considered to perform a successful upstreasagaswhen the total of its body length
was within the following pool. Direct observationgre performed during the whole time of
an experimentq 5 h) and were made at approximately 1 m distdnm® the channel,
approaching and leaving discreetly the observatpomsts, respectively before and after each
experiment. This caused no disturbance to the fishrevealed by a previous pilot study
(unpublished data). Observations were also suppitedeby four video cameras (Panasonic,
WV-BP100 model), connected to two time-lapse videoorders (Panasonic, AG-6720A
model), positioned at the two uppermost cross-walgl focused particularly on both
openings. Five 175 W infrared lamps fixed abovefitieway and programmed to be turned
on from 20:30-22:00 h, allowed the observation pdares when natural light was no longer
sufficient to monitor fish movements. These lampsehbeen used in other fishway studies
(e.g. Santost al, 2005) and their presence had no effect on fedtabiour.

Data analysis

Non-parametric Mann-Whitney U-tests (Zar, 1996)evesed to test the null hypothesis
that (i) the proportion of fish that moved througle submerged orifices was equivalent to the
proportion of fish that passed over the surfacehes; (ii) the proportion of fish that passed
through the submerged orifices and surface notebees equivalent for both notch widths
tested (0.20 m and 0.30 m). For this analysis dat@ pooled over different flow regimes to
increase statistical power; (iii) the proportion figh that passed through the submerged
orifices and surface notches was equivalent foh Blotv regimes (plunging and streaming)
occurring over the notches (data pooled over daiffenotch widths) and (iv) the time taken
for fish to enter the fishway by using the submdrgsgfices was equivalent to the time taken
for fish to enter the fishway by passing over thefece notches. Correlations between
discharge and passage time through orifice andhestavere further analysed using the

Spearman rank statistic.
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Table 2.1. Experimental conditions tested in amardeal scale pool-type fishway to study the bahawvof Iberian barbel. Mean total length (TL) sastlard deviation
(SD) of individuals is also given.

_ Q Notch width . Mean velocity (m.3) Water temperature Mean TL + SD
Experiments Replicate 1 Flow regime _
(.s) (m) orifices notches (°C) (cm)
1 A 70.6 0.20 plunging 1.14 1.07 18.3 18.6 £ 3.1
1 B 70.6 0.20 plunging 1.14 1.07 18.3 20124
1 C 70.6 0.20 plunging 1.14 1.07 18.3 19.7+3.1
2 A 90.3 0.20 streaming 1.14 1.10 18.0 18.6 £3.1
2 B 90.3 0.20 streaming 1.14 1.10 18.0 201+24
2 C 90.3 0.20 streaming 1.14 1.10 18.0 19.7+3.1
3 A 83.2 0.30 plunging 1.14 0.96 18.2 18.6 £ 3.1
3 B 83.2 0.30 plunging 1.14 0.96 18.2 20.1x24
3 C 83.2 0.30 plunging 1.14 0.96 18.2 19.7+3.1
4 A 108.3 0.30 streaming 1.14 1.01 18.0 18.6 +3.1
4 B 108.3 0.30 streaming 1.14 1.01 18.0 20124
4 C 108.3 0.30 streaming 1.14 1.01 18.0 19.7+3.1
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2.4. Results

All fish successfully ascended the fishway durihg four experiments, though the
number of passages through the orifices and notalass statistically unequal. Overall, a
much higher number of passages through the subchergeces (1781, 76%) were registered
by fish during their upstream movements within fisbway, relatively to those that occurred
over the notches (Mann-Whitney U-test, Z = -3.5%, ®05) (Table 2.2).

Table 2.2. Number of passages through the submeogédes and surface notches observed during the
experimental conditions tested in an indoor realespool-type fishway to study the behaviour ofritve barbel.

_ Notch Flow Number of passages
Experiment ) »
width (m) regime Submerged orifice Surface notches Total
1 0.20 plunging 413 79 492
2 0.20 streaming 354 118 472
3 0.30 plunging 601 98 699
4 0.30 streaming 413 264 677
Total 1781 559 2340

A higher number of upstream movements through sulpede orifices and surface
notches were observed when notch width was seB@atrd (1376, 59%) relatively to 0.20 m,
but this was not statistically significant (Mann-iviey U-tests, P > 0.05). Experiments
conducted during plunging flow conditions reveabd unequal proportion of individuals
selecting the orifices and notches, with a highrepprtion using the former (Mann-Whitney
U-test, Z = -2.84, P < 0.05). Contrarily, fish wditeely to display a higher use of the notches
for streaming flows relatively to plunging flowss aduring the former no significant
differences were found in the number of individuhlat passed through the orifices and over
the notches (Mann-Whitney U-test, Z = -1.21, P G5]. The time taken for fish to enter the
fishway after they were introduced in the acclimatchamber differed significantly upon
selection of orifice or notch (Mann-Whitney U-te&t= 3.46, P < 0.05). Iberian barbel that
selected the submerged orifice took between 521s3&mmin. to pass, whereas the time taken
to pass over the surface notch varied between 25and 3 h. There was no relation between
discharge and passage time through the submerge®r(Spearman rank correlation, r =

0.17, P > 0.05), however a significant pattern. (nigher number of passages observed on
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lower discharge events) was encountered when mausnteok place over the notches
(Spearman rank correlation, r = -0.60, P < 0.05).

2.5. Discussion

When fish are being tested in a fishway with thalgaf assessing their behaviour, in
particular their upstream movements upon diffetgyraulic configurations, it is important
that fish are in appropriate physiological stateb® motivated to swim upstream. In the
present study, a sound indication that this matwvatvas present was that all individuals
ascended the fishway in response to every flowhdiges without the need to be forced
through. Moreover, continuous observation on fistvements did not report any unnatural
behaviour caused by operational procedures. Gasatueation due to pumping water was
unlikely to occur, as typical related symptoms,sas heavy gasping or bubbles/blisters
around the head and eyes of fishes were not fduodghout the experiments (Bouck, 1980).
Similarly, gasping or presence of darkened gilfgngtoms of an excess carbon dioxide on
the water, was not registered at all during theystu

The design of the experimental study was well baddnin terms of hydraulics
because velocities were similar between the osfiaed notches among all experiments.
Under these conditions, a significant proportiorupstream movements were found to occur
through the submerged orifices. This result has héen noted for brown trousdlmo trutta
L.) and Atlantic salmonSalmo salar.) in a similar experimental design study (Guetyal,
2003). Though velocities were similar between b pass openings, it is possible that flow
from the submerged orifice may have provided a ndaextional stronger cue to approaching
fish. Future studies should consider using advaneeldniques such as the ADV (Acoustic
Dopler Velocimeter) to characterize the velocitynpmnents (x, y, z) of flowing water, in a
tentative to further clarify the mechanisms resgaasfor the choice of different fishway
openings.

The type of flow regime over the notches also apgb#o play an important role in
the upstream movements of fish. In fact, a sigaiftchigher proportion of individuals
selected the submerged orifices to pass rathersindace notches, when the flow was on the
plunging mode. In a similar study using Atlantidnsan as the target species, Stuart (1962)
found an opposite pattern when analysing theirrepst movements within an experimental

pool-type fishway. We attribute this low proportiohindividuals using the surface notches at
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plunging flows to limitations in the swimming alyliof this species (Doadrio, 2001). The
repeated use of the same fish could also have &ulvdreir swimming performance on
subsequent experiments due to lactate productiaeedaby burst activity in a tentative to
leap over the plunging flow. This re-use of fishhaugh not statistically desirable, may in
fact provide a more realistic indication of theguttal ability of Iberian barbel to use orifices
and notches in real pool-type fishways. Learnindglafv patterns has been suggested as an
explanation of improvements in fish movement thtoegperimental fishways (Laine, 1990).
Nevertheless, at the present study, the recovergdgef 48 h prior to beginning of the next
experiment should have been sufficient for the fsimetabolize any lactate (Wardle, 1978).
Contrarily, during streaming flow conditions, theepence of a continuous surface stream
flowing over the crest of the notches would requirerian barbel a lower effort, by allowing
individuals to swim over the notches instead opleaer them, hence the observed similar
proportion of fish using both fish pass openingbe Tuse of recent techniques to monitor
intensity of fish activity, such as electromyograehemetry in association with numerical
flow simulations, remains a promising option totlfer clarify species behavioural patterns
during obstacle negotiation upon different typefia# regimes.

Time for fish to pass over the surface notch wasiicantly higher than in the case of
passage through the submerged orifice. As fish wéered similar velocities at both pass
openings in all experiments, they should chooseptik that would tend to minimise energy
expenditure and risk of predation while accountinga need to make a rapid upstream
progress to increase the chances of spawning (HindiRand, 2000). Swimming through the
submerged orifice, fish should have had the cham@soid the jet core (the central focus of
highest velocities) by negotiating close to theesj@ situation that could be easily confirmed
during in situ and video observations. Though theneo data on velocity components (X, v,
Z) measured at the different horizontal layershim ¥icinity of the cross-walls to support our
hypothesis, it is believed that some of the varatin passage time might be related to
environmental variables, but the experiments wetelasigned to test this possibility.

The results of this study may have important icgilons to the design of fishways for
Iberian barbel. Accordingly, submerged orifices Bkely to be a better option than surface
notches for upstream passage of Iberian barbel.edery scientists and technicians should be
aware of the possible presence on the site of siédmids and fine elements that could easily
obstruct the orifices, thereby limiting fish movems Additional maintenance may therefore
be required on such cases. Nevertheless, if surfattdes are provided and sufficient water

is available, streaming flow conditions should beairaged in detriment of plunging flows.
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This could be easily achieved by increasing thiewesy discharge and allowing submersion
of the crest of the notches as a consequence i&ase in the water level of the downstream
pools. Fish would then be able to swim over thetaatbss instead of leap over it. There are,
however limits to the application of our result@n® natural pool-type fishways may have
roughness elements, such as large bottom substmategs that can be used by the fish to
assist their upstream movements or to hold thesitipo before a subsequent effort (Larinier,
2008). In other situations, the presence of sudictstres may result in complicated flow
phenomena, such as turbulent jets and eddy formdtiat may hinder these behaviours
(Clay, 1995). As the study was developed in a pgod-fishway with smooth walls and floor,
the occurrence of such phenomena was null or,agt,I@ad no significant expression, as all
fish did not show sign of disorientation and cosleccessfully ascend the pass during all
experiments. Thus, these results should be appdigbdose situations that are hydraulically
similar to the laboratory experimental conditions.

Although some authors argue that experimental reboy research on fishways
cannot replace studies conducted in the field (beGérvia et al, 2003), a fully
comprehensive approach to understand the influefidesh behaviour on passage success
requires the integration of research conducted alfferent scales. The present study
provided evidence of specific behaviour of Iberiaarbel using orifices and notches in
response to different hydraulic configurations m experimental pool-type fishway and
suggests that studies conducted on similar comditioay provide useful insights necessary to
improve fish passage. Further research, combinitig field and laboratory investigations are
needed to provide a deeper understanding of tHaeemfe of fish behaviour on passage

success, namely their physiological response feréifiit hydraulic scenarios.
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3.1. Abstract

The restoration of fish passage has been focuseahadromous fish species, whilst
studies accommodating passage of coarse speciesoftan been considered incidental, yet
frequently these are the predominant group of sgeencountered in rivers. In addition,
fishway designs depend greatly on the interplayvbeh hydraulics and biomechanics, yet
very little data are available on the responsesptrxific hydraulic settings for these species.
This study aims to explore the effects of wateoery and turbulence on the behaviour of a
cyprinid species - the Iberian bartielciobarbus bocaggiSteindachner, 1864) - particularly
their upstream movements upon different dischaf@@s$ to 77.0 1:3), through an indoor full
scale pool-type fishway prototype. Larger adultd hahigher passage success (mean = 79 %)
and took less time (mean £ SD (min): 5.7 £ 1.3hégotiate the entire 6 pool fishway, when
compared to small adults. Correlation analysis betwhydraulic variables and fish transit
time yielded different results. Correlations wemurid to be the highest between the
horizontal component of Reynolds shear stress ehdtfansit time, particularly for smaller
size-individuals (r =-0.45; p <0.001), highlightinbis variable as a key-parameter which
strongly determines the movements of Iberian bafdet present study identified key factors
on Iberian barbel movements that may have direpliGgiion to future fishway designs for

this species and for other “weak” swimmers.

KEYWORDS: Cyprinids, fish pass, fishway, kinetic energy, Reld’'s shears stress, acoustic

Doppler velocimeter.
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3.2. Introduction

River fragmentation by dams and weirs is one of tfeor causes for the dramatic
decline in the range and abundance of freshwasér (lLucas and Frear, 1997; Cowx and
Welcomme, 1998; Lucas and Baras, 2001), partigulam those that complete their
migrations within river systems (Nico& al, 1996; Poulet, 2007). In order to minimize such
consequences on riverine communities, consideraffert has been devoted to the
development of the so-called “fishways” which aré increasing importance for the
restoration of passage for migratory fish in rivegsay, 1995; FAO/DVWK, 2002; Katopodis
2005). Biologically oriented fishway research hasused mostly on anadromous fish species
(e.g. salmonids) (Burdt al 1999; Baragt al, 1994; Laineet al, 2002; Gowanst al, 2003;
Katopodis, 2005). Therefore, considerably limiteformation on coarse species has been
available, particularly on cyprinids. Recent stedmave proven that these species can travel
considerable distances for reproduction, refugefaading purposes (Lucas and Frear, 1997;
Ovidio and Philippart, 2002; Katopodis, 2005). Tdfere, there is an increasing need to
conduct studies to accommodate movements and lmelmafi coarse fish within fishways and
to assess the effect of potential key-variables shauld be considered for the successful
development of future designs.

In Portugal, the most common fish pass is the pgm-fishway (Santost al, 2006). It
consists of a series of pools, arranged in a steppétern, separated by cross-walls that can
be equipped with submerged orifices at the bottond surface notches. Hydraulic
characteristics in pool-type fishways vary accogdim the pool dimensions, configuration and
dimensions of orifices and notches, slope and digEh A number of studies have addressed
the flow circulation patterns, the jet charact&ssand the turbulence generated by the energy
dissipation in pools for different configuratioresyd their relevance for the development of
suitable hydraulic criteria for passage of salma@pécies (Rajaratnam and Katopodis, 1986;
Rajaratnamet al, 1992; Wuet al, 1999; Eadet al, 2004; Puertast al, 2004; Liuet al,
2006; Bartoret al 2008). However, passage studies focused on cepesges are scarce and
therefore highly desirable (Stuart and Mallen-Capp#999; Katopodis, 2005). This
requirement is highlighted in Iberian rivers whengrinid fishes are frequently the most

abundant group of species encountered (Doadridl,)200
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The Iberian barbelLuciobarbus bocage(Steindachner, 1864) is one of the most
common cyprinid species in Iberian rivers, thoutghmigration ecology has been assessed
only in recent studies (Santet al, 2005). However, little is known about this sgéxi
response to specific hydraulic characteristicshsag water velocity and turbulence. These
two hydraulic variables are considered to play aseastial role in successful fish passage
through a fishway (Rajaratnaet al, 1998). Turbulent kinetic energy (K) and Reyndtsar
stress, are two interdependent turbulence destsipi@at naturally affect fish migration, but
for which, detailed knowledge on their effects @hfmovements is scarce (Rajaratretmal.,
1988; Odehet al, 2002). Due to the fact that both turbulence tinenergy and Reynolds
shear stress are important indicators of turbuleffeet on a fish’s body, it's clear there is a
need to understand how Iberian barbel sense, aedaise these hydraulic phenomena in their
movements within fishways, in order to develop stbguidelines that are useful for future
fishway designs. However, their assessment underalaconditions is extremely difficult
and possibly inaccurate due to the plethora ofracteng factors. To be successful, studies
should be based on balanced experimental designghich the variables of interest can be
manipulated. Studies conducted on such conditidfes an excellent opportunity to gain
generic insights into fish behaviour (Kerapal, 2006).

The main goal of this study is to understand tliece$ of water velocity and turbulence,
expressed as turbulent kinetic energy (K) and Rlegnshear stress, on the upstream
movements of Iberian barbel under experimental itimmd in a full scale pool-type fishway.
Specifically, the following questions should bewesd: (a) how do the different hydraulic
parameters relate to the transit time of distimsh Bize-classes within the fishway, i.e., are
smaller size-classes more affected by hydraulies tlarger conspecifics? and (b) which

hydraulic parameters affect fish performance withie fishway the most?

3.3. Materials and methods

Experimental fishway

The study was conducted in an indoor full scalelqpygme fishway installed at the
Hydraulics and Environment Department of the Natlobaboratory for Civil Engineering

(LNEC), in Lisbon. The structure was 10 m long, 1wide and 1.2 m high, externally
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reinforced by fiberglass sidewalls (Figure 3.1)cdnsisted of six pools (1.9 m long x 1.0 m
wide x 1.2 m high) divided by five PVC cross-waksch equipped with a submerged orifice
and a surface notch of adjustable area. Two cotigeawrifices were positioned on opposite

sides of the cross-walls, creating a sinusoidak ffath. The fishway was set at a slope of
8.5%, which is within the range of slopes commambed in this type of hydraulic devices

(Larinier, 2002). A concrete tank (1.50 x 1.00 20L.m) located at the upstream end of the
flume, provided a smooth flow entering in the flumieghe fishway also encompassed an
acclimation chamber (4.0 x 3.0 x 4.0 m) at the detwveam end of the channel, which was

separated from the main structure by two mesh panel

(a) Upstream tank

Central valve

.0

Acclimation
chamber

Bottom outlet

(b)

| | 1.00 m

Fig. 3.1. (a) Side view of the experimental fulbkc pool-type fishway at the National Laboratory €ivil
Engineering; (b) reference grid used for fish bétavobservation.

Water used in the experiments was drawn from damesiter supply (soft water) and
was recirculated through the laboratory pumpindesys(maximum capacity of 259 fsfor
at least two weeks prior to the experiments to engiechlorination and “maturation”
throughout (Coppet al, 1998), and checked for temperature, hardnessamHdissolved
oxygen at the beginning and at the end of expettisneyy means of a multiparametric probe
(Hydrolab, Quanta model).
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Fishway discharge was measured by a magnetic fletemocated in the supply pipe
and controlled by a slot valve at the upstream.t&ivi&ter surface levels were measured using
graduated scales placed on the side-wall of the, podhe vicinity of the cross-walls and
middle point of the pool. The water level withiretstructure was regulated by a slot gate at

the downstream end of the facility.

Hydraulics

By varying fishway discharges (Q) between 38.5 bsd 77.0 1.3, and the area of
submerged orifices (4 between 0.03 fmand 0.06 i four experimental conditions were
tested (Table 3.1). Because Silga al. (2009) found that Iberian barbel avoided notched
surface openings, the surface notches, under pdirgrents, remained closed.

Detailed instantaneous velocity measurements wenelucted using an instantaneous
3D Acoustic Doppler Velocimeter (ADV) oriented Jedly down (Nortek AS). The
advantage of using this device relies on its abitt adequately measure the three-
dimensional velocity components (x, y, z) of floginvater (Papanicolaou and Maxwell,
2000; Odeh at al., 2002; Ead al, 2004; Guinyet al, 2003). Velocity measurements were
recorded at 25 Hz for a sampling period of 90 gach point on the grid. Preliminary tests
were conducted to define the ADV sampling perioddssl for an accurate determination of
the mean velocity, turbulent kinetic energy and itdgs shear stress. Tested sampling
periods ranged from 5s to 350s. It was found thelborty became almost constant for
sampling periods greater than 30s, therefore a lgagnpme of 90s was considered to be
representative for an appropriate determinatiomefn velocity and turbulence within the
pool. Because the flow pattern and the head draywdes the pools were found to be the
same in all poolsAh=0.16m), measurements were made in the secondsti@am pool.
Measurements were taken at different horizontatgdgparallel to the flume bottom, namely
at 25, 50 and 80% of the pool mean depth).(A predefined grid of 48 measurement points
distributed according to the velocity fluctuatioespected was used as a reference to the
measurements in each plane. Altogether, 2250 itasstaous measurements were recorded for

each sampling point.
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Table 3.1. Details of experimental conditions: sebged orifices area (\ head drop between poolsh), volumetric power dissipation (P pool mean water depth at 25, 50
and 80%. Fish size of individuals used in the eixpents are also shown.

Variables

Small adults: 15< TL Large adults: 26TL
Ao Ah Q P, hn 25% h, 50% h, 80% hy <25cm <35cm

(m?) (m) (s W) (m) (m) (m) (m) N Mean £ S.D (cm) N  Mean = S.D (cm)

Experiments

El 003 016 385 370 079 020 040 0630 1907176 10 2887£259
E2 004 016 475 478 086 021 043 0680  19.85%2.49 10 2844311
E3 005 016 62,7 631 085 021 042 0680 1974214 10 2867+289
E4 006 016 770 784 084 021 042 0670  1965x241 10 28.25+3.07
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To understand the velocity fields at the differplanes — horizontal (XY), vertical (X2)
and transversal (YZ) - within the pools, the ratween the maximum velocity in each
plane (Vxy,, Vxz, and Vyz,) and the maximum flow velocity at the orifice JVwere
calculated for the four experiments.

Turbulence descriptors - turbulent kinetic energyg &eynolds shear stress - were
calculated based in the instantaneous velocitigsstezed. The local velocity in a turbulent
region can be decomposed of a temporal mean valisegopcomponent that represents the

velocity fluctuation about the mean. Accordingly:
V() =V +V'(1) (3.1)

where V is the mean velocity at the point during the shngpperiod and V'(t) is the
fluctuating component of velocity at sampling time

Turbulent kinetic energy (K) is defined as:

(3.2)

Vims anow

where, u are respectively root mean square values of thetuifding

rms? rms'

components of velocity on the system of coordinateg, z. This parameter represents the
kinetic energy of the velocity fluctuations, i.eregter fluctuation from the mean flow
represents greater turbulent kinetic energy. The eof the turbulent fluctuations is therefore
important to consider when studying upstream movesmef fish species. Small-scale
turbulence associated with tiny eddies may causalited damage on fish body surfaces
(bruises, scale loss), whereas larger-scale tumnbele.e. greater than fish size, can cause spin,
fish disorientation and loss of equilibrium whichimately affect their upstream movement
(Odeh et al, 2002). To enable comparisons with others studiesyas formulated in
dimensionless terms (normalized) using the maximefacity in the orifice (\), according

to the following equation:

k =Ko/, (3.3)

The Reynolds shear stress represents another fitwad that involves a velocity
gradient, and therefore is of major importance fish passage studies. This parameter

represents a force per unit area and occurs whenwtater masses or layers of different
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velocities are parallel or adjacent to each otkResh may therefore experience shear stress
when moving between two water masses of differehdoities or when moving near a solid
structure (Cadat al, 1999).

To better understand which forces are primarilyngcoon the body surface of fish and
therefore influencing their upstream movementss tharameter was partitioned on three
components according to the forces present on pglacie: longitudinal (forces acting on the
XY plane), vertical (forces acting on the XZ plaragd transversal (forces acting on the YZ

plane). For the horizontal component, shear stsedsfined by:
—puV' (3.4)

wherep is the water density, u' and v’ are the fluctuatmetpcities in the X and Y directions,
respectively. The variations of the Reynolds sihst@ss in each of the three dimensions were
therefore assessed at two different layers fromfitln@e bottom: at 0.25h (close to the
bottom) and at 0.8Qh(near the surface). To allow for comparisons, gasameter was also
made dimensionless according to the maximum velagithe orifice (\4) according to the

following equation, for the horizontal plane (XY):
(-u'v), V2 (3.5)

where the subscriph refers the maximum value in a transverse profitee variations of the

dimensionless Reynolds shear stress at the vetticaw')  /V2 and at the transversal plane

(-v'w'),. /V2 were also calculated to z=0.25and z= 0.80k.

Fish

Iberian barbels were captured at the River Sorthi@,largest tributary of the River
Tagus (central Portugal). Further details of the@ang area are included in Collares-Pereira
et al (1995). Sampling was undertaken using electrofgsfElectrocatch International, Sarel
model WFC7_HV, Wolverhampton, UK) with low volta@250 v) and with a 30 cm diameter
anode. Fish were captured during the natural remtoge migration season, which generally
takes place from April to June (Sangtsal, 2005). Only mature individuals, as shownityy

situ macroscopic observations of fish gonads developrstge, particularly their volume,
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vascular irrigation and visibility of oocytes, atite presence of nuptial tubercles (Agostinho
et al, 2007) were selected for the study. Fish (N=8@yenbrought to the laboratory, and
measured for total length (TL). To test for sizkted differences in species behaviour, fish
were separated into two size-classes accordingported differences in age and growth
(Lobén-Cervia, 1982; Lobon-Cervia & Fernandez-Ddlyal984), although such divisions
are somewhat arbitrary and flexible depending dohraent characteristics (Oliveiet al.,
2002): small (15 < total length (TL) < 25 cm) araige adults (25 TL < 35 cm). Iberian
barbel of each size-class (n = 40; 20 individuas fank) were then placed in four tanks
(length x width x height = 1.45 x 0.70 x 0.80 mugxped with ELITE aerator systems and
mechanical filters. To recover from transport aatdiing stress, fish were kept in the tanks
for at least one week before experiments startedind that period, fish were fed daily with
pond sticks (Tetra Pond), until 24 h prior to expentation. The difference in water
temperature between the tanks and the fishway (tesaperature = 18°C) was less than 2°C.
Fish experiments took place between th& aAd 18' of May 2007 from 17h00 to
22h30, to encourage attempts by this species wibally migrates at dusk (Santes al.,
2005). Each experiment lasted 1.5 hours, as a qusvpilot study (unpublished data) -
employing the same design settings and holding itond, but where barbel were left for
five hours (17h00-22h00), from dusk to early-nigbt,ascend the fishway - have shown no
further fish movements into the flume after the \abdime period. Experiments were
conducted by using one adult fish of each sizesctaswultaneously. Individuals were first
introduced in the acclimation chamber where theynaieed for 12 hours prior to
experimentation and were prevented from enteriegfliime by two mesh panels. Once the
discharge in the flume was brought to the desiesel| the mesh panels were removed and
fish were allowed to ascend the fishway of theirnowolition. Fish experiments were
conducted under the four previously tested hydcaabnditions with 10 replicates each,
giving a total of 40 trials. Fish behaviour was womously monitored through the glass
sidewalls of the fishway by means of direct obseoveand a video recording system. Direct
observations were performed during the entire twhean experiment and were made at
approximately 1 m distance from the channel, apgriog and leaving discreetly the
observation points, respectively before and afeheexperiment. This caused no disturbance
to the fish, as revealed by a previous study (Séval., 2009). Each operator followed a
single fish, registering continuously all of its wements after removal of both mesh panels,
including the time taken by the fish i) to entee fume, ii) to ascend from one pool to the

next and iii) to successfully negotiate the fishw@pservations were also supplemented by
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three digital video cameras focused on the secomal, pvhich was considered to be
representative of the remaining hydraulic condgid¢eee Hydraulics). Two of the cameras
were positioned at a distance of 2 m from both-sid#s of the pool, whereas the other was
placed 3 m above the water surface. In additiadh98 x 1.00 m reference grid containing 15
contiguous sequentially numbered cells (each 0.8838 m) was created and placed above
this pool to aid in the video monitoring procesg(ife 3.1).Video records were analyzed by a
single operator, using the [Vision Labview softwafeom National Instruments
(http://www.ni.com), allowing the collection of ctimuous exact locations of fish within the
pool. An individual fish was considered to occumeaell, when more than half of its body
length was within a cell’s boundaries. The timergg® a fish in each cell of the grid (transit

time) was determined and related to the hydrawdrameters values previously found.

Statistical analysis

Kruskal-Wallis ANOVA was employed to test the hyipesis that, for each fish size-
class, the transit times in each cell of the gridravequivalent among experiments.
Correlations between transit time and mean velpditybulent kinetic energy and three-
dimensional Reynolds shear stresses were analgsegl the Spearman rank coefficient. Data
were pooled over the four experimental conditiods,a previous analysis revealed water
velocity vectors to be spatially similar among expents, though increasing proportionally
in terms of magnitude with increasing flow dischargnalyses were performed using data
collected at z = 0.25hinstead of considering mean values obtained frbrthiee planes, as
visual observations and video monitoring showed tisda movements were found to occur

preferentially close to the bottom of the fishway.

3.4. Results

Hydraulics

The mean velocity patterns for the three horizoptahes at 0.25k 0.50h, and 0.80R
above the bottom of the flume for Q = 47.5%are shown in Figure 3.2. In the horizontal

93



Capitulo 3- Effects of water velocity and turbulence on the behaviour of Luciobarbus bocagei

plane at 0.25 h closest from the flume bed, two different regiorsuld be clearly
distinguished: the jet region, with maximum vel@st occurring at a distance of 0.40 m
downstream from the cross-wall and reaching 0.88"mand a large recirculation region,
extending from the jet zone to the opposite sid#;veharacterized by low velocities and
reversed flow directions. At the plane closest e tvater surface (0.80,)) a uniform
recirculation region could be observed, with motet® high velocities (0.50-0.77 ri)s

occurring along this plane, particularly in theimity of the downstream cross-wall.
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Fig. 3.2. Plane velocity field in the pools for 4Z.5 1. (a) z = 0.25k; (b) z = 0.50k; (c) z = 0.80k. Flow
from the orifice enters at the bottom left of thagtam.
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The ratio between the maximum velocity in each @l&rxyn,, Vxz, and Vyz,) and the
maximum velocity in the orifice (3 are shown in Figure 3.3. It can be seen thathe t
horizontal plane (XY), maximum velocities occur n¢lae bottom of the flume increasing

with flow discharge (Figure 3.3a).
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In both vertical (XZ) and transversal (YZ) planéise occurrence of higher velocities
with increasing discharge was less evident. Nometke patterns of velocity distribution
could still be observed along the pool, particylat higher discharges: on a vertical plane,
maximum velocities were found to be greater in\tunity of the side-wall adjacent to the
orifice and decreasing towards the opposite sidé{wmure 3.3b). Similarly on a transverse
plane, the maximum velocities varied slightly witie increasing discharge peaking in the
vicinity of both cross-walls (0.40 §, ranging between 0.20-0.30, W the remaining areas
(Figure 3.3c).

The contours of the dimensionless turbulent kinetiergy (Q = 47.5 I'§ at z=0.25hK,
and z=0.80R are shown in Figure 3.4. Turbulence was found tbigker near the bottom of
the flume (z = 0.25k), particularly along the streamline between thienserged orifices. At
the level closest to the surface (z = 0,80k rapid decay was observed within the same jet
region. In contrast, in the recirculation areabtuence remained low (around 0.08-0.1() &t
both levels, though a small increase was notedtheasurface.
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The variations of Reynolds shear stress in alleglpl@nes are shown on Figure 3.5. The
absolute value of this parameter was found to @seren both the horizontal and vertical

planes when moving from the bottom (z = 0.2bto the surface (z = 0.8@
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Fig. 3.5. Variation of dimensionless Reynolds stetegss at various tested discharges on differiamtep: (a)
horizontal plane (XY) at z = 0.25lfb) horizontal plane (XY) at z = 0.8QHc) vertical plane (XZ) at z = 0.25h
(d) vertical plane (XZ) at z = 0.80,h(e) transversal plane (YZ) at z = 0.25¢f) transversal plane (YZ) at z =
0.80h,. Here, flow enters from the right of the diagram.
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Accordingly, at z = 0.25h the values of absolute horizontal (Figure 3.5&) ®ertical

shear stres@igure 3.5c) were greater in the vicinity of thestream cross-wall (flow inlet),

decreasing from the middle part of the pool towdh#sdownstream end, with these patterns

being clearer at higher discharges. At the leval riee surface (z = 0.8@)) absolute shear

forces remained almost constant along the pooltteagd among experiments, ranging from

0 to 0.01 (Figure. 3.5b and Figure 3.5d, respeglivi¥ariations in transverse Reynolds shear

stress at z = 0.25h(Figure 3.5e) and z = 0.8Q,l(Figure 3.5f) were quite low, remaining

almost constant along the pool length and througarperiments.

Fish

In all the experiments, fish exhibited a high catyato negotiate the fishway, though

some size-related differences were noted (Figuga)3.
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Fig. 3.6. (a) Percentage of fish that successhdigotiated the entire six pool fishway; (b) timkesa by fish to
negotiate the entire 6 pool fishway: small adultsq TL <25 cm) 1) and large adults (25TL < 35 cm) @).
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Accordingly, larger adults presented a higher odtsuccess (mean = 79%) in ascending
the fishway, relative to small adults (mean = 59%imilarly, larger adults took less time
(mean £ SD (min): 5.7 £ 1.3) to ascend the fishwayen compared to small-size individuals
(mean = SD (min): 8.0 = 0.4) (Figure 3.6b). Trartsite did not differ among experiments
(Kruskal-Wallis ANOVA: p>0.05) and was found to lmever with increasing mean velocity
for both size-classes, particularly for small aslffpearman rank correlation: small adults:
r=-0.30, p<0.05; large adults: r=-0.27, p< 0.05).

The relationship between mean values of velocithiwieach cell (see Figure 3.1b for a
general scheme) and the respective fish transé &tre=0.25k is shown on Figure 3.7. Both
size-classes used cells with low velocity value&@G 0.40 m3).
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Fig. 3.7. Distribution of transit time per cell@rsus mean velocity in each cell Jlt z = 0.25R for various
tested discharges: (a) small adults (15< TL <25ama) (b) large adults (25TL <35cm).

The plot of fish transit time with turbulent kine®nergy (K) is shown on Figure 3.8 for
the different cells within the pool. It shows tlsmhall (Figure 3.8a) and large adults (Figure

3.8b) used mainly areas with low K (< 0.05°.¢7). Therefore, a significant negative
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correlation between K and fish transit time wasnfbdor both fish sizes (Spearman rank
correlation: small adults: r=-0.39, p<0.01; largeilss: r=-0.35, p< 0.01).
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Fig. 3.8. Distribution of transit time per cell(ggrsus mean turbulent kinetic energy in each ¢€j) at z =
0.25h, for various tested discharges: (a) small adulis:(IL <25cm) and (b) large adults %L <35cm).

Finally, the relation between Reynolds shear stcessponents (horizontal, vertical and
transversal) and fish transit time in each ceflhiewn on Figure 3.9. Correlations between the
former and the components of Reynolds shear sinette different planes yielded different
results. Accordingly, a negative association betwfesh transit time and the horizontal shear
stress was found for both size-classes, partigufarl small adults (Figure 3.9a and Figure
3.9b) (Spearman rank correlation: small adultsO#5, p<0.001; large adults: r=-0.36, p<
0.01). Overall, individuals spent less time in gellith higher shear stress values (absolute
values ranged from 20 to 60 N3non this plane. This correlation was the strongesong all
tested hydraulic characteristics against transiteti thereby indicating that the horizontal
component of Reynolds shear stress may stand abyih@ulic parameter affecting fish
behaviour within the fishway the most. In contrast,significant relations were found for the
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vertical (small adults: r =-0.22; p>0.05; large &stur = -0.19; p>0.05) (Figure 3.9c and
Figure 3.9d) and transverse (small adults: r =1:0820.05; large adults: r = -0.18; p>0.05)
(Figure 3.9e and Figure 3.9f) components, i.e.ndigas of transit time, fish remained in cells

with low absolute values of non-horizontal sheeesst ¢, 10 N.m?).
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Fig. 3.9. Distribution of fish transit time per i{g) versus Reynolds shear stresep(lW‘, - pu‘_vv‘ and- pW)

in each cell at z = 0.25,h(a), (c), (e) respectively, for small adults (15& ¥25cm) and (b), (d), (f
respectively, for large adults (RFL <35cm).

101



Capitulo 3- Effects of water velocity and turbulence on the behaviour of Luciobarbus bocagei

3.5. Discussion

This study quantified the effects of water velocégd turbulence flow descriptors
turbulent kinetic energy and Reynolds shear stress,the upstream movements of a
potamodromous fish, the Iberian barbel, within apegimental pool-type fishway. In testing
the response of fish to distinct hydraulic conditoin an experimental fishway, an
appropriate physiological condition is required f@h to be motivated to swim upstream
without being forced through. In addition, to avdihsed conclusions, experimentation
should also be performed during periods and undeditions that are relevant to the animals
in their native habitat (Castro-Santos, 2004).hia present study, the high proportion of fish
that negotiated the fishway in response to eveshwiay discharge strongly indicates that
these factors were present. Furthermore, continoebgsrvation on fish movements did not
indicate any unnatural behaviour caused by operaitiprocedures. Gas supersaturation due
to pumping water was unlikely to occur, as typiedated symptoms, such as heavy gasping
or bubbles / blisters around the head and eyedsbéd were not found throughout the
experiments (Bouck, 1980). Similarly, gasping azgance of darkened gills, symptoms of an
excess carbon dioxide on the water, was not regisia all during the study.

The configuration of the fishway used in the préstady — surface notches closed and
presence of orifices of adjustable area (0.03-@n86located on opposite sides of the cross-
walls - was adequate as shown by an overall higbepéage of passing fish, though this was
more evident in the case of large adults §80%). Water velocities were found to be the
highest €. 0.80 m.&8), close to the flume bed, namely in the jet regimmn they were within
the range of critical swimming speed for this speqiMateuset al, 2008). In addition, the
volumetric power dissipation, which provides ani@atdion of average pool turbulence, was
always < 150 W.ni; this is considered as the upper limit for fishwaysed by cyprinid
species (Larinier, 2008). Despite their weaker swing capability relative to larger
individuals, small adult barbel also managed tacsssfully ascend the fishway, though to a
lesser extentc( 60%). Although the concept of fishway efficien@efined as the proportion
of fish present at the acclimation chamber thatessfully negotiated the fishway) has not
been formally defined in terms of minimum standa(darinier, 1998), it is generally
considered that efficiencies should be 90-100% daxdromous species, whereas for
potamodromous cyprinid species, such as the Ibdy@bel, the successful passage of a

certain number of individuals, in relation to thepplation in place may be sufficient to
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ensure the longitudinal connectivity of river syste and avoid fragmentation of the
populations (Porcher and Travade, 2002). It isetoee believed that the configuration of the
fishway was well designed, as shown by a fairlyas@nable” proportion, i.e. 60-80%, of
Iberian barbel that successfully negotiated theagev

Iberian barbel spent higher transit times in cefly low water velocity (0.20-0.40 m.s
! but this effect was more prominent on the smaiiee-class, as shown by a higher negative
correlation coefficient between this parameter fsiu transit time for the four experiments.
These conditions were mainly found close to thedmotof the fishway (z = 0.2%) on the
recirculation region, extending from the jet zooetlie opposite side-wall. Several studies
have shown that recirculation regions on pool-tfipeways can become traps for fish, by
drastically increasing the transit times in eachl@md thus compromising the clearing of the
fish pass (Tarradet al, 2008). Although the notion that this phenomemoight have
affected some of the fish is not excluded, paréidylthe smaller individuals, it is believed
that most fish clearly used these areas for a stesting before a subsequent upstream
movement through the higher-velocity areas witmd & the vicinity of the orifice. This is
also supported by the high proportions of fish thaén at lower discharges successfully
negotiated the fishway.

As with velocity, Iberian barbel were mainly foutm occupy areas with low turbulent
kinetic energy (K), with small adults displayinghegher effect concerning the time spent on
each cell, relatively to large adults. These amadd be found close to the bottom of the
fishway (z = 0.25R) and corresponded to the previous recirculatigiore contiguous with
the jet zone. The occurrence of barbel, a specidgs liunited swimming ability (Doadrio,
2001), spending higher transit times in low velp@nd kinetic energy cells would naturally
be expected, since energy expenditures to maifisinposition are typically lower in such
areas (Pavloet al, 2000). In a study designed to monitor the pHggical swimming effort
of Iberian barbel, Mateus (2007), using individu@gged with coded electromyogram radio
transmitters, also found this species to maintasitpns close to the bottom at a mean
velocity of 0.30 m.3. The use of low turbulent kinetic energy locatidnyslberian barbel as
resting areas before subsequent efforts to travseses of higher velocity and turbulence (i.e.
near or through orifices), highlights the importaraf this parameter, that should be taken
into account when designing fishways for this seeci

The effects of Reynolds shear stress on the movisnténberian barbel through the
fishway were found to differ according to the coment considered in each of the three

dimensions. Accordingly, the correlations betweésh ftransit time and the horizontal
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Reynolds shear stress were the highest amongsadidtdnydraulic variables, suggesting the
importance of this variable as a key-parameterrgeténg Iberian barbel’ movements within
pool-type fishways. Reynolds shear stress is nidfgign sections where water velocity is
fairly uniform. However, when water velocity chasgen scales similar to the size of a fish,
shear stress can occur, causing fish disorientatiwhlocalized injury. In the present study,
water velocity was found to vary across differetrirontal planes, increasing from the
surface to the bottom. The result of these changghgcities, detected by the fish through the
superficial neuromasts of the lateral line (Montgoyret al, 1997), might have acted upon
the components of the force that are parallel ® fteh surface area, therefore creating a
higher shear stress on the body of the fish. Ak #ié other hydraulic parameters, the effects
of Reynolds shear stress were most prominent isrtaler-size individuals, as shown by the
highest correlations with fish transit time, higffiting the use of different size-classes upon
studying the effects of hydraulics on fish.

Though fish have developed numerous adaptationth@olevels of shear stresses
occurring in natural environments 80 N.m? in small to medium sized streams), high and
potentially undesirable values can occur wheredtgglowing water passes within confined
man-made structures such as submerged orificepalftygpe fishways (Cadat al, 2006).
This is in accordance with the findings of the presstudy, where turbulence was maximal in
the vicinity and within submerged orifices. On ti@izontal plane, barbel occupied positions
with absolute Reynolds shear stresses up to 60°Nlming higher discharges. This value,
though larger than those generally observed unalerral conditions, may not be sufficient to
cause injuries or mortalities, which typically oceas much higher levels(700 N.m?) (Cada
et al, 1999). Nevertheless, the prospect that the highear stresses reported on this plane
may have caused some minor disorientation and teduof swimming performance at
higher discharges is not excluded, particularlydome of the smaller individuals, as shown
by a lower percentage of successful passage cothpatarger fish. Such disorientation may
have been caused by a more pronounced effect gé karbulence vortex systems on their
smaller body surface, compared to larger indivisuéil is known that flowing water has a
complex vortex structure, a torque of hydrodynarotating forces increasing from the center
to the periphery, with various vortex formationsdifferent sizes (Odelkt al., 2002). The
sizes of these vortexes are of great importancéhobalance of fish in a turbulent flow, i.e.,
if a vortex is much smaller than a fish, its balmmshould not be affected due to an even
distribution of the moments of force along its botty contrast, if vortex and fish sizes are

similar, the hydrodynamic rotating forces introdwcerque which tends to overturn the fish

104



Capitulo 3- Effects of water velocity and turbulence on the behaviour of Luciobarbus bocagei

and decrease stability (see Lupandin (2005) farhematic view). In other words, the larger
an individual is, the larger the vortex requiredafifect its balance. The presence of larger
vortex systems is typically more pronounced in bigturbulent areas (Lupandin, 2005). In
the present study, such areas could be mainly fowwad the bottom of the flume along the
streamline between the submerged orifices. Thougih quantified, the expected higher
proportion of larger vortices in this region codldve therefore affected balance and hence,
the swimming performance of smaller size individudlhis was particularly evident in the
vicinity of the orifices at higher discharges, whsame of these fish were seen to spread their
pectoral fins in an attempt to stabilize their bgaysition. Such behaviour increases the
hydraulic resistance of their body and consequeditigreases their swimming performance.
The modification of internal flow characteristias the pools by placement of submerged
structures to examine the extent to which turbwdenmarticularly the horizontal Reynolds
shear stress component can be reduced, and thlitsta@nd shortening the passage time of
small individuals, should be considered on futush fpassage studies. Their inclusion in
numerical flow simulations in association with figltivity monitoring techniques, such as
electromyogram telemetry, would surely contribubeadvance the knowledge of species

behavioural patterns during obstacle negotiatiah wifferent hydraulic conditions.

3.6. Conclusion

The configuration of the fishway was well designeglyen the “considerable”
proportion of Iberian barbel that successfully neged the structure. However, size-related
differences were found: overall, larger adults nieged the fishway in a greater proportion
and took less time to ascend, relatively to smadso Of the tested hydraulic characteristics,
the horizontal component of Reynolds shear stress faund to be the hydraulic parameter
that most strongly affected movements of the sgedie particular of the smaller-size
individuals, which seemed to avoid areas of highulence. A possible cause for their lower
rate of passage success could be the impact d¢figher turbulence (and consequently larger
turbulence vortices) observed in the vicinity of submerged orifices, on fish body surfaces.
Future work should consider ways of increasingsinecess of passing small barbel and other
benthic species through the pool-type fishway, lyimmising any possible disorientation and

shortening the time spent by such individuals ie gools. An alternative approach could
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involve the introduction of artificial rough substes on the bottom of the flume in an attempt
to attenuate the higher shear stress zones cloghetsubmerged orifices, through the
smoothing of the horizontal velocity gradients. dimg ways of reducing the size of the
recirculation region by the placement of structuelments in the pools could be another
possible solution which should also be considelreévery case, attention should be given on
characterizing the water velocity and shear stiresise vicinity of these structures, providing
detailed descriptions of the behaviours of fislveraing such areas and identifying conditions

that act to increase or decrease the number oéssftd fish passage attempts.
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4.1. Abstract

Worldwide, numerous fish passage studies aiminghfwove habitat connectivity have
often failed to achieve such goals as a resultnohaufficient knowledge on the swimming
behaviour of the target species and how it interadth key hydraulic parameters that are
vital for successful passage through a fishwayaddition, such studies are typically focused
on commercial and game species, whereas passaybenfspecies is often neglected, even
though they are frequently the predominant taxadon rivers. The present research aims to
explore the effects of water velocity and turbukedescriptors on the behaviour of a cyprinid
species, the Iberian barbdluciobarbus bocaggi migrating through an indoor real scale
pool-type fishway. The fishway was tested for twstidct orifice configurations: offset and
straight (aligned orifices). Overall, the offsenéiguration was found to have a significantly
higher rate of fish passage success (68%) thastthight arrangement (28%). The time taken
to successfully negotiate the fishway was alsoisagmtly lower when it featured an offset
configuration, particularly for small adults. Ofl ahnalysed hydraulic parameters, the
Reynolds shear stress seemed to be the one thatstrargyly influenced the movements of
Iberian barbel within the fishway. The results loiststudy may have important implications
for the future design of pool-type fishways foriila@ barbel and other “weak” swimmers.

KEYWORDS: Cyprinids, fishway, velocity, turbulent kinetic engy, turbulence intensity,
Reynold’s shear stress

112



Capitulo 4- Luciobarbus bocagei preference for offset or straight orifices

4.2. Introduction

The free circulation of fish in rivers is often tésted by several obstacles of natural
(rapids, waterfalls) or man-made (dams, watermitislgin, which obstruct upstream or
downstream fish movements between specific habispawning, foraging and refuge),
greatly disrupting fish life cycles (Knaepkeas al, 2005; Puertast al, 2004; Lucas and
Baras, 2001; Cowx and Welcomme, 1998) particulEmhithose species which complete their
migrations within river systems (Nicolet al, 1996; Poulet, 2007). River fragmentation,
caused by man-made structures has then been catsake one of the most striking impacts
on ichthyofauna (Knaepkeret al, 2007). The last two decades have highlighteccthieal
need to restore river connectivity in an attemptirtorease and enhance fish stocks in
disturbed streams. The development of hydrauliecsires, i.e. fishways that enable fish to
overcome the obstacles with minimum delay has loeenof the most common measures to
achieve such goals (Katopods al, 2005; Knaepkenst al, 2005; Vasqueet al, 2005).
However, the success of these devices many timgsb@aguestionable because there is
insufficient knowledge on the swimming behaviour tbe target species and how such
behaviour interacts with key hydraulic parametéat define successful passage through a
fishway (Kemp, 2009)

On the other hand, research on fishways has them lextensively focused on
anadromous or commercial species due to their bggmomical value (Bunet al. 1999;
Baraset al, 1994; Laineet al, 2002; Gowanet al, 2003; Katopodis 2005).Therefore, less
information is available on other species, paréidylcyprinids (Baragt al, 1994; Lucas and
Frear, 1997), which can also migrate consideraldéances for reproduction, refuge and
feeding purposes (Katopodis 2005; Lucas and Freav;10vidio and Philippart, 2002) and
thus can be seriously affected by river barriers.

The pool-type fishways are the most common fistsggsn Europe (Larinier, 2008),
particularly in Iberia (Santost al, 2006). These structures consist of a seriesoolsp
arranged in a stepped pattern, separated by cralés-tvat can be equipped with submerged
orifices at the bottom and/or surface notches. §haecent fish passage studies have shown
that submerged orifices were the preferential abig either salmonid (Guingt al, 2003) or
cyprinid fish (Silvaet al., 2009) to negotiate pool-type fishways, there i stsufficient
knowledge on whether different orifice arrangememnes. offset or straight, will provide

similar or different fish passage success ratedifi@rent arrangements may be preferred by
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different species (Katopodis 2005), knowing how cspe respond to distinct orifice
configurations will prove extremely useful to fuethdevelop guidelines for future fishways
designs.

The Iberian barbelLuciobarbus bocage(Steindachner, 1864) is one of the most
common potamodromous cyprinid species in Iberigarsi (Geraldegt al, 1993; Santost
al., 2005). It has received greater attention inmegears through studies on their feeding and
migration ecology (Collares-Pereied al 1995; Santogt al 2005). More recently, Silvat
al. (2009) studied the selection of this speciesadidiices and notches upon different flow
regimes in an experimental pool-type fishway andctaded that the former were used in a
significantly higher proportion than the latterntmve upstream. However, there is still a lack
of information on the behaviour of this specieshimtsuch devices, in particular how it
responds to different submerged orifice configaratiand which hydraulic parameters affect
their performance the most. Water velocity and ulebce descriptors such as turbulent
kinetic energy (K), turbulence intensity (T1) an@yRolds shear stress (RSS), are considered
critical variables for successful fish passageugtoa fishway, but for which knowledge on
their effects on fish movement is scarce, partitylmr coarse fish (Katopodis 2005; Odeh
al. 2002). Therefore, there is a need to conductetumiming to understand how movements
of lberian barbel are affected by hydraulic phenomegenerated by distinct orifice
configurations.Owing to the plethora of interacting factors preésennatural environments,
such studies should preferentially be conductddboratories, where the variables of interest
can be manipulated while controlling for confourglaffects (Kempet al, 2006).

The main goal of this study is to assess lberiaddgpassage success upon distinct
submerged orifice configurations, i.e. offset artchight, in an experimental pool-type
fishway. Specifically, the following questions weyesed: (a) are there significant differences
between an offset and a straight orifice arrangeéroermpassage success, and if so, which is
more beneficial for Iberian barbel?; (b) are thergnificant size-related differences on
passage success for each specific configuratioof?;afe there significant size-related
differences on fish transit time between these twifice configurations?; and (d) which
hydraulic parameter primarily affects fish passpgeformance between these two orifice

configurations?
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4.3. Materials and methods

Fishway apparatus

The study took place in an experimental full-sgad®l-type fishway installed at the
Hydraulics and Environment Department of the Natlobaboratory for Civil Engineering
(LNEC), in Lisbon. The structure comprised a regtdar flume(10.0 m long, 1.0 m wide and
1.2 m high) externally reinforced by a steel framth fiberglass sidewalls. It consisted of six
pools (1.9 m long x 1.0 m wide x 1.2 m high) diwddey five PVC- made cross-walls, each
one incorporating a submerged orifice and a sunfexdeh of adjustable area. The flume was
set at a slope of 8.5%, which vgthin the range of those commonly used in thisetys
hydraulic devices (Larinier, 2008). The facilitysalencompassed two concrete tanks, located
at the upstream and downstream end of the flumagld#6 m long x 1.0 m wide x 1.2 m
high and 4.0 m long x 3.0 m wide x 4.0 m high, exsjwely. The first ensured that smooth
flow entered the flume, whilst the latter was usesl an acclimation chamber for fish,

separated from the main structure by a mesh p&iglrge 4.1).

Fig. 4.1. Experimental full-scale pool-type fishwapowing the upstream and downstream (acclimation)
concrete tanks at the National Laboratory for Cinigineering (LNEC).

Water for the experiments was drawn from the domesater supply (soft water) and
was re-circulated through the laboratory pumpingtey for at least two weeks prior to the
experiments, to ensure dechlorination throughodt“amaturation” (Coppet al, 1998). At the

beginning and at the end of each experiment, theewsaas checked for temperature,
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hardness, pH, and dissolved oxygen by using a +patametric probe (Hydrolab, Quanta
model). Flow discharge was measured and contrbNea magnetic flow meter located in the
supply line and by a valve located at the upstréami. The water level was regulated by an
adjustable control slot gate at the downstreamddritie facility. For each orifice geometry,

the discharge created a uniform flow (i.e. identdspth at equivalent points with each of the
six pools), leading to a constant head drap)(between two consecutive pools of 0.16 m.

The maximum velocity, / due to that drop was 1.77 f,scalculated according to the
formula Ve=+/20Ah=1.77 m.g, where g=9.80 m.¥ is the acceleration due to gravity
(Larinier, 2002).

Hydraulic measurements

Four sets of experiments were conducted to asbesgn barbel selection for either
offset or straight arrangements. Fishway disch&@jevaried from 47.50 to 71.70 fsand
submerged orifice area gAvaried from 0.03 to 0.05 m(Figure 4.2, Table 4.1).

(@ (b)

© 1.90 m
A

1.20 m
1.20 m

Fig. 4.2. Schematic of cross-walls with the twoedypof orifice arrangements tested: (a) offset aedj (b)
straight orifices.

Flows for the dimensions of the submerged orificese previously determined from
calculations to approximately match volumetric powessipation (F) between experiments
with different arrangement. As in a previous sty&iva et al, 2009), it was found that
Iberian barbel avoided notched surface openingsefbre surface notches remained closed

for all experiments.
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Table 4.1.Summary of the experimental designs fairdulic characterization: submerged orifices gvea), head drop between poolsh), volumetric power dissipation
(Pv), pool mean water depth at 25, 50 and 80%. $izhof individuals used in the experiments ase ahown.

- Variables
Experiment arglrr:];(éeizent A, Ah 0 P, h. 25%h, 50%  80% h, Small adults (15 <TL<25cm) Large adults (25TL<35cm)
(m) (m) (s (W) (m) (M) by (m) (m) N Mean £ S.D (cm) N Mean £ S.D (cm)
E1 offset 004 0.16 47.5 47.80 086021 043 068 9 19.85+249 10 28.44+3.11
E2 offset 005 0.16 62.7 63.10 085021 042 068 9 19.74x2.14 10 28.67+2.89
E3 straight 003 016 505 47.80 0870.22 044 070 O 2003+2.12 10 28.57+531
E4 straight 004 016 717 6310 08%0.22 044 070 ° 1835+ 1.61 10 28.05+2.03
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Extensive pointwise measurements of the three-dsinaal velocity components (X, v,
and z) of flowing water were made in the flume bau@cterize the flow fields through which
fish would have to swim in the four experimentakides. Data was acquired by a 3D
Acoustic Doppler Velocimeter (ADV) oriented vertilggdown (Nortek AS) at sampling rates
of 25 Hz. The advantage of using this device rebedts ability to adequately measure the
three-dimensional velocity components (X, y, zjloiving water (Papanicolaou and Maxwell,
2000; Odetet al, 2002; Eackt al, 2004; Guinyet al, 2003). Velocity measurements were
carried out to establish the sampling period neddedn accurate determination of the mean
velocity and turbulence parameters. The ADV wassequently tested for sampling periods
ranging from 5 to 350 s. It was found that the mealocity became almost constant for
sampling periods longer than 30 s, therefore a Baggime of 90 s was considered to be
representative for an appropriate determinatiomefin velocity and turbulence within the
pools. As the head drops between the pools weredftmbe the same in all poolsh=0.16),
measurements were taken in the second downstreaim qumsidered representative of the
hydraulic conditions observed within the fishwayheSe were performed at different
horizontal planes parallel to the flume bottom2%t 50 and 80% of the pool mean depth)(h
A predefined grid of 48 measurement points, disteld according to the expected velocity
field variation, was used as a reference to thesorements in each plane. On the whole,
2250 instantaneous measurements were recordeddbrsample point, at a sampling rate up
of 25 Hz.

Velocity fields were characterized at all threengls - horizontal (XY), vertical (XZ)
and transversal (YZ), and the ratios between thgirmam velocity in each plane (Vyy
Vxzn, and Vyz,) and the potencial velocity in the orificed)\calculated.

Turbulence descriptors - turbulent kinetic enerdy, (turbulence intensity (TI) and
Reynolds shear stress (RSS) - were calculated basethe instantaneous velocity ((V

measurements, which can be decomposed as:
V() =V +V'(t) (4.1)

where V is the mean velocity at a point during the sampfiegod and V'(t) is the fluctuating
component of velocity at sampling time t. The raosan square of the fluctuating velocity
component is a measure of velocity intensity andavdis calculated for the longitudinal

component (Ung by:

118



Capitulo 4- Luciobarbus bocagei preference for offset or straight orifices

i =213 0 - 2

n-1iz1

where u’ is the longitudinal fluctuating componefnt/’(t), U the mean longitudinal velocity
at a point during the sampling period and n is thenber of instantaneous velocity
measurements. Also the transverse and vertical coems of V'(t), v’ and w’ respectively,
were calculated.

The turbulent kinetic energy (K), which correspondsthe kinetic energy associated
with the velocity turbulent fluctuations at a giveoint (Rodi, 1980), was calculated by:

(4.3)

where, u,., Vs andw.are respectively root mean square values of thetuflding

components of velocity on the system of coordinatgs z. To enable further comparisons, K

was made dimensionless using the maximum velagitige orifice (\4), according to:

K =K%n/V, (4.4)

Turbulence intensity (TI), which represents turlgke in terms of the magnitude of
fluctuations about the mean velocity at a given @arg point over the period of
measurement (Odett al, 2002; Cotekt al, 2006; Nietzekt al 2000), was also computed

according to:

n-X (4.5)
Y

The Reynolds shear stress (RSS) results from tloeitsegradients, and therefore is of
major importance for fish passage studies. Fisleeapce shear stress when moving between
two water layers of different velocities (Cadd al 1999). The shear stress can be
decomposed on the following components accordinghéo forces acting on each plane:
horizontal (stresses acting on the XY plane), galt(stresses acting on the XZ plane) and
transverse (stresses acting on the YZ plane). Hemwes a previous study, conducted under
similar conditions to assess the importance ofediffit hydraulic parameters on Iberian
barbel’ behaviour demonstrated (Silga al, in press), only the horizontal component was
found to correlate significantly with fish transgitne (i.e. the time spent by a fish in a given
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cell of the grid), so the vertical and transverseponents were not included on the present
study. The Reynolds shear stress in the horizphale was defined by:

UV (4.6)

wherep is the water density,'@and v’ are the fluctuating velocities in the X andlirections,
respectively.
Reynolds shear stress was made dimensionless osirgnum velocity in the orifice

(Vo), according to the following equation:
(—pu'v),/pVe (4.7)

where the subscriph refers to the maximum value in the consideredzontial profile.

Biological experiments

Iberian barbelsL{uciobarbus bocaggiwere captured at the river Sorraia, the largest
tributary of the River Tagus (central Portugal)May 2008. Details of the sampling area can
be found in Collares-Pereir@t al. (1995). Sampling was performed by means of
electrofishing (Electrocatch International, Sarebdal WFC7-HV, Wolverhampton, UK)
using low voltage output (250 v) and a 30 cm dianeinode. Fish were collected during
their natural reproductive migration season, wtockurs from April to June (Santes al,
2005). Only mature individuals were selected fa study. These could be easily found on
the basis of the volume of their gonads, vascutayation, visibility of oocytes, and presence
of nuptial tubercles (Agostinhet al, 2007). Fish (N = 80) were brought to the labanasnd
measured for total length (TL). To test for sizted differences in species behaviour, fish
were separated into two size-classes based onteepdifferences in the literature (Lobon-
Cervia & Fernandez-Delgado, 1984), although these aiten dependent on catchment
characteristics (Oliveirat al, 2002): small (15 total length (TL) < 25 cm) and large adults
(25< TL < 35 cm). Iberian barbel of each size-class @0) were then held for one week in
four tanks (length x width x height = 1.45 x 0.70x80 m) equipped with ELITE aerator
systems and mechanical filters, at a density op@0tank, to recover from handling and
transport stress. During this period, fish werdyd@ad with pond sticks (Tetra Pond), until 24
h prior to experimentation. The laboratory was wiellvith natural light and the difference in
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water temperature between the tanks and the fishimaan temperature = 18°C) was less
than 2°C. Fish experiments were conducted betweerl$ May and 8' June 2008 from
17h00 to 22h30, as the species typically migrateslusk (Santoset al, 2005). Each
experiment lasted 1h30 and was conducted by usmgltaneously two adult fish, one of
each size-class. Fish were first introduced inabelimation chamber, where they remained
for 12 h prior to experimentation, and were pregdntrom entering the flume by a mesh
panel. Once the flow in the flume was brought te ttesired level, the mesh panel was
removed and fish were allowed to ascend the fish&ageriments were performed under the
four previously tested hydraulic conditions with rtEplicates each, giving a total of 40 trials.
During a trial, fish behaviour was continuously mored through the glass sidewalls of the
fishway by means of direct observation and a videmrding system. Direct observations
were performed by two operators at approximatehy distance from the flume, approaching
and leaving discreetly the observation points, e beginning and end of each trial,
respectively. Each operator followed a single figgistering all of its movements, including
the time taken by the fish to enter the flume,2oemd from one pool to the next one, and to
successfully negotiate the fishway. The video reéicgy system consisted of three digital
video cameras focused on the second pool, condiderébe representative of hydraulic
conditions of the remaining ones (see Hydraulic sueaments): two of the cameras were
positioned at 2 m from both side-walls of the padhereas the other was placed 3 m above
the water surface. To aid the video monitoring ps3¢ a 1.90 x 1.00 m reference grid
containing 15 contiguous sequentially numberedsgglach 0.38 x 0.33 m) was created and
placed above the second pool. Video records wene émalyzed using the IVision Labview
software from National Instruments (http://www.oi), allowing the collection of
continuous fish location within the pool. The pumsit of a fish within a cell (a fish was
considered to occupy a specific cell, when mora thef of its body length was within a cell
boundary) as well as its time spent in it (tratisiie) were then determined and related to the

hydraulic parameter values previously measured.

Statistical analysis

Wilcoxon paired tests were initially used to congp#ne number of successful fish
passage attempts between offset and straight ematigns under similar volumetric power

dissipation. Differences on the number of succégsasages between different size-classes
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were further explored for each configuration. Wioa tests were also performed to search
for significant differences on the time taken fack fish size-class to navigate the fishway
with each orifice configuration. Kruskal-Wallis AN\ was used to test the null hypothesis
that, for each fish size class, the transit tinregach cell of the grid were similar among
experiments. The Spearman rank coefficient was usedkest for possible correlations
between fish transit time and hydraulic variablegedn velocity, turbulent kinetic energy,
turbulence intensity and Reynolds Shear Stresspah orifice configuration. Analyses were
performed using data collected at z = ORbtstead of considering mean values obtained
from all the three planes as direct observatioms\atleo recordings showed that movements
were found to occur preferentially close to thetdrot of the fishway. All statistical analyses
were carried out using the program STATISTICA (Stdt, Inc. 2000).

4.4. Results

Flow patterns and velocity distribution

The three-dimensional schematic flow patterns witiie pools for offset and straight

configurations at Q= 47.50 I'sand Q = 50.50 I'§ respectively, is shown on Figure 4.3.

200 100
200 100

Fig. 4.3. Three-dimensional representation of flzatterns within the pools of the fishway, ®47.80 W.ri¥):
(a) offset orifice configuration; (b) straight acé configuration. The length of each arrow indésatelative
speed of flow.
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Clearly velocity varied significantly from the both of the fishway to the water
surface. In the deeper horizontal plane, at 0.25 two different regions could be
distinguished in both configurations: a primary wiloregion, travelling between two
consecutive orifices, characterized by higher wagdocities, and a large recirculation region,
extending from the jet zone to the opposite sid#;veharacterized by low velocities and
reversed flow directions. In the case of the offsefice arrangement, the primary flow
travelled initially along the adjacent sidewallacking a maximum velocity of 1.52 nt.s
approximately at a distance of 0.30 m downstream fthe cross-wall, followed by a smooth
decrease towards the opposite submerged orifiqui@i4.3a). Mean velocities observed at
the nearby recirculation region were less than @3& (mean + S.D (m:Y: 0.27 + 5.39). In
the straight orifice design, the primary flow trigd directly between the two aligned
orifices, reaching a maximum velocity of 1.58 that the water inlefFigure 4.3b). As in the
case of the offset orifice design, velocities werech lower in the contiguous recirculation
area (mean + S.D (Mm% 0.21 + 4.30). At a more surficial layer (z = 0.8y,), both
arrangements have shown a uniform recirculatiow floounter-clockwise) with negligible
velocities. The ratio between the maximum veloaityeach plane (Vxy, Vxzn and Vyz,)

and the maximum velocity in the orifice {Mare shown on Figure 4.4.
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Fig. 4.4. Dimensionless maximum velocities (z =509 within the pools of the fishway at different pém
considering both orifice arrangements: (a) horiabptane (XY); (b) vertical plane (XZ); (c) transge plane
(YZ).

Again, considering the horizontal plane (XY), vatgaecreased from the bottom to the
surface, however such decrease was much more proedun the case of pools featuring a

straight orifices arrangement (Figure 4.4a). Fdhbertical (XZ) and transverse (YZ) planes,
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differences on velocity patterns between straigitt affset arrangements were less evident.
Nonetheless, patterns of velocity distribution coudtill be observed for both orifice
configurations. On the vertical plane, maximum edles were found to be greater in the
vicinity of the side-wall adjacent to the upstreanifice, decreasing towards the opposite
side-wall (Figure 4.4b). Also, higher velocities reebserved with increasing discharge for
each design. In the transverse direction, maximetocities varied slightly with increased
discharge, peaking in the vicinity of both crosdisvat approximately 0.40 )/ ranging from

0.20 to 0.30 Y in the remaining areas (Figure 4.4c).

Turbulent kinetic energy

The vertical variation of the maximum dimensionlésdulent kinetic energyk| for

both orifice arrangements is shown on Figure 4.5.
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Fig.4.5. Variation with depth of dimensionless maximum tuemi kinetic energy within the pools of the
fishway, considering both orifice arrangements.

It shows that turbulent kinetic energy which waghleir near the bottom of the flume (z
= 0.25h,), varied between 0.3-0.3V and increased with discharge for both orifice
configurations. However, with the proximity to theater surface, the decay wfwas more
pronounced in the case of the straight orifice igumition, being around 0.1Vin the
experiment conducted with the lower discharge. dtrours of the dimensionless turbulent
kinetic energy (k) for both offset ((a) and (b))dastraight arrangements ((c) and (d)) at
different horizontal layers (z = 0.2%and z = 0.80k) are shown in Figure 4.6 (RBimilar

among configuration, c. 47 W-H For both configurations and considering the fubottom
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(z=0.25h,), k was found to be higher along the streamline betwbersubmerged orifices
(>0.16V,). Howeverk showed higher values for the straight orifice cguafation, decreasing
towards the opposite side-wall, where it remaineldw 0.08\4 in almost half of the pool, in
the case of the offset orifices. On the contrarwas found to decrease with proximity to the
water surface (z=0.80.h in both configurations, but showed proportiondtiyer values in
the case of the straight orifice arrangement.
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Fig. 4.6. Contours of dimensionless maximum turbukénetic energyt different horizontal planes, considering
both orifice arrangements (R 47.80 W.n): (a) offset orifice configuration at z = 0.25knd (b) at z = 0.8Qh
(c) straight orifice configuration at z = 0.25And (c) at z = 0.8@h Flow from the orifice enters at the bottom
left of the diagram.

Turbulence intensity

The variation of the maximum turbulence intensiiy) vith relative water depth (z/f
Is shown on Figure 4.7. Though variations of maximtl from the bottom to the surface
were not very clear, the presence of offset orfigenerated higher Tl at the surface (z=
0.80hy) when compared to straight orifices.
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Fig. 4.7. Variation with depth of turbulence intégngTI), considering both orifice arrangements.

The contours of the dimensionless mean TI for kufteet ((a) and (b)) and straight
arrangements ((c) and (d)) at different horizotdglers (z = 0.25h and z = 0.80k) are
shown in Figure 4.8 (Hs similar among configurations, c. 47 Wn
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Fig. 4.8. Contours of turbulence intensdy different horizontal planes, considering botHia¥ arrangements
(P= 47.80 W.ri¥): (a) offset orifice configuration at z = 0.25kand (b) at z = 0.8Qh (c) straight orifice
configuration at z = 0.25hand (d) at z = 0.8@h Flow from the orifice enters at the bottom Ieftlee diagram.

The variation of Tl for the offset orifice confiqations, increased from the bottom (less
than 0.2\ to the surface (0.5-0.6), particularly in the previously described reciation
region, in the vicinity of the side-wall oppositeetupstream orifice. Vertical variation of
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maximum Tl was almost negligible with the straighfice arrangement. At both planes TI
was found to peak (0.6Yin the low-velocity recirculation region, extendifrom the jet

zone to the opposite side-wall.

Reynolds shear stress

The variation of the maximum horizontal componehtReynolds shear stress was
found to differ at distinct depths (Figure 4.9akxcArdingly, both configurations have shown
a decrease on the absolute values of this pararfretarthe bottom (z = 0.25hm) to the
surface (z = 0.80), though this is more pronounicethe case of the straight arrangement,
which also showed higher absolute values (Of)7at the highest discharge tested. At a
vertical plane (Figure 4.9b), differences betwes® tiwo configurations were noted on the
absolute value of this parameter: for the straigftifice arrangement, a decrease occurred
from the orifice area (0.0< y/B < 0.3) towards tbpposite side-wall; this is clearly
pronounced for the highest discharge, where it neadanegligible. In contrast in the offset

configuration, shear stress was found to be higimetite vicinity of the opposite side-wall

(0.8< y/B < 0.9), particularly for the highest discge (absolute valuz 0.03).
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Fig. 4.9. Variation with relative depth (a) andatele width (b) of dimensionless maximum Reynoltiea
stress within the pools of the fishway.
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Fish behaviour

Fish exhibited distinct capacities to negotiate tisbway according to the type of
submerged orifice arrangement (Figure 4.10a). Qlyéhe use of an offset configuration was
found to display a significantly higher rate of page success (68%) than the use of a straight
arrangement (28%) (Wilcoxon paired t-test, P<0.@ijferences were also found between
size-classes. Accordingly, larger adults preseatsanificantly higher rate of success (mean
=80%) in ascending the fishway with offset orificeslative to small adults (mean = 55%)
(Wilcoxon paired t-test, P<0.05), but this was troie when the fishway featured straight
orifices (small adults: mean = 25%; large adulteam= 30%, P>0.05). The time taken for
fish to successfully negotiate the fishway was dtmand to vary according to the target
configuration and fish size-class (Figure 4.10bgeled, small adults took significantly less
time to ascend the fishway when equipped with oftsdices rather than straight openings
(Wilcoxon paired t-test, P<0.05). Although largeiulis also took less time (mean £+ SE: 3.33
+ 0.59) to navigate the fishway with the offsetigasrelative to the straight design (mean %

SE: 7.45 + 0.82), this difference was not signific@Vilcoxon paired t-test, P>0.05).
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Fig. 4.10. (a) Percentage of fish that successfudlgotiated the pool-fishway and (b) time takenfisi to
negotiate the fishway: small adults (15< TL <25 ¢m))and large adults (25TL < 35 cm) @).

Configuration-related patterns between fish tramisite and the hydraulic variables
could be found for species size-classes (Table. A2¢ordingly, a significant negative

relation between transit time and mean water vglosias found for both size-classes,
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particularly for small adults, using the offsetfime arrangement (r = -0.44, p < 0.05). A
similar trend was also found for turbulent kineticergy (k), i.e. both small (r = -0.48, p <
0.01) and large adults (r = -0.39, p < 0.05), patérly the former, displayed a significant
negative correlation with this hydraulic variabl@urbulence intensity (TI) correlated
significantly with transit time for the small indduals only with the offset orifice conditions
(r =-0.41, p < 0.05). As with the previous paraengt Reynolds shear stress was found to be
significantly correlated with fish transit time whehe offset orifice design was used,
particularly in the case of small adults (r = -Q.66:0.001). In addition, of all the hydraulic
variables examined, this was the one that showedtitthest correlations with transit time for
both fish size-classes. No significant correlatidiedween fish transit time and hydraulic

parameters were found for the straight submergédeodesign.
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Table 4.2. Spearman correlation analysis betwesntfansit time and mean values of hydraulic véemlfwater velocity, turbulent kinetic energy, tuldnt intensity and

Reynolds shear stress) within a cell in the popetfishway.

Offset configuration

Straight configuration

Dependent variable Independent variables
N r N r
Fish transit time water velocity 20 -0.44* 20 0,01
(small adults: 15 < TL< 25cm) turbulent kinetic energy 20 -0.48** 20 0,02
turbulence intensity 20 -0.41* 20 0,06
Reynolds shear stress 20 -0.60*** 20 0,01
Fish transit time water velocity 20 -0.38* 20 0,33
(large adults: 25 TL< 35cm) turbulent kinetic energy 20 -0.39* 20 0,34
turbulence intensity 20 -0.30 20 0,22
Reynolds shear stress 20 -0.51** 20 -0,25

* Significant in P<0.05; ** significant in P < 0.01** significant in P<0.001.*no significant
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4.5. Discussion

The criteria obtained for an adequate fishway desig often a result of hydraulic and
biological experiments carried out under ratheffieidl conditions, which are a necessary
feature of controlled laboratory studies. Thisysi¢ally the case for determining the critical
speed of species (Tudorackeal, 2007), in which fish are placed in enclosed swing
respirometers with a uniform flow profile to avdidving fish take advantage of low-velocity
areas. This raises the question of how represeatafi natural conditions the results can be.
The present study, designed to assess the efféed#dferent hydraulic parameters (water
velocity, turbulent kinetic energy, turbulence mggy and Reynolds shear stress) on the
upstream movements of cyprinid Iberian barbel, espnted a departure from and an
improvement over those methods, because fish wieen dhe choice to move freely and
volitionally in a full-scale pool-type fishway puatype subjected to two different
configurations: presence of offset or straight setgad orifices. In addition, in testing the
response of fish to distinct hydraulic charactersstinder experimental laboratory conditions,
an appropriate physiological state is requiredifdr to be motivated to swim upstream. Tests
should preferentially be performed during periodd ander conditions that are relevant to
the animals in their native habitat (Castro-San28€4). In the present study, the wide range
of fish sizes that negotiated the fishway in reggoto different fishway discharges strongly
suggests that these factors were present. Furtheymomntinuous observation on fish
movements did not indicate any unnatural behaveaused by operational procedures. Gas
supersaturation due to pumping water was unlikelypdcur, as typical related symptoms,
such as heavy gasping or bubbles / blisters arthentiead and eyes of fishes were not found
throughout the experiments (Bouck, 1980). Similaggsping or presence of darkened gills,
symptoms of an excess carbon dioxide in the watas, not registered at all during the study.

Overall, the use of an offset orifice arrangemeasiound to be more beneficial for
Iberian barbel, as shown by a significantly higrtete of passage success relative to a straight
orifice configuration. In a study conducted to skafior an optimal design of cross-walls in a
pool-type fishway, Kim (2001) found that cross-walhstalled in a straight configuration
were preferable to the ones in an offset configomatsince the former made the flow stable
and created possible resting places for fish. Hanethe results of his study were not
validated a posteriori through the assessment of passage success byaagst fish

populations. In addition, besides including surfacéches, which was not the case of the
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present study, Kim’s research was only supportedhieyevaluation of flow patterns and
water velocity, and did not include turbulence flal@scriptor measurements. Turbulence
greatly influences the hydrodynamic heterogenettgt tfish experience and hence is an
important factor that should be taken into accamstudies of migratory behaviour of river
fishes within fishways (Lupandin 2005). Despite si@ilar trend (decrease) from the bottom
to the surface for both the straight and offsearagements, the variation of water velocity on
the horizontal plane was more pronounced in the adsthe straight orifices. The same
pattern was observed, although to a lesser extetite case of turbulent kinetic energy, i.e. a
more pronounced decay towards the surface was nmiethe case of the straight
configuration. The occurrence of these more pronedrthanges in velocity, detected by fish
through the surficial neuromasts of their laterak |(Montgomeryet al 1997), might have
acted upon force components that are parallel ¢ofith surface area, therefore creating a
higher shear stress on the fish’'s body and lowetieg performance of their movements
through the straight orifice configuration. This svandeed confirmed by the presence of
higher Reynolds shear stress zones near the batwmin the vicinity of the submerged
orifices on the straight configuration, particwart higher discharges, highlighting this
variable as a key-parameter which strongly detezmithe upstream movements of Iberian
barbel within pool/type fishways.

Significant size-related differences on Iberianbehrpassage success were found —
larger individuals were more successful than smadlees - but only when the fishway
featured an offset submerged orifice arrangemeiis Tonfiguration allowed primarily the
smaller-size fish to successfully navigate the viigy in significantly less time when
compared to the straight configuration. Similaresielated differences were also found by
Silva et al (in press) when studying movements of this sgeeiaploying a similar design
configuration. Though both size-classes spent lotrgasit times in cells with lower water
velocity and turbulent kinetic energy as shown bg torrelation analysis, this effect was
more prominent on small adults given the higherredation coefficient between these
variables and fish transit times. These conditwese primarily found near the bottom of the
flume (z=0.25k) at the recirculation region, extending from teezone to the opposite side-
wall. Such recirculation regions are often reportedbecome traps for fish on pool-type
fishways, by increasing transit times in the paatsl hence compromising their efficient or
successful passage (Tarrasteal 2008). Although we do not exclude that such cedation
zones might have affected the fish’s capacity tteessfully negotiate the fishway, we believe

that most individuals remained in these areas &stimg purposes before a subsequent
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upstream movement through the higher velocity anétic energy areas within and in the
vicinity of the orifices.

Correlation analysis between transit time of specgze-classes and hydraulic
parameters yielded distinct results according etype of orifice arrangement. Considering
the offset configuration, all hydraulic variablegjth the exception of TI, correlated
negatively with transit time for both size-class@srrelation with Reynolds shear stress was
found to be the highest among all tested hydratditables, being particularly evident for
small adults, suggesting the importance of thidulence descriptor acting on barbel
movements within pool-type fishways. Though maximsimear stress values obtained in the
present research (60 N2nwere far from those reported to cause injuriesnortalities on
fish (700 N.nf) (Cadaet al 1999), it is possible that minor disorientatiordaeduction of
swimming performance might have occurred, partitylimr some of the smaller individuals,
as shown by a lower percentage of successful passampared to larger fish. Such
disorientation may have been caused by a more prmea effect of large turbulence vortex
systems on their smaller body surface, comparethrger individuals. It is known that
flowing water has a complex vortex structure, aguer of hydrodynamic rotating forces
increasing from the center to the periphery, wishiaus vortex formations of different sizes
(Odehet al.,2002). The sizes of these vortices are of grepbrance for fish balance in a
turbulent flow, i.e., if a vortex is much smalléan a fish, its balance should not be affected
due to an even distribution of the moments of falmg its body. In contrast, if vortex and
fish sizes are similar, the hydrodynamic rotatiogcés introduce a torque which tends to
overturn the fish and decrease stability (see Ldpa(R005) for a schematic view). In other
words, the larger an individual is, the larger tlogtex required to affect its balance. The
presence of larger vortex systems is typically mprenounced in higher turbulent areas
(Lupandin, 2005). In the present study, such aceatd be mainly found near the bottom of
the flume along the streamline between the subrdeogiéices. Though not quantified, the
expected higher proportion of larger vortices irs tregion could have therefore affected
balance and hence, the swimming performance of lemaize individuals. This was
particularly evident in the vicinity of the orifiseat higher discharges, when some of these
fish were seen to spread their pectoral fins im@mpt to stabilize their body position. Such
behaviour increases the hydraulic resistance of treely and consequently decreases their
swimming performance. On the other hand, no cdiaglehas been observed between fish
transit time and hydraulic parameters during expenits carried out on the straight orifice

configuration. Such lack of relationships might @aresulted from the overall low fish
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passage success due to the higher Reynolds shess and the more pronounced vertical
velocity and kinetic energy variations detectechimitand in the vicinity of the orifices. These
conditions might have forced barbel, a species witlited swimming ability (Doadrio,
2001), to remain “trapped” in the slow-flowing remilation areas where energy requirements
to maintain position are typically much lower (Raweét al, 2000).

The findings of the present study may have importaplications for the design of
pool-type fishways for Iberian barbel and other &kie swimmers. Accordingly, pool-type
fishways featuring an offset submerged orifice @unfition are most likely to provide a
higher passage success for target species thamarsifishways with a straight orifice
configuration. In addition, fish transit time, iragicular of small adults, was found to be
significantly lower in the former than in the lattéltogether this may indicate that in such
fishways, an offset orifice arrangement may be neffigient in passing fish with minimal
delay, than a straight orifice design where higReynolds shear stress in the vicinity of the
orifice and the presence of more pronounced chamgegelocities seemed to hamper
upstream movements. There are however limits tapipéications of our results. As the study
was developed in a pool-type fishway with smootHisvand floor, inferences can only be
made to situations that are hydraulically similarthe laboratory experimental conditions.
Future research should focus on ways to increabegpfissage success and shortening the time
spent by individuals in the pools. This could bkiaced by testing the introduction of simple
elements or artificial rough substrates on the dmtof the flume to approximate nature-
mimicking conditions to a larger degree (Katopod@5; Larinier 2008) in an attempt to
attenuate the higher shear stress zones close submerged orifices, through the smoothing
of the horizontal velocity gradients. Their inclusiin numerical modeling in association with
fish activity monitoring techniques (e.g. electragyam telemetry) could certainly contribute
to knowledge advances on species behavioural patteithin pool-type fishways under

different orifice arrangements.
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5.1. Abstract

Small benthic species are an important biologicahponent of fish assemblage in
Iberian rivers. Free instream movements are indsgige for the survival of those species,
but usually neglected in fishways performance ssidin this study the efficiency of two
designs of pool-type fishways, varying on orificestangement: offset orifices (Type 1) and
straight orifices with a deflector bar of 50% otttotal width of the orificely) locatedat
20% of the total length of the pool (L) with (Tyfg for Iberian barbeLuciobarbus bocagei
of two size-classes was assessed for discharg@®50 and 62.70 I’s Measures of velocity
were performed by 3D Accoustic Doppler Velocime{@&DV), and the velocity and
turbulence descriptors of flow analysed and relatgth fish’'s swimming capacity and
behaviour. Flow pattern, velocities and turbulenusstly varied with depth and experimental
design. Type | was clearly the best design for &léshupwards movements, as evidenced by
the highest success of passage (mean + SD: 7012624%), when comparing with Type I
(mean + SD: 35.00 + 23.80%). Small adults, whicheagearly more rheotatic, easier, passed
the fishway resulting in the highest efficiency pdssage (mean + SD: 62.00 = 11.66 %).
Turbulent kinetic energy, Reynolds shear stresmgty determined fish’s behaviour, mainly
of small adults. In this study, insights on hydrauwkiteria of pool-type fishways and barbel's
hydraulic requirements were provided, which may @midmprove fishways suitability for
such infrequently studied species, as well as fowide range of species of similar

biomechanical features.

KEYwoRDS: Coarse-fish, deflector bar, flow pattern, velocityrbulent kinetic energy,
Reynold’s shear stress.
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5.2. Introduction

From the last decades rivers have been intensiuegd by man (Arthington and
Welcomme, 1995), so that, freshwater system cacohsidered as one of the most modified
ecosystems in earth, characterized by a marke@asemon freshwater biodiversity (Saunders
et al, 2002). River's habitats fragmentation, either htificial (dams, weirs) or natural
origins (natural obstacles, topography, timing amagnitude of precipitation; Bartson, 1997)
has been pointed as the major cause of such dadetline (Cowx and Welcomme, 1998;
Knaepkenst al, 2007), particularly of species that complete rtimeigrations routes within
river systems (Knaepkeret al, 2006; Lucas and Baras, 2001; Nicelaal, 1996; Poulet,
2007; Philippartet al, 1988; Puertast al, 2004). In order to minimize the former
consequences on riverine communities, consideraffert has been devoted to the
development and improvement of the so-called “figis, which have been considered of
increasing importance for the restoration of pasgag migratory fish in rivers (Katopodet
al., 2005; Knaepkenst al, 2006).

In the last decade’s biologically oriented fishwagearch has been developed, mainly
focused on anadromous fish species (Ba&taal, 1994; Buntet al. 1999; Gowanst al,
2003; Katopodis 2005; Lainet al, 2002), leading to considerably oversights ofvdealge
on the suitability and efficiency of fish pass dgs for coarse species, which are frequently
the predominant group encountered in Mediterramears (Baraset al, 1994; Lucas and
Frear, 1997; Lucast al, 1999; Santost al, 2005) can travelling considerable distances for
reproduction, refuge and feeding purposes (Kat@@005; Lucas and Frear 1997; Ovidio
and Philippart, 2002). In Portugal, the pool-typghivays are the most common fish pass
(Santoset al 2006), in most cases constructed beneath thendiore criteria oriented to
salmonids, which biomechanical skills are rathstidct from the commonest Iberian species
(Jungwirth, 1996). As result, most of those hydiadevices have revealed to be inadequate
to the passage of the common fish species fouRdituguese rivers (Santesal., 2005).

Considering that Portuguese fish fauna ranges foall-size, bottom-dwelling species
to large-size long distance migrants, exhibitingaaety of ecological requirements (Sanes
al., 2005), adapting fishways for such variety ofcspe by developing suitable dimensional
criteria, is of growing interest (Eaat al, 2004; Stuart and Mallen-Cooper, 1999). Although,
some studies aiming to improve pool-type fishwaggehbeen developed, those were mainly
focused on the hydraulic characteristic of flow ateel (Eadet al, 2004; Kim, 2001),
evidence strong oversights on the biology of fipacies, essential to enhance the efficiency
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of such hydraulic devices. Thus undoubtedly hydcally well structured, the resulted
insights on fishway design criteria can nonethetgsate adverse conditions to fish passage.
Kim (2001), studied the hydraulic characteristiésmeir types in a pool-weir fishway, and
concluded that rectangular weir with a notch insthlin a straight configuration was the
optimal design for the upstream migration of fishredo the high resting areas created of
lower velocity. Nevertheless no fish were tested #re likelihood of small species getting
trapped in those large resting areas and diffiqoitys through very long pools (Tarradeal,
2008) was thus unconsidered. In a study focusetth@mfficiency of offset (standard design)
and straight submerged orifices for Iberian barbpktream movements (Silvat al,
submitted), it was found that offset orifices agament was a rather better configuration for
fish, in opposite to straight orifices, in whicma in the resting areas, fish difficultly move
from there, due to the higher velocities felt i tmain flow. To develop efficient fishway
design criteria, is thus necessary to considerrtteeplay between hydraulic and biological
variables, which emerges as key parameter in @llptocess (Puertas al, 2004; Rodiguez
et al, 2006).

The Iberian barbeluciobarbus bocagef{Steindachner, 1864) is an endemic cyprinid
species to the Iberian Peninsula, occurring in atnadl of the basins in North and centre of
Portugal (Geraldest al, 1993; Lobdn-Cerviét al, 1984; Santost al, 2005). Although this
potamodromous species’ movements are commonlyiatestrby man-made barriers, yet a
small numbers of studies have addressed the Ibéaapel's behavioural response to the
hydraulic characteristics existent within a fishwaych as water velocity and turbulence.
Therefore, and considering the intrinsic ecologicahservation value of this species, it is
need to gather data on how Iberian barbel senseanireact to velocity and turbulence, for a
better understanding of how the hydraulics varsb#dfects this species’ swimming
performance to improve fishways’ designs for tige@es (Odelet al, 2002).

It is known that as rheotatic species, fish’'s behavtends to be orientated to water
current (Lupandin, 2005; Montgmorgt al, 1997), this orientation is an important and
widespread behaviour in fish, strongly evidentheit upstream migrations and commonly
assessed throughout swimming speed (Gregory andd\W\kf99). Likewise velocity, also
turbulence plays an important role on fish’'s migrgtmovements, triggering or preventing
the same (Odeét al, 2002). Upper limits of velocity and turbulencefloiw that permit fish
species to successfully negotiate fish passagésmiitimum of injuries and delays, are then
need to be establish. Attempting to minimize evahhigh levels of velocity and turbulence

inadequate for fish (e.g. insertion of deflectosgyeral studies have been developed @&ad
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al., 2004; Kim, 2001; Tarradet al 2008). Although less frequent, studies focusedhan
effects of turbulence and velocity upon fish bebavihave been undertaken (Co&tlal,
2006; Odetlet al, 2002) under laboratory condition, which duehe similarity between the
conditions herein created and the existent underalaenvironment (Vogel, 1981) have been
proved to be a good approach to reproduce and meeasbulence’s effects on fish behaviour
(Kempet al, 2006; Odelet al 2002; Kempet al, 2006; Tudorachet al.,2007).

In this study we compared offset and straight cesdi arrangement for Iberian barbel
upstream movements. To avoid previously demonstratéthin-pool highly different
velocities and large resting areas, acting as wwafish movement (Silvat al, submitted), a
modification of the internal flow characteristias the pools by placement of a deflector bar
was performed in the latter experimental designs Btudy assessed the impact of different
hydraulic characteristics of turbulent flow creatsther in offset orifices or straight orifices

with a deflector bar on Iberian barbel’'s upstreaovements.

5.3. Materials and methods

The fishway

Experiments were conducted in a full-scale expeniadepool-type fishway prototype
(Figure 5.1), consisting of a rectangular open-deafiume (10.00 m long x 1.00 m wide X
1.20 m deep) with fiberglass sidewalls, externa#ynforced by a steel frame, and two
concrete tanks located at the upstream (2.60 m Jodg00 m wide x 1.20 m deep) and
downstream (4.00 m long x 3.00 m wide x 4.00 m Jesya of the respective channel. This
experimental structure was installed at the Hydcauhnd Environment Department of the
National Laboratory for Civil Engineering (LNEC) Lisbon. PVC cross-walls divided the
total length of the flume in six pools. Each po@sial.90 m long, 1.00 m wide and 1.20 deep,
and each wall was equipped with a submerged oricadjustable area. Given the low
swimming capacity of the target species and thalusunge of slopes of pool-type fishways
(Larinier, 2002), the slope of the flume was seB.&f6 for all trials. Also, in order to reduce
the likelihood of eddies’ occurrence within the ekmental area, the bottom of the flume

was made smooth, straight and level.
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12m
1.2

8m

Fig. 5.1. Experimental full scale pool-type fishwigtalled at the National Laboratory for Civil Engering
(LNEC).

Water (soft water) for the fishway wamimped from the laboratory sump into the
upstream tank using two pumps (maximum capacity26® |.s'). The discharge was
measured and controlled by magnetic flowmeterstéatan the supply lines and a valve
located at the upstream tank, whilst the waterl levthin the structure was regulated by a slot
gate located at the downstream tank. The latterusad as an acclimation chamber for fish,
which were kept separately from the flume by mezfres fine-mesh panel (123ninstalled in
this tank (Figure 5.1). To ensure an adequate deadion, the water was maintained within
the recirculation system of the laboratory foresdt two weeks previous to the beginning of
the experimental period. Water temperature, hasjn@d and dissolved oxygen were also
measured at the beginning and end of each trial toyltiparametric probe (Hydrolab, Quanta
model). In the absence of a temperature contraksyswater temperature shifted according
with the variation of the atmospheric temperaturthiw the room (mean £ SD: 18 + 2°C),
which was similar to river's water temperature dsuf&ound during barbel’s migration
period.

To unsure uniform lighting and to block sunlightleetion around the structure of the
flume, a 4m high tarpaulin was erected along thendé, providing a clear observation of
fish’s behaviour within the channel. The structwas illuminated by the artificial lighting

system of the laboratory.
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Fishway design variants and experiments

In total two distinct experimental designs of a lpiype fishway were studied
experimentally: i) offset orifices (Type I), ii)reight orifices with a deflector bar (Type Il)

(Figure 5.2), based on prior experimental results.

(b)

Fig. 5.2. The two experimental designs evaluatethénpresent study: (a) offset orifices (Type b) $traight
orifices with a deflector bar (Type II).

Previous studies, focused on the Iberian barbdepmece for submerged orifices or
weirs in their upstream movements, (Siétaal, 2009) showed that this species preferentially
use the submerged orifices, mainly if placed in @ffset arrangement (Silvat al,
unpublished). On the other hand, for some of teeeteconfigurations with straight orifices, a
straight flow of high velocities was found betweto consecutives orifices, impeding the
complete dissipation of the kinetic head of thevflavhich was then transferred to the next
basin, creating a different flow pattern. Alsoaegke area of low velocities was created in the
opposite side of this flow, which seemed to hawtragned the upstream movement of the
specimens (Silvaet al, unpublished). To bypass these experimental mingt, a set of
experimental runs have been previously conductadpiaced a vertical bar (which acted as a
deflector) of variable width, 0.25and 0.50p between two consecutive straight orifices at
0.20L, 0.40L and 0.60L from the upstream orificealfle 5.1; Alvarez, 2008). In these
experiments the uniformity of the flow was assurnmedll configurations. The introduction of
the vertical bar led to the slight deflection oktfet from the upstream orifice and to the
complete dissipation of its kinetic head. The hdeap between poolsAf),was found differ
among the hydraulic configuration tested, randegveen 0.08 and 0.18 m in experiments
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conducted under lower flow discharges, and betw@&b and 0.20 m in experiments
conducted with higher low discharges.

Table 5.1. Details of the hydraulic conditions ¢eisby Alvarez (2008).

. Ao L d b, b, Q P, him 25% h, 50%h, 80% h,
Experiments 2y oo (m) % (m) () W.d) (m)  (m) (m) (m)

20 0.38 25 0.45
50 0.38 50 0.90
40 0.76 25 0.45
0.03 385 37.0 0.88 022 0.44 0.70
40 0.76 50 0.90
60 1.14 25 0.45
60 1.14 50 0.90
20 0.38 25 0.58
o0 0.38 50 0.11
005 0 076 25 03840 631 084 o021 0.42 0.67
40 0.76 50 0.11

60 114 25 0.58
60 1.14 50 0.11

© 00 N oo o b~ W N PP

=
o

B
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Since it is easier for fish to pass a fishway whbee head drop between two
consecutives pools is smaller (Larinier, 2002), fisbway configurations were selected for
the experimental biological trials based on thedhedaop between pools. Experimental
configurations withAh = 0.16 m were then chosen, due to the similarityhe head drops
values with the ones found in the first experimentasign (Type 1), as well as by the

adequacy to cyprinids species of the corresponaeaximum velocity of 1.77 ms
(Vo=+/20Ah = 1.77 m.§ where g is the acceleration due to gravity, 9.88°mLarinier,

2002). Free surface levels were measured by eigétsrfixed to the side-wall of the flume
(two at 20 cm increments upstream from the crodg-omae at the cross-wall; four at 0.20 m
increments downstream of the cross-wall and on@.%t, 0.95 m). The two experimental
designs were tested for Q=38.50"1and Q=62.70 I:§ and submerged orifices areas)Af
0.03 and 0.05 fm Details of the experiments conditions are given Tiable 5.2. To
characterize the velocity and turbulence fieldgaidkxd velocity measurements were made
with a NORTEK AS 3D Acoustic Doppler Velocimeter &). Owing to its ability to
adequately measure the three-dimensional veloatgponents (x, y, z) of flowing water
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(Eadet al, 2004; Guinyet al, 2003; Odelet al, 2002; Papanicolaou and Maxwell, 2000) by
recording the Doppler shift created by changes anencharacteristics caused by the flow of
the water relative to a 10 MHz carrier wave (Catiedl, 2006), either in laboratory or field,
the ADV has became recognised as an useful instrufoe precise velocity measurements
(Cotelet al, 2006; Liuet al, 2006). In order to minimize the vibration of tABV probe due

to the high velocities existents in the main fldhis was set in a rigid beam, mounted in the
surface of the flume. Pointwise velocity measureisienere then obtained at different
horizontal planes parallel to the flume bottom2%t 50 and 80% of the pool mean depth)(h
Due the uniformity of the flow pattern and head pdrmmong pools, measurements were
carried out in the ® downstream pool, considered as representativehef hydraulic
conditions existents within the fishway. A predefingrid parallel to the bottom with 48
measurements points distributed according to thecitg field variability was used as

reference (Figure 5.3).

(1312

25

25

I7I

-

Fig. 5.3. Grid used for velocity measurements anpk parallels to the bottom of the flume.

In order to establish the sampling period neededafoaccurate determination of the
mean velocity and turbulence parameters, the AD\$ weeviously tested for sampling
periods ranging between 5 to 350 s, which showat] #bove 30 s, the velocity mean value
was almost constant. Considering that the sampdergod required to provide converged
statistic of mean and turbulence features is ctntrg the mean velocity (Liet al, 2006), a
sampling period of 90s was chosen. Thus, 2250ntemt@ous measurements of velocity were
recorded for each sampling point, at a sampling cdt25 Hz. Data were used to compute
turbulence and velocity characteristics (Lupand2®05) found in the fishway at the

horizontal (XY), vertical (XZ), and transversal (Y@lanes, for all experimental conditions.
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Studies focused on fish rheoreaction (i.e. the Wehgal orientation to water currents)
(Montgomeryet al, 1997) and on fish critical velocity (i.e. the ntaym velocity at which a
fish can sustain itself in a stream) have showhhlbégh fish’s capacities tend to decrease with
the increase of water turbulence (Pavietval, 1982). The assessment of the effects of
turbulence and the respective descriptors, suttirbslent kinetic energy and Reynolds shear
stress, upon fish behaviour is therefore extremmlgortant; this has been the subject of
previous research (Pavil®t al, 1994; Puertast al.,2004; Odehet al, 2002) and it is also
addressed in this study focusing on the Iberiabddar

A simple indicator of the amount of turbulence desithe pool is the dissipated power
per unit volume (P (Puertaset al, 2004; Rodriguezt al, 2006), which, according to

Larinier et al.(1998), is defined as:

"~ LBh,

wherep is the water density,Ah the water drop between the pools, and L and Bethgth
and the width of each pool ang the mean water depth. Due to the strong effectsghf R,
on fish’s swimming capacity, the experiments weoaducted with P values beneath the
upper limit considerer as adequate for cyprinidscis (<150 W.i; Larinier, 2002).

The instantaneous velocity data were used to caeninat turbulent kinetic energy (K;
Rodi, 1980) as:

(5.2)

where, u,.., V., andw .are respectively root mean square values of thetuflding

components of velocity on the system of coordinatgs z. Large fluctuations from the mean
flow are associated with large turbulent kineticergy, which is undesirable for fish
swimming performance (Liet al, 2006). The effects of turbulence on fish arevikmdo vary
according to the intensity and size of the turbufierctuations (turbulence scale) (Odethal,
2002). In rivers, fish are constantly exposed t@ide range of turbulence scales. These vary
from small-scale turbulence, that is associateding eddies and may cause localized
damages on fish body surface, to larger-scale kemoe, greater than fish size, which can
cause fish spinning, disorientation and loss ofildgium (Odehet al, 2002). In order to
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generalize the results for situations others tienanes tested, turbulent kinetic energy was

normalized using the maximum velocity in the oefi®/,), according to:

K=K O'Bm/VO (53)
Turbulent flows result from water particles movingdifferent directions with different

velocities, interacting between them creating siséraxss (Odelet al, 2002). Reynolds shear

stress has been considered as one of the mosttanpbydraulic parameters determining fish

behaviour (Odelet al, 2002). Its horizontal component (XY) is:

PSRV (5.4)

wherep is the water density, u' and v’ are the fluctuatugdocities in X and Y directions,
respectively. Previous studies (Sietal, unpublished) focused on the tridimensional impact
of turbulence and shear stress in the Iberian barpstream movements in a pool-type
fishway prototype, showed that the horizontal congm of Reynolds shear stress mostly
affects these specimens. Therefore, the variatbieynolds shear stress in the plane XY at
0.25h;, (close to the bottom) and at 0.8(0near the surface) were assessed in this studg. Thi
hydraulic parameter was also made dimensionlesg) ise maximum velocity in the orifice

(Vo), according to:
(-puV)m/pVE (5:5)

where the subscriph refers the maximum value in a transverse profile.

Fish experiments

During April-June 2008, the natural reproductivegration season of the Iberian barbel
(Santoset al, 2005), eighty adults specimens with a total blashgth (TL) between 15 and
35 cm were caught by means of electrofishing (Ebeetch International, Sarel model
WFC7_HV, Wolverhampton, UK) with low voltage (25Q, from the River Sorraia (the
largest tributary of the River Tagus-central PoatigFish were selected for maturation stage
by in situ macroscopic observations of gonads developmege stad presence of nuptial

tubercles (Agostinhcet al, 2007). The specimens were brought to the laboratand
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according to their size separated into two sizesga: small adults (N= 40, 15 < TL < 25 cm,
mean = SD (cm): 19.35 + 2.24) and large adults 8=25< TL < 35 cm, mean £ SD (cm):
28.19 = 3.32). Aiming to recover from possible hargl stress, and according to their size,
were placed in four tanks (20 individuals per tanihere were kept for at least one week
before experiments started. During that period siiecimens were daily fed with pond sticks
(Tetra Pond), until the 24 h previous to experimagah. Water quality within the tanks was
ensuring by means of an ELITE aerator systems auhanmical filters.

Attempting to simulate natural close conditions diarable to barbel's upstream
movements (Santast al, 2005), all trials were conducted at end aftemand lasted 1h30
(from 17h00 to 22h00). To test for size-relatededdnces in species behaviour, each trial was
conducted using simultaneously two adults fish athesize-class. Fish were tested for the
four different configurations (Table 5.2): two difeént orifice configurations (offset or
straight) and two orifice dimensions (0.03 or O@%cEach configuration was tested 10
times, given a total of forty trials. In this stydish were used only once. These were
randomly removed from the holding tank and placedhe acclimation chamber, where
remained for approximately 12 h to settle. Fishemygrevented from entering the flume by a
mesh panel (Figure 5.1). The start of each triektplace as soon as flow discharge in the
flume was brought to the desired level; by removihg mesh panels to enable fish
volitionally ascend the flume. During the experinaperiod, owing to the absence of water
control systems, water temperature shifted in atanaee with the variation of the atmospheric

temperature (mean + SD : 18 + 2°C).
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Table 5.2.Details of the hydraulic conditions of the two empeental tested designs: submerged orifices argy (fead drop between poolah), volumetric power
dissipation (F), and pool mean water depth at 25, 50 and 80%.¢uifN) and fish size of individuals used in thpenxments.

Variables
Desi E . ¢ Small adults : Large adults:
esign  Experiments A Ah - Q P. . hm  25%h, S0%Hh, 80%h, 15<TL <25cm 25< TL <35cm
(my) (m) (s (W.m)  (m) (m) (m) (m) N Mean + SD (cm) N Mean + SD (cm)
T | E1 0.03 0.16 38.5 37.0 0.79 0.20 0.40 0.63 10 19.07 £ 1.76 10 28.87 £ 2.59
ype
E2 0.05 0.16 62.7 63.1 0.85 0.21 0.42 0.68 10 19.74 £ 2.14 10 28.67 £ 2.89
E3 0.03 0.16 38.5 37.0 0.88 0.23 0.45 0.72 10 20.15+2.49 10 30.61+ 2.46
Type I
E4 0.05 0.16 62.7 63.1 0.84 0.22 0.44 0.70 10 20.18 +4.53 10 30.98 +2.40
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Observations and video analysis

Fish behaviour was continuously assessed duringials, either by direct observation
carried out by two operators or by three video aasieone positioned at 3 m above the water
level and two at 2 m of distance of each side @& flame, covering the entire second
downstream pool. Positioning of the fish in the Ipwas determined by using a 1.90x1.00 m
reference grid containing 15 contiguous and sedalgnhumbered cells (each, 0.38 m length
x 0.33 m width). An individual was considered ta@opy one cell, when more than half of its
body length was within the cell’'s boundaries. Videcordings were analysed with IVision

Labview software from National Instrumentgtp://www.ni.con).

Fish behaviour was analysed for the two differen¢-slasses counting the number of
fish that: i) approached the flumeRate of approach to the flume entered the flume Rate
of entrance in the flume per number of approagheexl iii) successfully negotiated the
fishway - Fish successThe time taken by fish to pass the fishway, ak agthe time spent
by a fish in each cell of the grid (transit timegne also accounted. The latter was even related
to the hydraulic parameters previously determif@da better understanding of the impact of

these upon barbels’ swimming performance.

Data analysis

Overall, fish were found to preferentially remaiean the bottom of the fishway,
exhibiting a similar behaviour to the one found endatural conditions (Capet al, 2009),
so analysis were performed using only data colleae z = 0.25R. Herein, the non-
parametric Mann-Whitney U-tests was used to tastifilerences oni) velocity, turbulence
kinetic energy and Reynolds shear stress betwednagawo hydraulic regions created in the
two experimental designs (region A, B and C, seti@e 5.3, below); ii) the rate of approach
to the flume and the rate of entrance in the flypae number of approaches, between both
fish size-classes and experimental designs; i@)rdte of entrance in the flume of each size-
class in both experimental designs; iv) fish susa@®d the respective time taken to pass the
fishway between both experimental designs v) thesit time spent by fish of each size-class
in each experimental design and between regions\dA Bxin Type |. Aiming to test for

possible influence (correlation) of flow discharge : vi) the rate of approach to the flume;
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vii) the rate of entrance in the flume per numbeamproaches; viii) fish success, ix) the time
taken to ascend the passage, and x) the transt kiynfish of each size-class in the two
experimental designs; data were analysed by usiadgpearman Rank Statistical Test. The
Krsukall-Wallis ANOVA test was used to detect difaces on velocity, turbulent kinetic
energy, Reynolds shear stress and transit timeafch fish size-class, among the three distinct
hydraulic regions created in Type Il (regions AaBd C). The statistical procedure herein

present was performed with the Statistic prograengjen 6.0).

5.4. Results

Overall structure of flow in pools

The different flow patterns in the pools createdthe tested configurations were the
main factors used to the hydraulic characterizatibimese, as well as both, velocity and
turbulent fields were found to vary the most inp@sse to the experimental designs tested
and to depth.

Flow v.s. fishway design:In Type |, near the bottom (z = 0.25)htwo clear distinct
hydraulic regions were created (Figure 5.4): redigp@ main flow with high velocities (mean
+ SD: 0.77 £ 0.48) and turbulence (K: mean £ S2Gt 0.13; Reynolds shear stress: mean +
SD: -12.07 £ 7.57) which runs along the flume sidkwntil it reaches the next crosswall
where it deviates towards the downstream orificeupying approximately 41% (0.78)of
the total area of the pool; region B: a large @dation region with reversed flow directions
and low velocities (mean £ SD: 0.32 + 0.06) andtence (K: mean + SD: 0.02 + 0.005;
Reynolds shear stress: mean = SD: -0.73 + 3.49)I€¢Ta3) favourable for fish restesting-
areas”, located near the opposite sidewall, occupyingiab% (1.12 1) of the total area of
the pool. Herein, maximum velocities and turbulemage found at the vicinity of the side-
wall adjacent to the upstream orifice accentuaigrdasing until the vicinity of the opposite
side-wall (Table 5.3). Significant differences oelocity, turbulent kinetic energy and
Reynolds shear stress were found between regiondABa increasing with flow discharge
increment (Table 5.4). Near the surface (z = 0,80 & uniform recirculation flow (counter-
clockwise) with lower velocities (mean = SD: 0.4397) and turbulence (K: mean + SD:
0.02 = 0.006; Reynolds shear stress: mean + SD7 -01.35) was observed (Figure 5.4).
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Fig. 5.4. Representation of the fields’ variatioh w@locity, dimensionless turbulent kinetic energpd
dimensionless Reynolds shear stress in the hoakptane (XY) parallel to the bottom (z = 0.25tand to the
surface (z = 0.8Q}) for both experimental designs, Q= 62.70l.s
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Table 5.3. Hydraulic characterization of regionsBAand C for each experimental design. Measures tedeen at z=0.25h

Experiments

Hydraulis parameters Type | Type |l
El E2 E3 E4

Main Flow Resting areaMain Flow Resting area Main Flow Resting areaResting areaviain Flow Resting area Resting area
(RegionA) (Region B) (Region A) (Region B) (region A)  (Region B) (Region C) (region A) (Region B) (Region C)

V max, (M.SY) 1.094 0.289 1.543 0.459 1.042 0.246 0.215 1.245 0.854 0.297
V mean(M.S") 0.452 0.224 0.771 0.325 0.358 0.160 0.143 0.487 0.222 0.194
Vi, (M.SY) 0.150 0.139 0.415 0.220 0.124 0.093 0.086 0.191 0.090 0.085
Kmax (M52 0.324 0.027 0.569 0.040 0.540 0.095 0.051 0.704 0.372 0.036
K mean (M2.57) 0.059 0.011 0.123 0.024 0.079 0.024 0.012 0.097 0.058 0.016
Kmin. (MP.57) 0.006 0.007 0.052 0.017 0.010 0.005 0.005 0.021 0.008 0.007
e (N 7665 4.904 12.985 8.885 41.377 6.271 3.162 24.743 5.924 7.109
—pWVinean (N ¢ 4519 -0.129 -12.072 -0.734 0.415 -0.465 0251 318  -3.916 0.625

-43.907  -1.991 -45.080 -6.983 -47.731 -5.861 854 -51.378  -31.300 -5.355

—pUVimin  (N.m?) *

* Extreme values Reynolds shear stresses are heopgidered
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Table 5.4. Mann-Whitney U-test coefficients obtaineghen testing for differences on the hydraulicialales
(velocity, turbulent kinetic energy and Reynoldeahstress) among the three created regions (&) By Type
I and Type Il, at z = 0.25;h

Mann-Whitney U-testR)

Type | Type Il

Variables El E2 E3 E4
Velocity (m.3)

regions A-B 4.37*** 5.70*** 3.81*** 3.38***

regions A-C - - 4.48*** 3.58***

regions B-C - - -0.84 -0.70¢
Turbulent kinetic energgn?.s?)

regions A-B 4.66*** 5.26*** 2.47* 1.47

regions A-C - - 3.24*** 3.52%**

regions B-C - - -0.38 1.41°
Reynolds shear stress (N)n

regions A-B -2.49** 3.13*** -0.08 -0.49°

regions A-C - - 0.33 -2.08*

regions B-C - - -0.21 -2.32*

* Significant in P<0.05; ** significant in P < 0.01** significant in P<0.001.*no significant

In Type Il, near the bottom of the flume (z = 0.BR), three distinct regions
characterized by different hydraulic conditions &exlso observed (region A, B and C)
(Figure 5.4). Herein, it was also in the main flin@gion A) that the highest velocities (mean
+ SD: 0.48 £ 0.26) and turbulence (K: mean £ SD9Gt: 0.16; Reynolds shear stress: mean +
SD: -3.31 + 12.50), were registered (Table 5.3 Jdt from the upstream orifice impinged
on the deflector bar, shifting direction to the opipe sidewall, where it moves all along until
the downstream cross-wall, keeping its path inaioa to the downstream orifice (Figure
5.4), occupying approximately 40% (0.76)nof the total area of the pool. Amid the main
flow and the upstream cross-wall, another regios waated (region B), characterized by
lower velocities (mean £ SD: 0.22 + 0.19) and tleboe (K: mean = SD: 0.05 + 0.09;
Reynolds shear stress: mean + SD: -3.91 £+ 0.08)1€15.3), and a reversal flow, travelling
in direction to the deflector bar (Figure 5.4). W& minor area of occupation, this region
covers roughly 17% of the total area of the pooBZmnf). A third region (region C) of very
low velocities (mean + SD: 0.19 £ 0.07) and turbgke (K: mean + SD: 0.02 £ 0.009;
Reynolds shear stress: mean + SD: 0.62 +3.48),alg@sidentify immediately below of the
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deflector bar, constrained between 0.42L - 0.74d @11i2B - 0.5B with approximately 0.23
m?, 12% of the total area of the pool (Figure 5.48réin, maximum velocities and turbulence
(Table 5.3) were observed in the middle of the pbifferences on velocity, turbulent kinetic
energy and Reynolds shear stress, were found mia@étlyeen region A and C (Table 5.4). In
this experimental design velocities were found & lbwer, when comparing to Type |,
resulting from the presence of the deflector bahwithe pool, which in turn led to higher
turbulence conditions (Table 5.3). In Type II, nds surface the flow pattern was similar to
the one observed at z = 0.25varying, only on flow direction in region B whiakas found
to travels to the upstream corner of the pool (sgpcide to the inlet water point in the pool).
Flow v.s depth: In figure 5.5, the ratio between the maximum e#les in the

horizontally plane (Vxy) and the maximum velocity in the orifice {Ms plotted.
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Fig. 5.5. Dimensionless maximum velocities at vasitested discharges on the horizontal plane (XY).

The variation of velocity with depth was undoubyedévident particularly in
experiments conducted under higher flow dischargkss, the highest velocities 1.54 th.s
(0.8V,) were found in the second tested condition (E€ri) near the bottom. With the
proximity to water surface, maximum velocity draatly decreased, mainly in experiments
conducted under higher flow discharges (Figure. 3vBjimum maximum velocity values of
0.40 m.§" (0.23 \,) were then found at this level (z = 0.8@),n the third experimental
configuration (E3, Type ll). Likewise velocity, turlent kinetic energy was also found to
strongly vary with depth (Table 5.5), decreasingaaticularly low values near water surface.
Thus, the highest values (0.76.87; 0.39 \;), were register near the bottom of the pool ( z =
0.25h, in the fourth experimental configuration tested,(Eype Il). This hydraulic behaviour
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was similar in Type I, in which a maximum of 0.57.&f (0.32 \,) was found in the second
experimental configuration tested (E2), (Table 5.5)
Table 5.5. Summary of the variation of maximum tlelnce parameters (Turbulent kinetic energy and

Reynolds shear stress) with depth, for both expartal tested designs. Parameters analysed (velocity
turbulent kinetic energy and Reynolds shear s{pgsplane).

Experiments
Type | Typell

Hydraulis parameters

El E2 E3 E4

25 0324 0569 0540  0.704
K maxe (MF.S2) z (%hm) 50  0.065 0.386  0.280 0.210

80 0.049 0.058 0.040 0.090

25 0183 0.321 0.284 0.397
K z (%hm) 50 0.036 0.218 0.158 0.118

80 0.027 0.032 0.022 0.050

25 -43.900 -45.080 -47.731 -51.378

z (%hm) 50 -17.410 -20.320 27910 35.280

-pu'V' (N.m?)
80 -8.600 -5539 10.240 18.580
25 -0.014 -0.014 -0.015 -0.016
Couvym/ov2 z(%hm) 50 -0.006 -0.006 0.008  0.011

80 -0.003 -0.002 0.003 0.006

Close to the surface (z = 0.8Q)hin both the experimental designs, turbulent ket
energy was lower, with a maximum of 0.08.§7 (0.05 \4,) in Type Il and 0.06 fas? (0.03
Vo) in Type I. Differences of this hydraulic variabhath the experimental design and depth
were clearly evident, mainly in experiments conddctunder higher flow discharges.
Reynolds shear stress was also found to clearlgase with the increment of water depth
and flow discharge (Table 5.5). Therefore in b éxperimental designs, the highest values

158



Capitulo 5- Luciobarbus bocagei preference for offset or straight orifices with a deflector bar

(-51.0 N.n¥%, 0.01\%) were register near the bottom, in the fourth expental configuration
(E4) in Type Il (-45.00 N.f, 0.01\%) and in the second configuration (E2) in Type &lfle
5.5). Near the surface, at z = 0.80Mhis tension was particularly lower with maximum
values ranging between -8.60N’rand -5.53 N.if in Type |, and between 10.24 N°nand
18.58 N.n¥ in Type Il (Table 5.5).

Rate of approach to the flume

In all experiments, barbel were found to simultarstp approach the flume, exhibiting
a virtual behaviour to the one observed under ahttandition, which is characterized by fish
moving in schools (Capalt al, 2009). Hence, although differences on fish behavhave
been observed between size-classes, those werg fodre no significant (Mann-Whitney U-
test: Z = -0.01, P > 0.05). Nevertheless, evenyifabslight difference, small adults were
observed to approach to the flume, the most (Figwe This rate was found to strongly vary
with the experimental design tested (Mann-Whitnetekt: small adults, Z = 3.59, P < 0.001;
large adults, Z = 3.93, P < 0.001), have been lowére second experimental design (mean *
SE: Type |, 302.25 = 0.75; Type Il: 220.00 £ 2.56). opposite, no relation was found
between the rate of approach to the flume and flissecharge (Spearman rank correlation:
small adults, r=0.13, p>0.05; large adults r=-0j®4).05).

350 -
300 -
250 -
200 -
150
100 +
50 -

Total number of approaches to the
flum

El E2 E3 E4

Experiments

Fig. 5.6. Total number of approaches to the flumesrall adults (15< TL <25 cmj} and large adults (25TL
< 35 cm) @), in all the experiments.
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Rate of entrance in the flume per number of approaches

In both the experimental designs, the number &f distering the flume was low (Type

I: 8.15 £ 3.54 %; Type Il: 10.52 £ 5.96 %) (Figwer) and similar between those (Mann-
Whitney U-test: Z = - 0.57, P > 0.05). Also, noatedn on the rate of entrances and flow
discharge was found (Spearman rank correlatiorDr43, P > 0.05). Although, small adults
evidence a stronger capacity to overtake the advgrdraulic conditions and enter the flume
(mean + SD: 10.30 = 5.53%), when comparing witlyéaiish (mean = SD: 8.38 + 4.33%), no
significant differences on the number of entraniceshe flume was found between size-
classes (Mann-Whitney U-test: Z = - 0.07, P > Q.6&)wever, small fish’ capacity to enter
the flume was found to varied with the experimed&gign tested (Mann-Whitney U-test: Z =
2.72, P < 0.01), contrarily to large fish, whichpaaity to enter the flume seemed to be
independent of such variable (Mann-Whitney U-tést: 0.62, P > 0.05).

25 1
20 A

15 1

10 -
3 |—h
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El E2 E3

Experiments

total number of approaches (%)

Rate of entrance in the flume per

E4

Fig. 5.7. Rate of entrance in the flume per totahber of approaches by small adults (15< TL <25 @j)xnd
large adults (286 TL < 35 cm) @), in all the experiments.

Fish success

Type | was found to be more favourable for fishga@e as showed by a higher fish’'s
passage efficiency in this experimental design (meaSD: 70.25 + 10.21%), when
comparing with the second experimental design (me8b: 35.00 £ 23.80%), (Figure 5.8 a).
For the same experimental design mean passagemite $etween, low (mean £ SD: Type
[, 70.50 = 10.61%; Type I, 30.00 + 28.28 %) andhiflow discharge (mean + SD: Type I,
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70.00 + 14.14 %; Type Il, 40.00 = 28.28 %), thus relation on passage efficiency and flow
discharge was found (Spearman rank correlation0t19, P > 0.05). Also, although size-
related differences on rate of success were n@teein + SD: small adults, 62.00 £ 11.66 %;
large adults, 43.25 + 33.60%), these were notssiedily significant (Mann-Whitney U-test:
Z =0.28, P > 0.05), (Figure 5.8 a).

(@) (b)
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g @
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< g
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=

20 - = 5 4
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El E2 E3 E4 El E2 E3 FE4
Experiments Experiments

Fig. 5.8. (a) Percentage of fish that successfudigotiated the entire fishway in both experimed&gigns; (b)
time taken by fish to pass the fishway (mean + SHEall adults (15< TL <25 cmf and large adults (25TL
<35cm) @).

The time taken by fish to pass the fishways wasdrign Type Il (mean £ SD (min):
7.83 = 6.99) when comparing to the time taken B in experiments conducted in Type |
(mean = SD (min): 5.47 = 2.39) (Figure 5.8b). N¢leless, no significant differences were
found between the two experimental design in baé-slasses (Mann-Whitney U-test: small
adults Z =1.36, P > 0.05; large adults Z =-1.0%; @.05). Within each experimental design,
the time taken by fish to ascend the passage waksbetween experiments conducted with
low (mean £ SD (min): Type |, 5.38 = 4.06; Type 3L,/5 £+ 2.47) and high flow discharge
(mean = SD (min): Type I, 5.56 = 0.79; Type I, 91+ 8.60). Thus, no relation was found
between this time and flow discharge (Spearman reorkelation: r = 0.43 P < 0.27).
Moreover, size-related differences were clearlydent, have been observed that large fish
took longer to ascend the fishway (mean + SD (mimd6 + 7.45), when compared to small-
size individuals (mean + SD (min): 6.15. £ 1.44)th&ugh, this difference was barely evident

and had no statistical meaning (Mann-Whitney U:tést -0.11, P > 0.05).
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Fish behaviour within the flume

Likewise, the results observed in previous studesised on Iberian barbel behaviour
under different hydraulic configurations in an esipeental pool-type fishway (Silvat al,
unpublished), fish preferentially remained nearllb&om of the flume approximately at z =
0.25 hy, exhibiting a virtual behaviour to the one obsdrumder natural conditions (Capel
and Garcia de Jaloén, 1999). Although, attemptingatmid the highest velocities and
turbulence existent in the main flow near the buottéish were found to explore the water
column, in their approaches to the upstream osfice

Overall, fish’'s behavioural response was found doyvaccording to the experimental
design and fish size-class. The first experimetésign, seemed to be more suitable for fish
of both size-classes, thus, it was in Type | the effects of flow discharge on fish’s
behaviour were felt the most, resulting in a stroalgtion between flow discharge and the
transit time in each cell (Spearman rank corretatgmmall fish, r = -0.38, P < 0.05; large fish,
r = -0.80, P < 0.001). Contrarily, this relation svaot found in the second experimental
design (Spearman rank correlation: small aduksQr23, P > 0.05; large adults, r = 0.24, P >
0.05). Therefore, the hydraulic conditions existenfType I, seemed like to be extremely
aggressive for fish with strong implications onitrevimming capacity, leading to a constant
displacement of position within the pool, and cansntly to the absence of differences on
transit time among the three main hydraulic regiomsted (region A, B and C) (Kruskall —
Wallis test, P > 0.05). As result no significanat®n between fish’s transit time and most of
the hydraulic condition within each cell, were fdurhowever when present those were
extremely poor (Table 5.6). In opposite, in Typéhk hydraulic conditions seemed like to be
more favourable for fish's swimming capacity, leaglto a well structure behavioural pattern
within pools. Due to the deep differences of thdrhylic conditions between both hydraulic
regions created in this experimental design (redicand B), the transit time of fish of both
size-classes, strongly varied between those (MahitA&y U-test: small adults, Z = 4.19, P <
0.001; large adults, Z = 2.82, P < 0.01). Owingtlhe smoothest hydraulic conditions
encountered in the resting area (region B), fislhewlben observed to mainly remain in this
zone, avoiding the high velocities and turbulent¢éhe main flow (region A). As result, in
Type |, high correlations were established betwksns transit time in each cell and the
respective velocities, turbulent kinetic energy &w®i/nolds shear stress (Table 5.6). Herein,

fish size-related differences associated to theaohpf the hydraulic parameters on fish's
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behaviour, were also found. Therefore, small fish&haviour looks like to be strongly
determined by those, in particularly by Reynoldeashstress. Although not so evident,
turbulent kinetic energy was also observed to tesong impact on fish’s behaviour of this
size-class, as well as, on large adults (Table 5.6)

Table 5.6. Spearman rank test results obtained wberlating fish's transit time in Type | and Tylpavith the

different hydraulic variables (velocity, turbulekinetic energy and Reynolds shear stress), at z25 g,
Parameters analysed (velocity, turbulent kinetiergy and Reynolds shear stress (XY plane).

Design  Fish size-class pependent variable N Spearman rankr  P-value
v (m.sh) 20 -0.39 0.030*
15<TL<25cm K (m*.s?) 20 -0.46 0.009**
Type | | -pu'v' | (N.m?) 20 -0.62 0.001 %
25<TL <35cm v (m.sh 20 -0.45 0.010*
K (m?.s?) 20 -0.37 0.030*
| -pu'v' | (N.m?) 20 -0.55 0.003**
v (m.s?) 20 -0.11 0.054
15<TL<25cm K (m.s?) 20 0.11 0.550
l-ou'v'|(N.m?) 20 0.53 0.002**
Type Il
v (m.sh) 20 -0.13 0.500
25sTL<35cm K (m%s?) 20 0.09 0.650
l-ou'v'|(N.m?) 20 0.45 0.010*

*Significant in P<0.05; **significant in P<0.01; *significant in P<0.001.

5.5. Discussion

The lack of consideration and understanding of fisk passage biological and
hydraulic requirements for coarse species congidefdow economic value has been the
main reason for the scarce development of multcisgefish passage facilities (Lucas and
Baras, 2001; Poulet, 2007; Puerttsal, 2004). This study added information to enhance
pool-type fishways’ design for Iberian barbel, hpyding data about this species’ behaviour
within a pool-type fishway, and insights on the taqdics in this type of structures.

Though hydraulically distinct, both experimentakidms tested seemed like to permit

barbel upstream movements. The rate of entrantteeifflume per number of approaches was
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higher in Type IlI, but Type | was found to be méaeourable to barbel’'s passage, as shown
by the higher rate of success (mean + SD: 70.28.21%6) when comparing to the success
found in Type Il (mean = SD: 35.00 + 23.80%). Aldag the highest required times from fish
to ascend the fishway when facing the hydraulicdaoons existent in Type I, Type | was
believed to be the design that better suited tdldaean barbel’s biomechanical skills.

The results showed that fish held potions nearbibitom of the flume, exhibiting a
virtual behaviour to the one observed under nateriditions as result of a vertical
segregation associated to trophic adaptations (GCaipal, 2009). Water depth is in fact
considered as one of the most relevant factors icromabitat selection, differing among
species and size-classes (Caeklal, 2009), thus, species’ natural position on thdéewa
column should be taken into account during the lbgweent of fishways designs.

Also, the similarity between fish’s behaviours unt&boratory and natural conditions
found in this study support the concept that hylitaeffects on fish can be produced and
measured under laboratory settings, as defendeg\mral authors (Kemgt al, 2006; Odeh
et al, 2002). Owing to the possible manipulation of kegriables determinants of fish
behaviour within fishways, simulated laboratorydstés could be an important tool to the
development of future research. In the natural tagbiish are usually confronted with the
need to compromise among many interacting physigdlbiotic factors (Slavikt al, 2009;
Cotelet al, 2006) attempting to achieve stability, which ireplthe ability to control posture
in the water column.

Fish stability also depends on perturbation magleitinence, on the momentum (Cotel
et al, 2006) and the hydraulic parameter’s fluctuatismsh as velocity and turbulence (Bunt,
2001; Odehet al, 2002; Lupandin, 2005). This was clearly evidémtthe different
behavioural response of fish to the hydraulic cbhods existent in the two experimental
designs, particularly in Type I, where the hydrautnvironment strongly disturbed fish
capacity to achieve stability, resulting in theisgdacement within the pool, and therefore in
the absence of differences on transit times ambeadhree distinct hydraulic regions created
(region A, B and C). Contrarily in Type I, the imkat hydraulic conditions permitted fish to
achieve stability, resulting in a well structurahavioural pattern, leading to the registered
higher transit times in areas of lower velocity awodbulence. Fish capacity to achieve
stability and then to negotiate the fishway seetiledto have been mainly determined by
flow pattern. Although the total area of the pootupied by the main flow and the respective
velocities and turbulence were similar on both expental designs tested, fish were

observed to face stronger difficulties to overtétke hydraulic conditions of the main flow to
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reach the resting areas, in Type Il. The promidecation of the main flow occupying the
central area of the pool as well as the additierargy expenditure required for fish to
balance control under the turbulent flow conditioesuld be the main factors for the
decrement of both fish swimming capacity and thmulty of achieve an equilibrium point,
which led to the observed fish disorientation andstant displacement, even in areas with
low velocity. In opposite the prominent lateral pios of the main flow in the first
experimental design was more favourable for fishegotiate the hydraulic conditions within
the pool, and to easily reach the resting areayevtiey could rest and recover from energy
expenditure. During upstream movements, fish tendse the maximum critical swimming
speed to overtake the cross-walls, (Larinier, 20D&ehet al, 2002; Mateuset al, 2008)
which is usually accomplished by an immediatelyrdased of fish’'s swimming velocity,
leading to an intern equilibrium of energy (Pavktval, 2000). As evidence by the results,
flow pattern is a determining factor on fish’'s swming capacity within a fishway, so it
should be also taken into consideration in itsglesi

It is known that fish’s behaviour within a pool, ey depends on the velocity and
turbulence (Harcet al, 2004; Odehet al, 2002), and as no exception, such relation was
strongly evident in this study. The effects of wldmce kinetic energy (K) on fish behaviour
were herein pronounced, as showed by the high inegetrrelations found between this
hydraulic parameter and transit time and by therdstation of fish during their upstream
movements in turbulent areas. It is of general tstdading that the impact of turbulence on
fish’s swimming capacity strongly varies accordinghe shape and size of turbulence vortex
(turbulence scale) exercised on fish body (Lupan@b05; Odehet al, 2002), which can
induced to fish orientation at all angles, inclgosition inversion and disturbance of fish
balance (Lupandin, 2005), as observed in Type husT and adding the limited swimming
capacity of this species (Doadrio, 2001) as weltheshigh energy expenditure required by
fish to maintain their balance in turbulent flowndition (Pavlovet al, 2000), these factors
could be pointed as the main causes of the promoesurrence of fish in areas with low
turbulence. This behaviour is commonly found iners/ pointing to the importance of
turbulence as key variable on fish’s behaviourceenecessary to fishway design.

Likewise K, Reynolds Shear Stress is also a turtmdeparameter of great impact on
fish behaviour, as shown by the high correlatioetvieen fish transit time and Reynolds
shear stress on the XY plane. This result, simdasther studies (Odeét al, 2002; Silvaet
al., 2009 unpublished), points towards to the impuréaof Reynolds shear stress as one of

the key-parameter determinant of fish’ movementthiwia fishways. The effects of this
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parameter vary according to its intensity, as \@slwith the target species, whose sensitivity
to strain are different (Odebt al, 2002). It is known that within confined man-made
structures such as submerged orifices of pool-fighevays, high and potentially undesirable
values of shear stress can occur (Catlal, 2006), which may cause injuries or even
mortality (Nietzelet al, 2000) when at higher levels 700 N.n) (Cadaet al, 1999). The
absence of any type of injuries in the tested figlicates that the levels of shear stress
existent within the experimental conditions werdtadle for barbel's swimming capacity.
Therefore, it is needed to consider such hydraadirameter in future studies.

The length of fish appeared to be an importantofactlated with fish capacity to
overtake the adverse hydraulic conditions withfislway (Slaviket al, 2009), as showed by
the barbel’s behavioural responses of differerg-siasses. The highest capacity of small fish
to pass the fishway, mainly in Type Il where theltaylic conditions strongly difficult fish
movements, evidenced their highest rheotatic capaand the proposal that in this species
small individuals are more rheophilous (Capthl, 1999). The high correlation established
between transit time and fish of each size-class, exhibited the size-related dependency of
fish swimming capacity, highlighting the importancé taking into account the fish
population structure expected to go through thenfesy.

The results support the concept that pool-typewlegshis a suitable facility to free
movement of benthic species (Knaepkegtsal., 2007), like the Iberian barbel. The strong
orientation of fish movements according to the hwlic conditions within the fishway, in
particularly turbulent kinetic energy and Reynofithear stress, showed that these hydraulics
parametersshould be considered during fishway design. Albe, size-related behavioural
response, herein clearly evident highlights thedrtgnce of such variable. These results are
believed to provide useful insights about the hytica and the Iberian barbel behaviour
within pool-type fishways, to define optimal fishygadesign criteria suitable for this and

other fish species of similar biomechanical skills.
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6. Sintese e conclusoes

Neste trabalho, foi avaliada a eficiéncia de vat@asfiguracdes de uma passagem para
peixes por bacias sucessivas relativamente ao bédoeco (uciobarbus bocaggi Foi
efectuada a caracterizacdo dos escoamentos estdbelpara as diferentes configuracdes
testadas e efectuada a sua analise conjuntamente &® respectivas respostas
comportamentais dos espécimes. Procurou-se contlgreas relacdes estabelecidas entre os
parametros biologicos e variaveis caracterizadoi@sescoamento, de modo a encontrar
indicadores que possam ser utilizados para estaeleritérios de dimensionamento
adequados a esta e a outras espécies piscicolaseavethantes caracteristicas biomecanicas.

Seguidamente apresenta-se uma sumula das princgpatiisdes obtidas em cada um
dos trabalhos desenvolvidos nesta tese. No prinbeib@alho, foi analisada a preferéncia do
barbo ibérico pelos diferentes dispositivos de mbot do escoamento entre bacias
(descarregadores de superficie v.s orificios dddsnna sua movimentagdo para montante.

Apesar da semelhanca entre os valores da velocidadescoamento através dos
orificios de fundo e dos descarregadores de soerfo que evitou eventuais factores
tendenciosos a seleccdo do dispositivo (Guatyal, 2003), os espécimes utilizaram
essencialmente os orificios de fundo durante gpagaagem para montante. Este resultado é
semelhante ao obtido por Guiryal.(2003), no seu estudo sobre a preferéncia deagdo

deste mesmo tipo de dispositivos de controlo doasento entre bacias por duas espécies
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salmonicolas §almo trutta L. e Salmo salarL.), no qual ambas as espécies utilizaram
preferencialmente os orificios de fundo para as sieslocacdes. Facto que juntamente com
os resultados obtidos nesta tese, evidencia clatamegue independentemente das suas
capacidades biomecanicas, as espécies durante migteEcao para montante, procuram

minimizar o gasto energético requerido neste psacédinch e Rand, 2000).

A seleccdo do tipo de dispositivos de controlo dcoamento entre bacias, foi
observada como sendo um processo complexo, detamipor um conjunto de factores,
bioldgicos e hidraulicos, dos quais se destacdpade escoamento existente na passagem.
De acordo com os resultados obtidos, o Ultimo goder considerado como um dos factores
determinantes deste processo, tendo induzido aediés respostas comportamentais de
acordo com a sua natureza. Deste modo, existindgaafento (Streaming flow) do
descarregador de superficie (jacto de superfic@puns espécimes utilizaram o0s
descarregadores durante a sua deslocacdo para ntepnenquanto que para jacto
mergulhantes(“plunging flow’, escoamento desafogado), os peixes apenas tdilizas
orificios de fundoO maior nimero de passagens e a utilizacdo egaitatlos dois tipos de
dispositivos de controlo do escoamento entre bapms escoamentos com jactos de
superficie, demonstra que este tipo de escoamedtrf ser mais adequado para a passagem
de um maior nimero de individuos e de uma maiardistade de espécies piscicolas, facto ja
sugerido por Larinier (2002). A fraca capacidade sdéto, caracteristica das espécies
potamodromas (Doadrio, 2001), que € geralmenteorfdohitativo a sua passagem para
montante num dispositivo de passagem para peixeslerp ser contornada pela
implementacédo de regimes de escoamento com afogaeh@endescarregadores de superficie,
possibilitando que os espécimes nadem por cimaldaas do descarregador durante as suas
deslocacdes para montante, sem ter necessidadéate s

Neste primeiro estudo, a utilizacdo de passagers peixes por bacias sucessivas,
comumente empregadas em Portugal (Saetoal, 2006), demonstrou ser adequada a
passagem para montante do barbo Ibérico, paracoaraentos testados, em que a poténcia
dissipada por unidade de volume ndo excedeu 100 *W.heste modo, dada a
representatividade desta espécie na maioria des pootugueses (Magalhdes, 1992), a
implantacdo deste tipo de passagem para peixesadewmastituir uma boa solucdo para outras
espécies com capacidade biomecanicas semelhaatesid€ra-se, assim que, de uma forma
geral, a concepc¢ao e construcao das passagenpgbega por bacias sucessivas € adequada
aos rios portugueses, ndo implicando a dispondakdde caudais muito elevados para o seu

funcionamento, e apresentando, simultaneamenteat@atacdo a flutuacées nos niveis de
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dgua a montante e jusante, desde que se tomemaaddsqdisposi¢cdes de projecto das
estruturas de entrada e saida da passagem, adaptadrregularidade espacial e temporal
da disponibilidade de agua, caracteristica dos piodugueses resultante da influéncia
Mediterranea dominante (Gasith e Resh 1999). Dedacoom a informacao obtida neste
trabalho, a concepcdo deste tipo de passagengamtib apenas orificios de fundo como
forma de comunicacdo entre as bacias, podera sarsotucdo a adoptar, quer pelo baixo
caudal de escoamento necessario ao seu funciomamenbaixo custo de construcdo, quer
pela baixa capacidade de salto caracteristica d@imdas espécies piscicolas existentes em
Portugal. No entanto, as possiveis desvantageosiadas a utilizagédo dos orificios de fundo,
como por exemplo a sua maior propensao para pasbiogueamentos pela presenca de lixo
ou detritos (Larinier, 2002; Santo, 2005), podes@olimitantes ao bom funcionamento deste
dispositivo, induzindo a elevados custos de mawgétere aconselhando a utilizacdo conjunta
com descarregadores de superficie.

No segundo trabalho, foram analisados os efeitogett&idade do escoamento e da
turbuléncia e respectivos descritores (energiaticendurbulenta e tensdes de Reynolds) na
resposta comportamental de espécimes de barbadb#m diferentes dimensdes, durante a
sua movimentacdo para montante num protétipo expetal de uma passagem para peixes
por bacias sucessivas. A utilizagdo de um velocomatustico Doppler (ADV) permitiu a
caracterizacao tridimensional dos campos de veddeice, consequentemente, das condicbes
de turbuléncia, criados nas varias configuracoesadas, possibilitando a analise e a
avaliagdo das caracteristicas do escoamento, addlsz como variaveis explanatérias das
respostas comportamentais dos espécimes, observadas

Durante a sua progressao para montante, os pexésrh a nadar contra a corrente,
resposta comportamental induzida pela sua capacidambtatica (Lupadin, 2005). A este
fendmeno encontra-se associado um elevado gastmédne que deixa 0s peixes
extremamente susceptiveis a qualquer tipo de pextdo (Lupandin, 2005), nomeadamente a
elevada turbuléncia do escoamento, que provoca aadesorientagcdo e que interfere
igualmente na sua capacidade de natacdo e progrpasa montante (Cadat al, 1999;
Pavlovet al.,2000). Dependendo da magnitude da turbulénciaZ&liet al, 2002) os peixes
podem apenas sofrer uma desorientacdo relativangemtieeccdo do seu movimento, ou
padecer de alguns danos fisicos que em casos estfgmdem levar a sua morte (Odhal,
2002). A importancia desta variavel hidraulica navimentacdo dos peixes, fora ja
reconhecida por outros autores como Oelieail, (2002) e Cadat al (1999) que estudaram

respectivamente, o efeito da turbuléncia e dabemngde Reynolds sobre os peixes, tendo
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identificado que o comportamento dos mesmos eraraamente susceptivel e condicionado
pelas variacdes da turbuléncia, particularmentaspeinsdes de Reynolds.

As condicfes hidraulicas criadas nas diferentefigtoacdes testadas demonstraram
ser adequadas a passagem para montante do baumm.ib&s velocidades maximas
registadas nas bacias, factores determinantes gacidade de natagcdo dos peixes
(Montgmoryet al, 1997; Rajaratnarat al, 1988), enquadraram-se nos valores de referéncia
para esta espécie (Larinier, 2002; Matetsal, 2008), permitindo o observado elevado
sucesso de passagem dos espécimes em ambas ayuregbbs testadas. Apesar de
fortemente condicionados pelo campo de velocidadado, o comportamento dos peixes foi
essencialmente afectado pelos niveis de turbuléegigtentes, mostrando particular
sensibilidade a energia cinética turbulenta e astes de Reynolds no plano xy, que
demonstraram ser factores condicionantes do coarpertto dos mesmos.

A semelhanca observada entre o comportamento aosspem condigdes laboratoriais
e em condi¢des naturais, nomeadamente a permarg@ciaesmos junto ao fundo do canal
em todos 0s ensaios (comportamento tipico desttiespén condi¢cdes naturais) (Capel e
Garcia de Jaldon, 1999), jsutificam a ideia de cquieandicOes laboratoriais podem mimetizar
as condicOes existentes em ambiente natural, pedmitpor conseguinte a simulacdo e
medicdo dos efeitos das condi¢cbes hidraulicas doaesento no comportamento do peixes
(Kemp et al, 2006; Odetet al, 2002). Este aspecto € extremamente importanteetida
em que permite manipular e controlar o nimero dévess a testar, bem como 0s custos
associados a execucédo dos trabalhos, factoresnilegéetes no delineamento dos mesmos.

No terceiro trabalho incluido nesta tese, foi estlada eficiéncia de duas configuracdes
de uma passagem para peixes por bacias suceg@Eva®s passagem para montante do barbo
Ibérico. As duas configuracbes variaram na dis@osigos orificios de fundo nas bacias,
tendo sido testados orificios de fundo alinhadadesalinhados. Ambas as configuracfes
permitiram a passagem para montante dos espéoamdmra, a taxa de sucesso obtida na
configuracdo com orificios alinhados tenha sido onelo que a obtida na configuragdo com
orificios desalinhados. Considerando que, para@écees potamodromas a eficiéncia de uma
passagem para peixes é geralmente consideradadaquian passagem de um numero
substancial da populagéo existente (Porcher e Tea2902), concluiu-se que a configuragao
com os orificios desalinhados podera ser considetatho a mais eficiente para a passagem
de peixes. No entanto, este resultado € contramitam o trabalho de Kim (2001), que,
tendo testado em simultdneo descarregadores ddisigpe orificios de fundo, propde, com

base nas condi¢Oes existentes nas designada zsganseresting-areas)onde se registam
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baixas velocidades e menor turbuléncia, que o atr#mto dos orificios e descarregadores de
superficie podera ser mais favoravel a passagem mpantante dos peixes. A discrepancia
entre estes resultados e os obtidos nesta tede;egimente relacionada com o facto de Kim
(2001) ter fundamentado as suas conclusdes apemasobservacdes do campo de

velocidades, ndo tendo realizado ensaios com pepads que ndo existiu uma validacao

biolégica dos mesmos. Por conseguinte, a relaciie as caracteristicas biomecénicas das
espécies e as caracteristicas hidraulicas néo dtaEbelecida. Este facto evidencia a

necessidade de desenvolver estudos que analisejuntaonente as caracteristicas

biomecanicas das espécies e as condi¢cdes hidsaghtsientes nas passagens para peixes

Apesar da semelhanca entre os valores maximoslogdede e de turbuléncia entre as
duas configuracdes testadas (orificios de funddhatiosv.sorificios de fundo desalinhados),
foi evidente a diferenca entre a capacidade do&cesps para ultrapassarem as condi¢cdes
hidraulicas criadas nas duas situacdes, em patidals peixes de menores dimensfes, que
apresentaram maiores dificuldades em transporsages com orificios alinhados. A relacéo
existente entre a dimensdo dos espécimes e a paaidade para utilizar e ultrapassar as
condicOes hidraulicas subjacentes ao escoamerdgterte numa passagem para peixes, tal
como observada neste estudo, é considerada cotoo daterminante da eficiéncia deste tipo
de dispositivos hidraulicos, devendo ser por camség considerada durante a sua concepgao
(Slavicket al, 2009).

Considerando, que a maior diferenca em termosuiido entre as duas configuracdes
testadas incidiu no padrdo de escoamento originamiter-se-a concluir que este foi um dos
factores responsaveis das diferentes respostas oc@amgentais observadas, tal como
registado por Rodriguezt al. (2006), no seu estudo incidente na avaliacdo de€inho” de
uma passagem para bacias por fenda vertical enogetencapacidade de natacdo dos peixes.
A maior estabilidade do padrdo de escoamento eatcael as variacbes do caudal de
escoamento do que em relagéo ao tipo de configur@agdado, evidencia a importancia da
adequacdo da configuracdo das passagens para paixespécies alvo. Deste modo, o
conhecimento das condi¢cdes de escoamento criadés tgo de dispositivos hidraulicos,
bem como a sua analise em termos de adequabilidad@pacidades de natacdo das espécies
potenciais de utilizagdo dos mesmos, tem demomstsmd um método adequado para
seleccionar a configuragao a adoptar para um dagkagem para peixes.

A abrupta estratificacdo transversal do campo decilades nas bacias, observada na
configuracdo com orificios alinhados, podera sesiterada como uma das principais causas

do baixo sucesso de passagem registado e do ligspelelvado tempo de transposi¢cao do
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canal. O escoamento principal, predominantementéraacional, com velocidades elevada,
parece ter actuado como factor dissuasor da pams@gea montante dos espécimes.
Considerando que a capacidade de natacdo dos pexesomo a sua estabilidade dependem
fortemente das flutuacdes dos parametros hidr&auliBant, 2001; Lupandin, 2005; Odeh

al., 2001), é compreensivel que quando confrontados essas elevadas velocidades e
turbuléncias, os espécimes tenham sentido forfesuldades em manter o seu equilibrio e
orientacdo, devido ao acréscimo de energia requgradla o efeito (Pavloet al, 2000),
resultando na sua desorientacdo. Perante taisgé@msdadversas, a existéncia de uma larga
zona de recirculagdo caracterizada por valoresfisigtivamente inferiores de turbuléncia e
velocidades, podera ter funcionado como uma espiéctfarmadilha”, induzindo os peixes a
permanecerem nessas mesmas areas durante um &imgopde tempo, de modo a evitar as
condicOes hidraulicas desfavoraveis a sua progrgsm@ montante do escoamento principal.
O aumento do tempo de permanéncia dentro das bamiks comprometer a passagem dos
espécimes para montante, em particular se o dissomportar um numero elevado de
bacias. Este tipo de comportamento foi igualmerisern/ado por Gomest al (2004),
durante o seu estudo de modelacdo de passagernsepas, onde espécimesdagel asper
permaneceram longos periodos de tempo em zonasderes velocidades, diminuindo o
namero de passagens para montante. A reducdo daidage reostética dos peixes em
situacbes de baixas velocidades e turbulénciasafidip, 2005) podera ter influenciado
fortemente o comportamento observado. A introdwgobstaculos na zona de escoamento
principal, visando a interrupcdo da continuidadengdesmo, permitindo a dissipagcédo das
condicdes de turbuléncia por toda a extensdo da Ipacerq ser uma possivel solucdo a
adoptar para reduzir as abruptas velocidades egfmsdde turbuléncia existentes. Por outro
lado, a implantac&o de obstaculos na zona de wéap@o de modo a criar alguma turbuléncia
e velocidades atractivas aos peixes induzindo anso@mentacdo e consequentemente
impedindo a ocorréncia da sua permanéncia prolengedsas zonas, podera igualmente
facilitar a movimentacdo dos espécimes, por redwzalesignada zona de “armadilha”
(Tarradeet al,, 2008).

O quarto trabalho incluido nesta tese, cujo dedemvento teve como base o0s
resultados obtidos no trabalho anterior, teve cobjectivo avaliar a eficiéncia de dois tipos
de configuragBes de uma passagem para peixes @as lsacessivas com orificios de fundo,
desalinhadosys. alinhados, em que, para os orificios alinhadosngeduziu uma barra
deflectora vertical, junto da parede adjacente rdicio de montante, de modo a deflectir

ligeiramente o jacto e evitar a existéncia da ecwergpredominantemente unidireccional
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observada no trabalho anterior. Tal modificagdomgera assim obter uma melhor
distribuicdo da dissipagéao de energia e, consegoamite, da intensidade de turbuléncia na
bacia, sem, no entanto, interromper completameatep sucede nos orificios desalinhados, a
corrente existente entre dois orificios de fundaosegutivos, o que permitiria uma melhor
orientacdo dos peixes na sua progressao para nenfamtroducdo da mesma provocou, de
facto, uma ligeira reducéo das velocidades do eseot principal criado entre dois orificios
alinhados, quando comparados com os valores rdgsstzo trabalho anterior para condi¢cdes
de dimensionamento semelhantes. Nado obstante, esssuale passagem dos peixes foi
igualmente menor nesta configuracdo, sugerindo gpesar das melhorias em termos
hidraulicos resultantes da introducdo da barraedtfta, as caracteristicas do escoamento
originado numa passagem por bacias sucessivas cifitios de fundo alinhados, séo
inadequadas para a passagem para montante do ibérlmm. A semelhanca com o que
observado no trabalho anterior, o padréo de esatanparece ter influenciado fortemente a
resposta comportamental dos espécimes, sustendeiaa defendida por Rodriguet al.
(2006), de que a compreensdo do escoamento egistamisiderando as capacidades
natatorias das espécies, é por conseguinte edspaaa concepcao de uma passagem para
peixes. A intensidade da turbuléncia no escoamentwipal, bem como a localizacdo
predominantemente central do mesmo, resultantaetsempca da barra deflectora entre dois
orificios alinhados, parecem ter dificultado a nmeentacdo para montante dos espécimes
testados, nomeadamente os de maiores dimensdesrd&puntraditorio com os resultados
obtidos nos trabalhos anteriores, nos quais osepaite menores dimensdes apresentaram
maiores dificuldades em transpor a passagem, estétado podera estar relacionado com a
maior capacidade reostatica dos individuos maisigrems, como observado por Capel e
Garcia de Jalon (1999) no seu estudo incidenteesobdesenvolvimento de curvas de
preferéncia de microhabitat para o escalo do Iselidiscuspyrenaicus)e o barbo ibérico
(Luciobarbus bocageiho rio Jarama (bacia do Tejo). Neste estudo, taresiverificaram
gue os espécimes de barbo ibérico com menores siiegrapresentavam uma capacidade
reostactica superior a dos individuos de maioneesdes. A maior dificuldade evidenciada
pelos peixes de maiores dimensdes durante a sgaepsdo para montante, podera estar
igualmente relacionada com o tamanho das flutuagédsrbuléncia (escala de turbuléncia)
(Nietzelet al 2000; Odelet al, 2002) existentes no escoamento principal, quegpeabes de
menores dimensdes parecem ter apenas provocadoedesgho e atrasos na sua travessia
para montante, enquanto nos peixes de maiores sii@gna actuacdo simultanea de forcas

desiguais em zonas diferentes do seu corpo, hfms6caram a desorientagdo dos mesmos,
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como também afectaram directamente a sua capacigddiria e a respectiva progressao
para montante.

Os resultados obtidos nesta tese evidenciam clatange importancia subjacente ao
desenvolvimento de estudos que conjuguem as capigsdbiomecanicas das diferentes
espécies e as caracteristicas do escoamento, paoptimizacdo dos critérios de
dimensionamentos das passagens para peixes, deangadantir a sua eficiéncia.

6.1. ConsideracoOes finais

Este estudo abordou essencialmente os efeitos a@xteristicas hidraulicas do
escoamento na capacidade de natacdo do barbooiltkriante a sua movimentagdo para
montante, perante diferentes configuracbes de uassagem para peixes por bacias
sucessivas. Dada a pouca informacéo existente ddéaasobre a capacidade dos ciprinideos
em utilizar este tipo de dispositivos de transgasi(Katopodis, 2005; Santes al, 2005;
Stuart and Mallen-Cooper, 1999), durante o deseimehto deste estudo surgiram varias
questbes relacionadas com a direccdo experimentakgair. Este aspecto evidencia
claramente a forte necessidade existente em cantiaudesenvolver estudos nesta area,
focados em espécies ndo salmonicolas (Stuart atdnM@ooper, 1999; Katopodis, 2005). A
partir do trabalho realizado e dos respectivosltasdos encontrados dentro da pesquisa desta
tese, é possivel indicar alguns aspectos com g§#eree investigacdo, que deverdo ser
considerados em estudos futuros.

Apesar da sua elevada representatividade em Phrpaogeo se sabe sobre a eficiéncia
e adequabilidade das passagens para peixes pas lsaciessivas para a ictiofauna ocorrente
nos rios portugueses (Santos, 2004; Santo, 208%Jpspor conseguinte necessario estudar de
forma mais aprofundada a relacéo entre as carstatas hidraulicas existentes neste tipo de
dispositivo e as exigéncias biologicas e hidraslidas espécies potenciais de as utilizar
(Clay, 1995; FAO/DVWK, 2002; Katopodis 2005).

Relativamente & abordagem das caracteristicasulicdr® do escoamento, verifica-se a
necessidade do estudo detalhado de outros tipgeataetrias de passagens para peixes por
bacias sucessivas. Considerando que 0 escoamestengx numa passagem para peixes
depende de factores como o declive do canal, odealeflector, o tamanho do canal, a

relacdo comprimento/largura das bacias, os cautkislescarga, ou dos dispositivos de
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controlo do escoamento entre bacias (Larinier, PO@2 variacdo destes parametros
geométricos e a analise do escoamento originadu, dmeno dos respectivos campos de
velocidade e de turbuléncia criados, deverdo serdabas em estudos futuros. A

implementacdo de substratos que permitam a redde8ovelocidades e dos niveis de

turbuléncia do escoamento, e simultaneamente gdoride zonas de reflgio, podera ser uma
boa opcdo a adoptar, devendo as inerentes modifisadas caracteristicas internas do
escoamento serem analisadas, em termos da suaedegara as espécies alvo (Clay, 1995;
Larinier, 2008).

Perante os resultados obtidos, com base nas adsadiabiologicas qualitativas
realizadas e na literatura (Cada et al. 1999; @btal, 2006; Nietzekt al 2000; Odetlet al,
2002), verifica-se que a energia cinética turbalents tensées de Reynolds podem ser bons
indicadores dos efeitos da turbuléncia no compatdam dos peixes, pelo que dada a
variabilidade encontrada na resposta comportameioslespécimes de acordo com a sua
dimensé&o, o desenvolvimento de estudos futuroslfecaa determinagéo de limites maximos
de velocidade e turbuléncia tolerados por variggé@ss e espécimes de diferentes
dimensdes, sdo de extrema importancia. Estes da&altinformacdo determinante a
concepcdo de passagens para peixes, cujo priregpbaseia na projeccdo das mesmas de
modo a permitir a passagem da espécie mais destdar em termos de capacidade
natatoria (Santo, 2005). O uso de técnicas de m@wcdos espécimes (Travade e Larinier,
2002) contribuira fortemente para a obtencdo dernmicdo sobre os padrbes de
movimentacgdo dos peixes, durante a sua utilizagétedipo de dispositivos hidraulicos, pelo
gue devera ser considerado no desenvolvimentotaeossfuturos.

Os resultados obtidos nesta tese evidenciam quassagens para peixes por bacias
sucessivas com orificios de fundo sdo adequadaas@éagem do barbo ibérico e por
conseguinte que o deverdo ser também para espdeiesemelhantes caracteristicas
biomecanicas. Nesta perspectiva e considerando ractea intermitente dos rios
mediterranicos (Gasith e Resh, 1999), a utilizagéste tipo de passagens para peixes é
vantajosa, devendo ser desenvolvidos estudos adisigobre a relacdo beneficio/custo para
determinadas configuracdes de passagens para pepodse a sua adaptabilidade as espécies
portuguesas. O desenvolvimento de programas detonaacdo e gestdo, de forma a
assegurar a eficacia das passagens para peigesl@énte essencial.

Dada a aparente adequabilidade das passagensgpega por bacias sucessivas com
fendas verticais, para um numero apreciavel decespélLarinier, 2002), e a limitada

capacidade natatéria das espécies ciprinicolas,repyesentatividade nos rios Portugueses é
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de dominancia (Doadrio, 2001), podendo varias dekEorrer consideraveis distancias
durante as suas migragOes (Katopodis, 2005; Luwdd-eear, 1997; Ovidio and Philippart,
2002); o desenvolvimento de estudos sobre as eaistctas hidraulicas deste tipo de
passagens e sua adequacdo a ictiofauna mediterréf@gera continuar a ser objecto de
pesquisa. Destaca-se em particular a enguia eardpeiguilla anguillg, actualmente
considerada como espécie criticamente em per®PRCN, 1991 cujo decréscimo
populacional, de acordo com os dados de recrutanentPortugal, sofreu uma quebra de
cerca de 75% nos ultimos 20 anos (Antunes, 2002aide as décadas de 80 e 90, verificou-
se a ocorréncia de um decréscimo de 90% destaiespéaivel da populacdo mundial
(Dekker, 2003a) tendo esse valor atingido cerce®@¥ no final dos anos 90 (Dekker,
2003b). Este fenbmeno resultou essencialmente deerato consideravel de obstaculos as
suas rotas migratorias (Tesch, 2003), sendo p@eguinte evidente a necessidade existente
em estudar de forma aprofundada o comportamenta depécie nas passagens construidas
especificamente para esta espéeiel laddery de forma a permitir o aperfeicoamento e
optimizacdo dos respectivos critérios de dimensi@mdo, facultando a livre movimentacao
da enguia europeia, cujas deslocacdes migratondenp atingir milhares de quilometros
durante a sua migracgéao (Stugiral, 1999).

O desenvolvimento deste trabalho sob condicbesdadrais demonstrou ser adequado
para o estudo dos efeitos das caracteristicasulichia do escoamento no comportamento dos
peixes aquando da utilizacdo de uma passagem pataspDeste modo, devera ser dada
continuidade ao desenvolvimento de estudos expetaiseem laboratério, os quais deverao
ser acompanhados pelo desenvolvimento simultaneexgerimentacdo em condigbes

naturais, permitindo uma maior complementaridadalidacdo dos resultados obtidos.
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