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- Annex A. Seccions de monitoritzacid a la conca de la Ribera Salada -

En I’Annex A, es mostren detalls complets de les seccions de monitoritzacié a la conca de la

Ribera Salada durant els dos periodes d’estudi (i.e. 2005-2008 i 2012-2013).
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- Annex A. Seccions de monitoritzacid a la conca de la Ribera Salada -

ESTACIO DE COGULERS

Es tracta d’'una estacidé hidrometrica i de transport de sediment en suspencié situada al tram final de la rasa
de Cogulers. La secci6 tanca una conca de 2,4 km? que drena a la riera de Canalda, aigua amunt de I'estacié de
control de Canalda (veure figura 57). La conca és forestal en la seva major part. El regim a la rasa de Cogulers és
perenne.

LOCALITZACIO DE LA SECCIO: Coordenades UTM 31N (ETR89)

E 372250 /N 4661274 / 728 m s.n.m.

SECCIO
El cabal es mesura en una seccié amb un sobreeixidor compost triangular de 902 i rectangular i de lamina

prima (veure figura 58).

LES VARIABLES | APARELLS DE MESURA

® Localitzacio de la seccié

- Mesura d’altura d’aigua en continu mitjancant un sensor de pressiéo DRUCK PTX-530; registre en data-logger
Campbell CR10X.

Conca de drenatge

0 2 4 km
I E— |

Figura 57: Localitzacid de la secci6 de control i conca de

- Mesura de la temperatura de I'aigua en continu amb un sensor Campbell 107; registre en data-logger drenatge de Cogulers.

Campbell CR10X.

- Mesurador de terbolesa en continu amb un sensor McVann Instruments NEP-9350; registre en data-logger
Campbell CR10X.

- Mostreig regular d’aigua i sediment en suspensid durant crescudes amb mostrejador ISCO-3700
- Alimentacié mitjancant placa solar i bateries

CORBA DE TARAT TEORICA

La corba de tarat teorica del sobreeixidor compost de I’estacié de Cogulers es calcula com a composicié de
sobreeixidors triangular i rectangulars, dividint el sobreeixidor en sectors i calculant el cabal per a cadascun d’ells
en funcié de la seva tipologia.

Figura 58: Estacid de Cogulers. Fotografia David Estany.
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- Annex A. Seccions de monitoritzacid a la conca de la Ribera Salada -

El cabal que circula en el sector del sobreeixidor triangular (Qt) s’ha calculat amb I'equacié de Thomson (Thomson, 1861), molt adequada per canals petits. En el sector
del sobreeixidor rectangular, el cabal (Qr) s’ha obtingut a través de I'equacié de Kindsvater i Carter (Kindsvater and Carter, 1957b), que considera la velocitat d’arribada del
flux. Per tant, el cabal total sobreeixit (Q) és igual a la suma de cabals de |a totalitat de sectors (Qt + Qr), assumint un cert error en les zones de transicié entre aquests

La corba teorica de tarat inicial (Figura 59) es va haver de modificar després de la crescuda del 9 de setembre de 2012 al quedar malmeés un dels extrems del sobreeixidor

rectangular (Figura 60).
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Figura 60: Relacié h/Q entre el 9 de setembre de 2012 i el 31 de desembre de

Figura 59: Relacié h/Q entre I'1 de gener de 2012 i el 9 de setembre de
2013.

2012.

L’h és I'altura de la lamina d’aigua en referéncia al punt més baix del sobreeixidor, en metres (m), i Q és el cabal que circula a través dels sobreeixidors, en m3 s,
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- Annex A. Seccions de monitoritzacid a la conca de la Ribera Salada -

CALIBRATGE DEL SENSOR DE TERBOLESA

L’estimacio de la carrega solida transportada a la rasa de Cogulers s’ha portat a térme mitjancant un sensor de terbolesa. Els registres de terbolesa (NTU) s’han calibrat

amb mostres directes de sediment en suspensid, ja sigui a través de mostreigs manuals i/o automatics, generant una corba de calibratge (Figura 61). L'objectiu es transformar
les lectures de terbolesa (NTU) a valors de concentracid de sediments en suspensid (CSS, mg |'!) per tal d’obtenir un registre continu de concentracié de sediments en
suspensio.
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Figura 61: Calibratge del sensor de terbolesa instal-lat a I'estacié de Cogulers
durant el periode 2012-2013.
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- Annex A. Seccions de monitoritzacid a la conca de la Ribera Salada -

ESTACIO DE CANALDA

Es tracta d’'una estacid hidrometrica i de transport de sediment en suspensié situada al tram baix de la rasa
de Canalda (Figura 62). La seccié tanca una conca de 65,1 km?. La rasa de Canalda és un dels principals cursos
de la conca de la Ribera Salada. La conca és forestal en la seva major part. El réegim és perenne.

LOCALITZACIO DE LA SECCIO: Coordenades UTM 31N (ETR89)

E 371434 /N 4661262 / 677 m s.n.m.
SECCIO

El cabal es mesura en una seccié de llit lliure de graves i codols molt estable (veure figura 63).

LES VARIABLES | APARELLS DE MESURA

- Mesura d’altura d’aigua en continu mitjangant un sensor de pressi6 DRUCK 1730; registre en data-logger
Campbell CR10X

- Mesura de la temperatura de I'aigua en continu amb un sensor Campbell 107; registre en data-logger
Campbell CR10X

- Mesurador de terbolesa en continu amb un sensor McVann Instruments NEP-9350; registre en data-logger
Campbell CR10X

- Mesura d’altura d’aigua i velocitat en continu mitjangant un instrument Doppler per ultrasons (Starflow®
6526).

- Mostreig discret d’aigua i sediment en suspensié durant crescudes amb mostrejador ISCO-3700

- Alimentacié mitjancant placa solar
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® Localitzacio de la seccio
Conca de drenatge
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Figura 62: Localitzacid de la seccié de control i conca de
drenatge de Canalda.

Fiéura 63: Estacid dé-CanaIda. Fotografia David Estany.



- Annex A. Seccions de monitoritzacid a la conca de la Ribera Salada -

CORBA DE TARAT TEORICA

En la seccid es controla I'altura d’aigua en continu. Les dades es transformen posteriorment a cabal mitjancant una corba de qualificacio teorica (relacié h/Q) (Figura 64).
La relacid h/Q s’ha definit teoricament mitjangant calculs hidraulics elaborats a partir de dades de camp (granulometria i topografia) i el paquet informatic HEC-RAS® V.4.1.
(USACE, 2010). Aquesta relacio s’ha ajustat amb mesures d’aforaments directes de camp i registres de velocitat, validant aixi una corba teorica formada per 2 equacions.
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Figura 64: Relacio h/Q de I'estacié de Canalda durant el periode 2012-
2013.

L’h és I'altura de la lamina d’aigua en referéncia al punt més baix del sensor, en metres (m), i Q és el cabal que circula a través de la seccid, en m3 s,
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- Annex A. Seccions de monitoritzacid a la conca de la Ribera Salada -

CALIBRATGE DEL SENSOR DE TERBOLESA

L’estimacio de la carrega solida transportada al riu Canalda s’ha portat a terme mitjangant un sensor de terbolesa. Els registres de terbolesa (NTU) s’han calibrat amb

mostres directes de sediment en suspensid, ja sigui a través de mostreigs manuals i/o automatics, generant aixi una corba de calibratge (Figura 65). L'objectiu es
transformar les lectures de terbolesa (NTU) a valors de concentracid de sediments en suspensié (CSS, mg 1) per tal d’obtenir un registre continu de la concentracié de
sediments en suspensio.
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Figura 65: Calibratge del sensor de terbolesa instal-lat a I'estacié de Canalda
durant el periode 2012-2013.
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- Annex A. Seccions de monitoritzacid a la conca de la Ribera Salada -

ESTACIO DE RIU FRED

Es tracta d’una estacié hidromeétrica situada al tram final del riu Fred, just a tocar amb la confluencia amb el
riu Canalda (i.e. Aigliesjuntes; Figura 66). La seccié tanca una conca de 26,8 km?. El riu Fred és el principal
aportador d’aigua de la conca de la Ribera Salada. La major part del canal principal del riu Fred formen un
congost encaixat en els conglomerats massius de I'Eoce- Oligoce (Figura 67). El regim és perenne.

LOCALITZACIO DE LA SECCIO: Coordenades UTM 31N (ETR89)

E 370799 / N 4660627 / 643 m s.n.m.

SECCIO

El cabal es mesura en una seccié de llit lliure de graves i codols molt estable. No obstant, el pas d’'un gual
inundable uns metres més avall de la seccié de control produeix una sobreelevacié del la lamina d’aigua (Figura

68) igual a la generada per un sobreeixidor rectangular de llavi gruixut. Aquest fet condiciona el métode emprat
N , ® |ocalitzacié de la seccié
en el calcul del cabal, tal com es presenta més endavant.
Conca de drenatge
0 2 4 km
===
Figura 66: Localitzacid de la seccié de control i conca de

drenatge del riu Fred.

LES VARIABLES | APARELLS DE MESURA

- Mesura d’altura d’aigua en continu mitjancant un sensor de pressié TRU-TRACK model WT-HR 1500

- Mesura de la temperatura de I'aigua en continu mitjangant un sensor de temperatura TRU-TRACK model
WT-HR 1500

CORBA DE TARAT TEORICA

En la seccid es controla I'altura d’aigua en continu. Les dades d’altura s’han transformat posteriorment a
cabal mitjangcant una corba de qualificacio teorica (relacié h/Q) per un sobreeixidor de paret gruixuda de seccié
transversal rectangular sense contraccions laterals en condicions de desguas lliure (p.ex. Bos et al., 1986; Akan,
2006). La corba de qualificacié teorica esta formada per dues equacions, que en funcié de I'altura de la lamina
d’aigua respecte al punt més baix del sobreeixidor, utilitzarem una o I’altre (Figura 69), obtenint un resultat més
ajustat que amb una sola equacio.

G At" & S o of e
Figura 67: Tram final del congost del riu fred, just al punt on
s’ha instal-lat I'estacié hidrométrica. Fotografia: David Estany.
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Figura 69: Relacio h/Q de I'estacié de riu Fred durant el periode de 2012-
2013.

L’h és I'altura de la lamina d’aigua en referéncia al punt més baix del sobreeixidor, en metres (m), i Q és el
cabal que circula a través de la seccid, en m3 s,
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- Annex A. Seccions de monitoritzacid a la conca de la Ribera Salada -

ESTACIO D’INGLABAGA

Es tracta d’'una estacio hidromeétrica i de transport de sediment en suspensié que tanca una conca de 114,5
km? (Figura 70). En aquest punt la Ribera Salada ja ha recollit les aiglies de tots els afluents principals. Aigiies
avall els tributaris sén efimers. La conca és principalment forestal. El régim és perenne.

LOCALITZACIO DE LA SECCIO: Coordenades UTM 31N (ETR89)

E 370238/ N 4658083 / 596 m s.n.m.
SECCIO

El cabal es mesura en una secci6 de llit lliure de graves i codols situada sota I'ull d’un pont. El flux no mulla
els estreps del pont per cabals regulars i crescudes ordinaries de baixa magnitud (veure figura 71).

LES VARIABLES | APARELLS DE MESURA

- Mesura d’altura d’aigua en continu mitjangant un sensor de pressi6 DRUCK 1730; registre en data-logger
Campbell CR1000

- Mesura de la temperatura de I'aigua en continu amb un sensor Campbell 107; registre en data-logger
Campbell CR1000

- Mesurade terbolesa en continu amb un sensor McVann Analite NEP-9350; registre en data-logger Campbell
CR1000

- Mesura de carrega de fons en continu mitjangant sensors de pressio DRUCK 1730 instal-lats a cada trampa;
registre en data-logger Campbell CR1000

- Mostreig discret d’aigua i sediment en suspensié durant crescudes amb mostrejador ISCO-3700
- Mostreig discret d’aigua i sediment en suspensié durant crescudes amb mostrejador de nivell tipus WSS

- Alimentacié mitjangant placa solar
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Figura 70: Localitzacid de la seccié de control i conca de

Figura 71:

drenatge d’Ingl

Estacié d’Inglabaga. F

abaga.

-

otografia David Estany.



- Annex A. Seccions de monitoritzacid a la conca de la Ribera Salada -

CORBA DE TARAT TEORICA

En la seccid es controla I’altura d’aigua en continu. Les dades es transformen posteriorment a cabal mitjangant una corba de qualificacio teorica (relacié h/Q). Aquesta
relacid, entre el 2005 i el 2008, s’ha definit mitjancant calculs hidraulics elaborats a partir de dades de camp (granulometria i topografia) i el paquet informatic WinXSpro®.
Aquestes relacions s’han ajustat amb mesures d’aforaments directes de camp validant aixi la corba teorica (Figura 72).
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Figura 72: Relacié h/Q a 'estacio d’Inglabaga del periode 2005-2008.
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- Annex A. Seccions de monitoritzacid a la conca de la Ribera Salada -

La relacio h/Q, entre el 2012 i el 2013, s’ha definit teoricament mitjangant calculs hidraulics elaborats a partir de dades de camp (granulometria i topografia) i el paquet
informatic HEC-RAS® V.4.1. (USACE, 2010). Aquesta relacié s’ha ajustat amb mesures d’aforaments directes de camp, validant aixi la corba de tarat. No obstant, la corba
utilitzada a I'inici del 2012 (Figura 73) es va haver de revisar diverses vegades (Figura 74, 75 i 76) fruit dels canvis observats en la geometria de la seccié després de crescudes
i actuacions de restauracié d’un canal de captacio d’aigua proxim a I'estaciéo de monitoritzacid. En totes les revisions es va portar a terme un nou aixecament topografic i

nous aforaments.
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Figura 73: Relacio h/Q a 'estacio6 d’Inglabaga entre I'1 de gener de 2012 i Figura 74: Relacio h/Q a 'estacio d’Inglabaga entre el 30 d’abril de 2012 i
el 30 d’abril de 2012. el 9 de setembre de 2012.
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Figura 76: Relacio h/Q a I'estacié d’Inglabaga entre el 12 de juny del 2013

Figura 75: Relacié h/Q a I'estacié d’Inglabaga entre el 9 de setembre del
i el 31 de desembre del 2013.

2012 iel 12 de juny del 2013.

L’h és I'altura de la lamina d’aigua en referéncia al punt més baix del sensor, en metres (m), i Q és el cabal que circula a través de la seccié de control, en m3s™.

266



- Annex A. Seccions de monitoritzacid a la conca de la Ribera Salada -

CALIBRATGE DEL SENSOR DE TERBOLESA

L’estimacio de la carrega solida transportada a I’estacié d’Inglabaga s’ha portat a térme mitjangant un sensor de terbolesa. Els registres de terbolesa (NTU) s’han calibrat

amb mostres directes de sediment en suspensid, ja sigui a través de mostreigs manuals i/o automatics, generant per cada periode d’estudi una corba de calibratge diferent.
La primera corba (Figura 77) correspon al periode 2005-2008 i la segona corba (Figura 78) al periode 2012-2013. L'objectiu es transformar les lectures de terbolesa (NTU) a
valors de concentracié de sediments en suspensié (CSS, mg I?) per tal d’obtenir el registre continu de la concentracié de sediments en suspensio.
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Figura 77: Corba de calibratge del sensor de terbolesa instal-lat a la seccid Figura 78: Corba de calibratge del sensor de terbolesa instal-lat a la seccid
d’Inglabaga durant el periode 2005-2008. d’Inglabaga durant el periode 2012-2013.

267
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ESTACIO D’ALTES

Es tracta d’'una estacid hidrométrica i de transport de sediment en suspensié que tanca una conca de 217,4
km? (Figura 79). En aquest punt, la Ribera Salada aporta tot el seus recursos a I’'embassament de Rialb, sent el
principal afluent del tram mig del Segre. La conca és principalment forestal, tot i I'increment de les terres de
conreu en el seu tram baix. El regim és perenne.

LOCALITZACIO DE LA SECCIO: Coordenades UTM 31N (ETR89)

E 360857 / N 4653439 / 444 m s.n.m.

SECCIO

El cabal es mesura en una seccié de llit lliure de graves i codols situada sota I'ull del pont d’Altés. Amb la
construccié del pont es va incrementar I'amplada de la llera, protegir els marges del riu amb esculleres i
suavitzar el pendent del tram. Aixd ha comportat un pérdua de la competéncia hidraulica i un augment dels
processos de sedimentacié i estabilitzacio, fins a tal punt que, en pocs anys, el riu ha generat una barra al
centre de la secci6 (veure figura 80). Actualment, la barra es troba colonitzada per arbrat jove, encara que
després de crescudes molt importants la vegetacié pot arribar a tombar-se o desapareixer.

LES VARIABLES | APARELLS DE MESURA

- Mesura d’altura d’aigua en continu mitjangant un sensor de pressié DRUCK PTX530; registre en data-logger
Campbell CR200

- Mesura de la temperatura de I'aigua en continu amb un sensor Campbell 109; registre en data-logger
Campbell CR200

- Mesurade terbolesa en continu amb un sensor McVann Analite NEP-9530; registre en data-logger Campbell
CR200

- Mostreig discret d’aigua i sediment en suspensié durant crescudes amb mostrejador ISCO-3700

- Alimentacié mitjangant placa solar
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Figura 79: Localitzacid de la seccié de control i conca de

drenatge de I'estacié d’Altés.

Figura 80: Seccié d’Altés a finals de I'lany 20
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- Annex A. Seccions de monitoritzacid a la conca de la Ribera Salada -

CORBA DE TARAT TEORICA

En la seccid es controla I'altura d’aigua en continu. Les dades es transformen posteriorment a cabal mitjangant una corba de qualificacié teorica (relacié h/Q). Aquesta
relacié, es defineix tedricament mitjangant calculs hidraulics elaborats a partir de dades de camp (granulometria i topografia) i el paquet informatic HEC-RAS® V.4.1. (USACE,
2010). La corba resultant s’ajusta amb mesures d’aforaments directes de camp, validant aixi la corba de tarat. No obstant, la corba utilitzada a I'inici del 2012 (Figura 81) es
va haver de revisar un parell de cops (Figura 82 i 83) fruit dels canvis en la geometria de la seccid després de crescudes. En totes les revisions es va realitzar un nou aixecament

topografic i nous aforaments.
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L’h és I'altura de la lamina d’aigua en referéncia al punt més baix del sensor, en metres (m), i Q és el cabal que circula a través de la seccid, en m3 s,
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CALIBRATGE DEL SENSOR DE TERBOLESA

L’estimacio de la carrega solida transportada a I’estacio d’Altés s’ha portat a terme mitjancant un sensor de terbolesa. Els registres de terbolesa (NTU) s’han calibrat amb

mostres directes de sediment en suspensio, ja sigui a través de mostreigs manuals i/o automatics, generant una corba de calibratge (Figura 84). L'objectiu es transformar les
lectures de terbolesa (NTU) a valors de concentracid de sediments en suspensid (CSS, mg ') i, aixi obtenir un registre continu de concentracié de sediments en suspensio.
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d’Altés durant el periode 2012-2013.
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DINAMICA MORFO-SEDIMENTARIA DEL TRAMO
MEDIO DEL RIO SEGRE: EVOLUCION HISTORICA
Y EFECTOS ANTROPICOS

Morpho-sedimentary dynamics of middle river Segre segment: historical evolution and anthropogenic
effects

J. Tuset (1’2), A. Cangros (3), R.J. Batalla (1’2’4’5), D. Vericat 1349
(63} Fluvial Dynamics Research Group (RIUS). www. fluvialdynamics.com
2 Centre Tecnologic Forestal de Catalunya, E-25280, Solsona. jordituset@ctfc.cat
3) ACA: Agencia Catalana de I"'Aigua.
“ Departament de Med: Ambient1 Ciéncies del Sol, Umversitat de Lleida.
©) ICRA: Institut Catala de Recerca de I'Aigua.
(6) Institute of Geography and Earth Sciences, Aberystwyth University.

Abstract: In this paper we analyze the morpho-sedimentary dynamics of the middle River Segre in relation
to flood magnitude and frequency, and changes on sediment availability. Morpho-sedimentary dynamics of
this reach have been significantly altered due to dam construction and in-channel gravel mining. The effects
of these alterations have been extensively analyzed. The methodological design includes a) statistical analysis
of hydrological data (floods), b) analysis of the sediment trapping in reservoirs, ¢) assessment of volumes
extracted from the channel, d) analysis of ancient and contemporary aerial photography and e) hydraulic
modeling of four representative sections. The results demonstrate a cause-effect relationship between the
reduction of the frequency and the magnitude of floods and the reduction of the active area of the channel
and floodplain, and the disappearance of morpho-sedimentary active structures.

Palabras clave: geomorfologia, sedimentologia, crecidas, accion antropica, rio Segre
Key words: geomorphology, sedimentology, floods, anthropic action, Segre River

acuerdo con
alcance de

1. INTRODUCCION equilibrio de
situacién. El

Los rios son sistemas complejos que

la nueva
un nuevo
equilibrio no es inmediato y, después de un

transfieren agua y sedimentos desde las
zonas de cabecera hasta las zonas de
sedimentaciéon  (Schumm, 1977). La
interaccion entre la dinamica hidrologica y
sedimentaria determina no sélo el
equilibrio entre los procesos fisicos
(Leopold et al, 1964) sino también el
estado ecoldgico (e.g. Wiens, 2002). De
manera general, las  caracteristicas
morfologicas y sedimentolégicas de un rio
son el resultado de la interaccion entre la
competencia del flujo (magnitud vy
frecuencia), el suministro de sedimentos
(cercano y de aguas amriba) y las
alteraciones / modificaciones antropicas
(cambios usos del suelo, extracciones
aridos, etc.). Todas aquellas alteraciones
que generen cambios en el régimen
hidrologico (incluyendo las crecidas) y
sedimentario produciran una ruptura en el
equilibrio de los procesos morfo-
sedimentarios. El rio buscarda un nuevo

periodo de relajacion en el que los efectos
a la alteracion pueden ser minimos (i.e.
relaxation time, Petts y Gumell, 2005), la
busqueda del nuevo equilibrio puede
generar efectos sobre la morfologia,
sedimentologia y ecologia fluvial.

2. EL TRAMO MEDIO DEL RiO
SEGRE

El tramo medio del rio Segre esta sujeto a
numerosas alteraciones antropicas que
modifican el equilibrio entre los procesos
fisicos y el estado ecolégico. Entre estas
alteraciones cabe destacar las extracciones
de aridos (desde los afios 70) y la
construccion de embalses (Oliana en 1958
v Rialb en 1998, con una capacidad del
vaso de  101,1 i de 4028 hm’
respectivamente). Ambas alteraciones
modifican el régimen hidrolégico y de
crecidas, el subministro y transporte de
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sedimentos y, consecuentemente, la
dindmica morfologica y sedimentaria. En
este estudio se presenta un diagnostico
hidrologico, sedimentario y morfolégico
del tramo medio del rio Segre (cuenca de
22.600 km? ubicada en el nordeste de la
Peninsula Ibérica, Lleida), delimitado entre
los municipios de Ponts y Alos de
Balaguer (40 km; seleccionado como

representativo del Segre medio; e.g. Fig.

1.

Fig. 1. Fotografias aéreas del rio Segre en el paraje de
Sant Julia, municipio de Alos de Balaguer (32,5 km
aguas debajo de la presa de Rialb). Entre la fotografia
aérea del aiio a) 1956 y el ortofotomapa del aiio b) 2008
se observa una pérdida importante de dreas
sedimentarias activas (i.e. barras) y una reduccion de la
superficie activa del cauce debido a la intrusion de la
vegetacion de ribera. La flecha indica la direccion del
Sfujo.

3. APROXIMACION
METODOLOGICA

El estudio se basa en el analisis de la
dindmica morfolédgica del tramo de estudio
basandose en el régimen de crecidas y en
la disponibilidad de sedimentos, haciendo
hincapié en la sensibilidad del sistema
frente a los desajustes de origen antrépico
(i.e. extracciones de aridos y presas) y al
estado morfo-sedimentario actual.

Para ello, se ha disenado una metodologia
integrada de cinco bloques (Fig. 2). Los
tres primeros bloques estan centrados en
cuantificar los aportes de energia y de
sedimentos (y su evolucién) que el sistema
dispone para mantener su equilibrio

XII Reunién Nacional de Geomorfologia, Santander 2012

morfolégico y  sedimentario:  (Bl)
alteracion del régimen hidrologico y de
crecidas, (B2) captura de sedimentos en
embalses y (B3) alteracion morfo-
sedimentaria, El cuarto, (B4) evolucion
morfologica, analiza la sensibilidad del
sistema frente al desajuste en la entrada de
energia en el sistema, en la eliminaciéon de
caudal solido procedente de aguas arriba y
en la reducciéon de las areas fuente de
sedimento del propio cauce. Por ultimo, el
bloque (B5) se centra en la modelizacion
hidraulica y de inicio de movimiento (i.e.
competencia) de escenarios de crecida
contemporaneos con el objetivo de evaluar
la dindmica morfo-sedimentaria actual.

CRITERIOS DE EVALUACION BLOQUES

B1. ALTERACION DEL REGIMEN
HIDROLOGICO ¥ DE CRECIDAS

+  INDICES DE ALTERACIONES HIDROLOGICA

+| B2 CAPTURA DE SEDIMENTOS EN
EMBALSES

o BATIMETRIAS
+  NETOOO BRUNE

¢En qué mamento y en qué cantidad el
sistema ha perdido disponibilidad de
sedimento y energia para ponero en
mowimiento?

L | B3 ALTERACION
MORFO-SEDIMENTARIA

+ CALORO DEL VORUMEN DE ARIDOS
EXTRAIDOS

|

ECudd es lo respueste morfoldgica del rio ol o CREAGON DF UNA BASE DE DATOS
desajuste def patron hidro-sedimentario? CARTOGRASCA D LAS  UNIDADES

SUDIVIENTAUAS
ANALISIS MORFO- B5.MODELIZACION HIDRAULICA DELAS
SEDIMENTARIO ACTUAL CONDICIONES HIDRO-SEDIMENTARIAS
écudl os ko dindmica morfo-sodimentaria : INFORMACION DE CAMPO

actual y que potencial de recuperacion
ofrece o rio?

Fig. 2. Diagrama metodolégico general empleado para
el diagnostico de la dinamica morfo-sedimentaria del
tramo medio del rio Segre.

3.1. Alteracion del régimen hidrolégico y
de crecidas (B1)

La evaluacion de la alteracion hidrologica
se ha basado en el trabajo "Indices de
Alteraciones  Hidroléogica en  Rios
(IAHRIS)" (Martinez y Fernandez, 2006).
Estos indices permiten evaluar de manera
objetiva 'y con una trascendencia
principalmente ambiental la alteracion de
la magnitud-frecuencia ocasionada por la
regulacion de los caudales.
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3.2. Captura de sedimentos en
embalses (B2)

La captura de sedimentos en los embalses
se ha obtenido mediante la comparacién de
la batimetria de éstos para diferentes
periodos y en funcién de su disponibilidad.
Ademas, se ha calculado el valor tedrico de
porcentaje de retencion mediante el
método de Brune (1953). Este método
calcula la tasa tedrica de retenciéon de un
embalse a partir de las caracteristicas de

éste y del caudal anual afluente.

3.3. Alteracion morfo-sedimentaria (B3)
La Confederacion Hidrografica del Ebro ha
facilitado la base de datos completa de
extracciones de aridos del rio Segre. El
registro contiene 850 puntos de extraccidon
desde el ano 1973 hasta el 2009 con su
localizaciéon y volumen de extraccion.
Estos datos permiten el calculo del
volumen total de aridos extraidos por
unidad de cauce.

3.4. Evoluciéon morfolégica (B4)

El estudio de la dinamica morfologica del
curso medio del Segre se realiza a partir
del analisis de fotografias aéreas historicas,
actuales y ortofotomapas. El estudio se
compone de las siguientes tareas: (a)

adquisicion de fotografias aéreas y
ortofotomapas de diferentes vuelos
representativos de la evolucion

morfologica del tramo de estudio; (b)
tratamiento de las imdagenes para su geo-
referenciacion y  posterior  analisis
mediante un Sistema de Informacion
Geografico; (c) identificacion, delimitacion
y digitalizacién de unidades sedimentarias
a lo largo del tramo; (d) creacion de una
base de datos cartografica digital y
georeferenciada; y (e) analisis evolutivo de
las diferentes unidades sedimentarias.

3.5. Modelizacion hidraulica de las
condiciones hidro-sedimentarias (BS)

Debido a la heterogeneidad del tramo del
Segre medio se han identificado 4 sub-
tramos representativos de las diferentes
caracteristicas morfo-sedimentarias

actuales. En cada uno de estos sub-tramos
se ha seleccionado una seccion estandar de
las caracteristicas geomorfoldogicas
existentes. Posteriormente se ha obtenido
informaciéon de campo (e.g. topografia,
granulometria, nivel maximo inundado
anualmente etc.) para modelizar escenarios
de crecida como base para el estudio de la
dinamica morfo-sedimentaria
contemporanea. Esta modelizacion permite
estimar el inicio de movimiento de los
sedimentos caracteristicos en las secciones
de control y determinar la capacidad de
transporte de los caudales modelizados.
Adicionalmente, se ha determinado el
caudal bankfull (método hidraulico) y
modelizado su capacidad y competencia.
La modelizacion se ha realizado mediante
Hec-Ras V.4.1., programa de calculo de
flujo hidraulico unidimensional en lamina
libre, disenado para calcular avenidas
hidrolégicas en rios (USACE, 2008).

4. RESULTADOS PRELIMINARES

(B1). El analisis del régimen de crecidas
muestra como la respuesta hidrologica del
sistema frente a eventos de alta magnitud
se ha reducido un 15% desde el afio 1958 y
un 35% desde el 1999. Esta alteracion
hidrologica limita enormemente la energia
disponible para el trabajo morfologico del
cauce.

(B2). La retencion de sedimentos en el
embalse de Oliana se cuantifica en 0,46
hm® afio”, valor que segin el criterio de
Brune (1953) corresponderia al 87% del
caudal solido que entra en el embalse. La
retencion tedrica en el embalse de Rialb se
estima entorno al 97% del sedimento
entrante.

(B3). El volumen total de sedimentos
extraido en el cauce del medio Segre es
superior a los 3,3 millones de metros
cubicos (1973-2009), casi la mitad de todo
el volumen inventariado del rio Segre. Este
valor corresponde a un volumen de
aproximadamente 2.3 m’ por metro lineal
de cauce y afio.

(B4).Los cambios morfologicos (1956-
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2008) indican la pérdida del 55% de la
anchura activa (Fig. 3) del cauce. La
movilidad del cauce en planta se ha visto
gravemente reducida (menor movilidad);
se ha incrementado el area ocupada por la
vegetacion de ribera y se ha reducido
substancialmente las unidades
morfolégicas activas (e.g. Fig. 1). Hay que
destacar la enorme actividad morfo-
sedimentaria observada después de la riada
del noviembre de 1982 y la posterior
estabilizacién (Fig. 3).

(B5). Segun los resultados de la
modelizacién hidraulica la competencia de
caudales en dos de las cuatro secciones es
insuficiente para movilizar los sedimentos
de mayor tamaiio (percentil 84 y
superiores). El cauce presenta un elevado
acorazamiento  que, junto con la
colonizacion de la vegetacion de ribera de
las areas historicamente activas ha
favorecido una situacién de menor
dinamica fluvial.
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Fig. 3. Evolucion cronolégica de la anchura activa del
cauce, de las extracciones de daridos y del caudal maximo
anual instantaneo del tramo del Segre medio entre los
arios 1956 y el 2008.

Los resultados evidencian una doble
relacion causa-efecto entre la reduccion de
la magnitud-frecuencia de las crecidas y la
reduccion del area activa del cauce (Fig.
3), asi como entre la desaparicion de
unidades morfo-sedimentarias dinamicas y
la pérdida de disponibilidad de carga de
fondo extraida o capturada.
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PATRONES DE HISTERESIS DE SEDIMENTOS EN SUSI:ENSI(')N EN UNA
CUENCA MEDITERRANEA DE MONTANA

Suspended sediment hysteresis patterns in a Mediterranean mountainous basin

J. Tuset"?, D. Vericat'*?® y R.J. Batalla’***

1 Fluvial Dynamics Research Group (RIUS; www.fluvialdynamics.com)
2 Centre Tecnologic Forestal de Catalunya, E-25280, Solsona
3 Departament de Medi Ambient i Ciéncies del Sol, Universitat de Lleida, E-25198, Lleida
4 ICRA: Institut Catala de Recerca de I'Aigua, E-17003, Girona
5 Institute of Geography and Earth Sciences, Aberystwyth University, Ceredigion SY23 3DB, Wales, UK

Abstract: In this paper we analysed suspended sediment dynamics in the Ribera Salada basin
during three consecutive years. Hydrosedimentary information was recorded continuously at the
hydrometric station of Inglabaga. The spatial distribution of the precipitation was obtained from
images of daily rainfall fields obtained by means of radar information. Relationships between
suspended sediment concentration and discharge at the event scale have been studied by means of
the hydrographs and the sedigraphs obtained in the Inglabaga monitoring station. These have been
classified based on Williams (1989) and Lawler et al. (2006). The results confirm that (i) the
relationship between water and sediment yield is clearly different depending on the season of the
year, (ii) cycles of sediment production-deposition-depletion are found at the annual scale and,
finally, (iii) the majority of the sediment sources are located far from the monitoring station.

Palabras clave: dindmica de los sedimentos en suspension, analisis de histéresis, radar, cuenca del

Ebro, Ribera Salada

Key words: suspended sediment dynamics, hysteresis analysis, radar, Ebro basin, Ribera Salada

1. INTRODUCCION

La evacuacion de los sedimentos a través de los
rios no es un proceso constante en el tiempo, en
general se produce en oleadas durante eventos
hidrolégicos individuales y competentes. La
competencia de las crecidas, junto con la
disponibilidad de sedimentos, explica parte de
la dindmica del transporte de sedimentos. En el
caso de los sedimentos finos, su exportacion no
depende tanto de la competencia del flujo sino
de la disponibilidad de las fuentes
suministradoras. El conocimiento de estas
fuentes de sedimento juega un papel
fundamental para los agentes responsables de la
gestion y/o el control de sus aportaciones. El
estudio de la dinamica del transporte de
sedimentos es determinante para numerosos
aspectos (e.g. estudios de habitat fisico,
estudios de transportes de contaminantes de
origen difuso; Walling y Collins, 2008). La
tipologia y caracteristicas del area fuente de los
sedimentos (e.g. pastizales, zonas de cultivo,

etc.) es fundamental para la comprension de los
procesos responsables de su movilizacién (e.g.
erosion laminar, erosion del cauce, Walling,
2013). El andlisis de los patrones de transporte
de sedimentos en suspension dentro de los
eventos hidrologicos (i.e. patrones de histéresis)
ofrece la posibilidad de entender el papel de las
areas fuente, los principales mecanismos de
transporte y su variabilidad temporal (Williams,
1989). En este trabajo se analiza la dindmica de
sedimentos en suspension en la cuenca de la
Ribera Salada durante tres aflos consecutivos.

2. AREA DE ESTUDIO

La cuenca de la Ribera Salada se encuentra al
sur del Prepirineo cataldn, NE de la Peninsula
Ibérica (Figura 1). Ocupa una extension de 224
km® antes de su confluencia con el rio Segre en
el embalse de Rialb (cuenca del Ebro). Tiene un
desnivel de casi 2000 metros (de 420 a 2386 m)
y predomina el clima mediterraneo de montafa,
con rasgos subalpinos en las cabeceras. La
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precipitacion media anual es de 763 mm. La
estacion con mayor precipitacion es la
primavera y la menor el invierno. El sustrato
geologico estd compuesto por conglomerados
masivos y materiales muy fracturados de origen
calcareo en las cabeceras. Los suelos son
delgados y con una notable pedregosidad
(Verdu et al, 2000). La cobertura vegetal es
principalmente forestal (89,8%) y agricola
(9,7%).

La estacion hidrométrica de Inglabaga drena un
drea de 114,5 km’. La Ribera Salada tiene un
régimen perenne con un caudal medio de 0,5
m’ s~ ! (Vericat y Batalla, 2010). En general, el
lecho del rio se encuentra acorazado (Batalla et
al, 2010). El material superficial esta
compuesto de gravas y guijarros (Dsp= 56 mm)
y presenta parches de arena y de gravas (Dso =
1,2 mm) en un 20 % de su superficie (Mueller
et al., 2008).

(@) . !

®  1-Portdel Comte (MS)

® 2. Cambrils (R)

®  3-Liadurs (MS)
Rivers

W Roservoirs

Ribera Salada Basin

Inglabaga Basin

Fig. 1. (a) Localizacion de la cuenca de la Ribera Salada.
(b) Ubicacion de las estaciones hidrologicas (A) y
meteorologicas (O).

Fig. 1. (a) Location of the Ribera Salada. (b) Position of
the hydrological (A) and meteorological (O) stations.
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3. APROXIMACION METODOLOGICA

El estudio se basa en el anélisis de la dinamica
del sedimento en suspension en la cuenca de la
Ribera Salada entre el noviembre del 2005 al
noviembre del 2008.

3.1. Adquisicion de datos

La estacion de Inglabaga cierra el éarea de
estudio, en la que se registraron datos del nivel
del agua (Druck 1730 — PDCR) y de la turbidez
(Analite NEP9350) en continuo (registro
cincominutal). Los valores de profundidad de

Geomorfologia Fluvia

>

agua (i.e. d) se transformaron a caudal (i.e. Q)
mediante una recta de tarado obtenida con la
combinaciéon de aforos de campo 'y
modelizacion. Se obtuvieron un total de 367
muestras de agua (ISCO 3700)  durante
crecidas para el célculo de la concentracion de
sedimento en suspension (CSS) y la posterior
calibracion del turbidimetro. Dicha calibracion
se ha utilizado para convertir los datos de
turbidez a CSS (Vericat y Batalla, 2010).

Los pluviémetros del Port del Comte (2316 m),
Cambrils (1760 m) y Lladurs (785 m)
proporcionaron la intensidad horaria de la
precipitacion en cada evento (ver localizacion
en Figural). El volumen y la variabilidad
espacial de la precipitacion diaria fueron
extraidas a través de campos de precipitacion
obtenidos por la combinaciéon de los registros
histéricos de precipitacion de multiples
estaciones meteorologicas y los patrones de
precipitacion diaria identificados en imagenes
de radar (Coll, 2010). Este producto ha sido
desarrollado por el CRAHI, UPC) y facilitado
por la Agencia Catalana del Agua.

3.2. Analisis de la relacion Q-CSS

Para analizar la dindmica de los sedimentos en
suspension se clasificaron las relaciones Q-CSS
para cada evento con los patrones de histéresis
definidos en el trabajo de Williams (1989). La
clasificacion se hizo de forma grafica. En
algunos casos, la identificacion del patréon no
fue evidente, en estos casos se calculd para el
indice de histéresis segiin Lawler et al. (2006).
El indice de histéresis (Himid) permite
cuantificar la magnitud y direccion de la
histéresis.

3.3. Calculo de la tension de corte

Con el aumento del caudal la tension de corte se
incrementa, se inicia la movilidad del material
del lecho y la coraza empieza a desestabilizarse.
En estas circunstancias el cauce empieza a
subministrar  material de un  calibre
relativamente inferior al del lecho (i.e. arena) y
este comienza a contribuir al transporte de
sedimentos. Dadas estas condiciones se puede
hipotetizar que la rotura de la coraza podria
incrementar substancialmente la disponibilidad
y la carga de sedimento fino. Vericat y Batalla
(2010) estiman el umbral critico para la
movilizacion del tamafio de la particula media
(Dso) de la coraza alrededor de los 41 N m>.
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Con el objetivo de calcular la competencia de
los diferentes caudales de crecida e identificar
el inicio de la inestabilidad de la coraza, se
utilizé el modelo hidraulico HEC-RAS version
4.1, (Hydrologic Engineering Center, Army
Corps of Engineers; HEC, 2010).

4. RESULTADOS PRELIMINARES

4.1. Patrones temporales del transporte de
sedimentos en suspension

La carga total de sedimentos en suspension
para el periodo 2005-2008 fue de 1.466
toneladas, lo que corresponde a un promedio
anual de 488,7 toneladas (CV =0,29; 4,3 t km™
aﬁo'l). Estos resultados se encuentran por
debajo del percentil 25 en la produccién de
sedimentos en suspension segun el trabajo de
Vanmaercke et al. (2012) y considerando la
Ribera Salada como una cuenca perteneciente a
la  region mediterrdnea.  Esta  simple
comparaciéon refleja una escasa actividad
sedimentaria. El transporte de sedimentos en
suspension alcanza su maximo estacional en
primavera con 232,1 toneladas y el minimo en
invierno con 24,9 toneladas. Solo el 54% de la
carga solida anual es transportada durante
crecidas (i.e. 780 toneladas), evidenciando el
papel de la carga atribuida al caudal base
(transporte marginal). Este varia en funcion de
la estacion del afo (e.g. 32% en primavera y 70
% en inviemo) y de la actividad
hidrometeorolégica del aflo. A escala de
crecida, la CSS media es de 0094 g I
mientras que se superan los 2 g 1" en 5
ocasiones. La CSS maximaesde3 g P

4.2. Dinamica del sedimento en suspension
4.2.1. Dinamica a escala mensual

Los ciclos de suministro-sedimentacion-
agotamiento ocurren a escala anual. Estos ciclos
se observan en la relaciéon entre la carga
sedimentaria y la aportaciéon o escorrentia
mensual. Esta relacion (Figura 2) presenta un
doble bucle; uno de finales de invierno hasta
finales de junio y otro mds corto de julio a
octubre. El comportamiento mensual entre las
aportaciones de sedimento y de agua describe
un patrén de histéresis en forma de ocho,
evidenciando la existencia de varias fuentes de
sedimentos con un periodo de suministro-
sedimentacién-agotamiento claramente
diferente.
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Fig. 2. Bucle de histéresis mensual de la carga de
sedimentos en suspension para todo periodo de estudio.
Fig. 2. Monthly hysteresis loop of suspended sediment
load for all study period.

4.2.1. Dinamica a escala de evento

Un total de 72 crecidas fueron clasificadas: 38
siguieron un patréon de histéresis en sentido
anti-horario, 18 un patrén en sentido horario, 6
un patréon en forma de ocho y 2 un patrén lineal.
El resto de eventos (8 casos) no siguieron
ningun patrén claro.

Los datos de precipitacion (intensidad y
ubicacion) han sido utilizados para examinar la
localizacion de las principales areas fuente de
sedimentos y el andlisis de los principales
mecanismos de ftransporte. La variabilidad
espacial de la precipitaciéon se analizd de
manera especifica mediante la division del éarea
de estudio en 5 subcuentas (Figura 1).

Las principales fuentes y mecanismos que
explican cada patrén son:

Anti-horario: la fuente de sedimentos se
encuentra en el extremo mas alejado de la zona
que mayormente contribuye en la generacion de
escorrentia superficial, y por lo tanto, los
sedimentos alcanzan la corriente durante la
recesion del hidrograma.

Horario: La causa principal y més recurrente
que explicaria este patrén es la movilizacion del
material que ha quedado depositado en el cauce
y zonas protegidas por las crecidas precedentes
por la imposibilidad de ser transportado por las
mismas. En otros casos, el patrén de histéresis
horaria es debido a la localizacion de la maxima
intensidad horaria de la precipitacion en un
punto cercano a la salida de la cuenca. En
circunstancias menos frecuentes, la tension
critica de la coraza es superada por la tension de
corte de la avenida, produciendo una
desestabilizacion del lecho que deja parte del
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material subsuperficial susceptible de ser
transportado  aguas abajo  (Figura 3.),
modificando la estructura sedimentaria para las
crecidas subsecuentes.

Forma de ocho: Patréon causado por una crecida
con i) un patréon horario y uno anti-horario, o ii)
por un patrén anti-horario donde el sedimento
pierde tota relaciéon con la escorrentia en la
recesion.

Lineal: Se producen después de veranos con
una alta actividad sedimentaria en eventos con
lluvias generales (escala de cuenca) y con un
dinamismo de bajo nivel hidrologico y
sedimentario.

Sin Patron: Incluyen las crecidas con ninguna
respuesta sedimentaria al aumentar el valor del
caudal. Todos los casos se producen entre
noviembre y maizo.

Los resultados confirman que la mayoria de las
fuentes de sedimentos se encuentran muy lejos
de la estacion de monitoreo y que la relacion
entre Q-CSS es claramente estacional. Asi
mismo, los resultados permiten una mejor
comprension de las relaciones  entre
precipitacion, escorrentia, y generacién y

transporte  de  sedimentos en  cuencas
Mediterraneas perennes.
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Fig. 3. A) Distribucion de la intensidad de precipitacion,
del caudal, del caudal base y de la CSS de la crecida del
16/06/2006. B) Distribucion de los campos de 1luvia en las
5 subcuencas analizadas (16/06/2006).

Fig. 3. 4) Distribution of the rainfall intensity, discharge,
base flow and SSC of the flood registered on 16/06/2006.
B) Rainfall distribution during the of 16/06/2006 event.
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A water and sediment budget for a Mediterranean mountainous
catchment (Southern Pyrenees)
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Sediment transport in Mediterranean mountainous catchments is highly variable influenced principally by
sediment availability, which in turn is controlled by the temporal and spatial variability of rainfall, runoff and
land uses. In this paper we present the water and sediment budget of the Ribera Salada, a Mediterranean forest
catchment located in the Catalan Pre-Pyrenees (NE Iberian Peninsula). The river drains an area of 224 km?2. The
data acquisition design is composed by five nested experimental sub-catchments. Each monitoring station registers
discharge and suspended sediment transport continuously. Here we present the data obtained between 2012 and
2013, two contrasted hydrological years. These data allows to analyse the contribution of each sub-catchment to
the total water and suspended sediment yield of the catchment at multiple temporal scales.

Annual water yield in the catchment outlet varied between 15 and 31 hm3 y-1. Maximum peak flow in the
outlet of the basin was 60.9 m3 s-1; equivalent to a specific discharge of 0.28 m3 s-1 km2. Results indicate that,
hydrologically, the catchment can divided in two areas with contrasted regimes. The upper part of catchment is
the wettest zone, where the water yield of each sub-catchment is in directly and positive correlated to its area. In
contrast, the bottom of the valley has an ephemeral hydrological regime that only supplies water during important
rainfall events. Annual suspended sediment load at the catchment outlet oscillated between 615 and 3415 t y-1,
with an average value of 2015 t y-1 (i.e. 9.3 t km—2 y~!). In contrast to the water yield, most of the suspended
sediment load (i.e. 80%) is supplied from the driest part of the catchment where sediment availability is greater
and there is a greater connectivity between sediment sources and the channel network. The humid part of the
catchment only yielded the 20% of the sediment load, where, as in the case of the water yield, sediment yield is
directly and positive correlated to the catchment area of the sub-catchments. In general, the values obtained for
the Ribera Salada are lower than the yields reported for other neighboring catchments, what indicates the low
geomorphic activity of the catchment.

Results indicate as although the majority of the water is supplied form the headwaters of the catchment,
only 1/5 of the sediment load is supplied from this area. Suspended sediment dynamics are clearly controlled by
the driest part of the catchment (lower part) where sediment availability and connectivity are higher. The results
points out the importance of sediment sources and availability to understand sediment dynamics in Mediterranean
mountain catchments.

283



- Annex B. Contribucions presentades a congressos -

Water and sediment budget for a Mediterranean mountainous basin (Southern

Universitat de Licida | IS |

CENTRE
( FORESTAL/ DE CATALUNYA

TECNOLOGIC

Pyrenees)

Jordi Tuset!2, Damia Vericat 123, Ramon J Batalla®.2.3.4

CGL2012-3639

T Forest Science Centre of Catalonia, Solsona, Catalonia; 2 RIUS Fluvial Dynamics Research Group; ® Department of Environment and Soil Sciences, University of Lieida, Catalonia; 4 Institut Catala de Recerca de I'Aigua, Girona, Catalonia.
Corresponding author: Jordi TUSET (jordi.tuset@ctfc.cat)

INTRODUCTION

Sediment transport in Mediterranean
mountainous basins is highly variable
influenced principally by sediment
availability, which in turn is controlled
by the temporal and spatial variability of
rainfall, runoff and land uses.

In this poster we present the water and
sediment budget of the Ribera Salada,
a Mediterranean forest basin located in
the Catalan Pre-Pyrenees (NE Iberian
Peninsula; Figure 1 and 2). The river
drains an area of 224 km?.

DATA AND METHODS RESULTS

The data acquisition design is
composed by five nested experimental
sub-basins (Figure 1, Table 1). Each
monitoring station registers discharge
and suspended sediment transport

Annual water yield in the basin outlet
varied between 15 and 31 hm® y'.
Maximum peak flow in the outlet of the  that
basin was 60.9 m?® s-'; equivalent to a
specific discharge of 0.28 m3 s-' km?

In contrast, the bottom of the valley
has an ephemeral hydrological regime
only supplies water during
important rainfall events. Annual
suspended sediment load at the basin

connectivity
sources and
(Figure 2).

CONCLUSION
is greater and there is a greater Results indicate as although the
between sediment majority of the water is supplied form
the channel network the headwaters of the basin, only 1/5

of the sediment load is supplied from
this area. Suspended sediment

continuously (Figure 3). Here we
present the data obtained between
2012 and 2013, two contrasted
hydrological years (Figures 4 and 5).
These data allows to analyse the
contribution of each sub-basin to the
total water and suspended sediment
yield of the basin at multiple temporal
scales.

h

(the peak data was measured at 5-
minutes intervals).

Results indicate that, hydrologically,
the basin can divided in two areas with
contrasted regimes. The upper part of
basin is the most humid zone, where
the water yield of each sub-basin is
positive correlated to its area.

outlet oscillated between 615 and
3415 t y!, with an average value of
2015 t y' (ie. 9.3 t km2 y'). The
basin shows two maximum sediment
yields, the highest in Spring an other
in summer (Figure 6).

In contrast to the water yield, most of
the suspended sediment load (i.e.
80%) is supplied from the dry basin
(Figure 7) where sediment availability

Table 1. Main characteristics of the five nested experimental sub-basins

The humid basin only yielded the 20%
of the sediment load, where, as in the
case of the water yield, sediment yield
is directly and positive correlated to
the basin area of the sub-basin
(Figure 7).

In general, the values obtained for the
Ribera Salada are lower than the
yields reported for other neighboring
basins, what indicates the low

geomorphic activity of the basin.
25

dynamics are clearly controlled by the
dry basin (lower part) where sediment
availability and connectivity are higher.
The results points out the importance
of sediment sources and availability to
understand sediment dynamics in
Mediterranean mountain basin.
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Figure 2. The middle basin of Ribera Salada have a forest domain of
territory and the V-shaped channels due 1o a strang process of incision
during the Quaternary (Photo by Jbordi Tuset).

Figure 3. The Canalda Hydrometric Station (Photo by David Estany).
Water depth and turbidity were continuously measured by means of a 0
pressure transmitter (Druck® 1730-PDCR) and a turbidimeter

(ANALITE® NEP9350; range: 0-3000 NTU), respectively. This setting

A
M L’*L-._UJ‘\‘»JJ b J“‘AL*L& e

0110172012 10/04/2012 19/07/2012 271012012 04/02/2013 16/0672013 23/08/2013 01/12/2013
00:00 00:00 : : - : 00:00

Research Group (2014 SGR 645). We thank all members of RIUS for all their support,
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was the same in all the monitoring stations with the except of River
Fred Hydrometric Station, that it had a trutrack with a water level
sensor and a data logger.

Figure 5. Hydrograph and sedigraph recorded at Inglabaga Hydrometric Station during the
study period. A summary table is included where Q,.,,, indicates the mean flow discharge
for the all study period (2012-2013), Q shows characteristic percentiies of the flow
discharge, where | is the given percentile; SSC,,, indicates the mean SSC, and SSC;
shows characteristic i percentiles of the SSL. The data are shown with 1-hour intervals.
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L'Annex C presenta, integrament, els 3 articles publicats en relacié directa amb la tesi.
Agquets permeten ampliar els continguts que es presenten als capitols 2, 4i 5 (p.ex. material
suplementari). A continuacié, s’inclou un article publicat I'any 2016 relacionat i
complementari als objectius de la tesii.e. les dades registrades al 2012 ial 2013 i presentades
al Capitol 5 van permetre avaluar el model hidroldgic i de transport de sediments Tetis®
(Buendia et al., 2016b). El treball avalua els canvis en les aportacions d’aigua i sediments
anuals i estacionals resultants de la variabilitat climatica i I’aforestacio a la conca de la Ribera
Salada des de I’'any 1971 al 2014. Per finalitzar, també s’ha inclos una publicacié de recursos
docents elaborada en el marc de a tesi. Es tracta del Quadern n2 39 (ISBN:84-616-2527-7)
del Departament de Medi Ambient i Ciencies del Sol, document que presenta una
metodologia per a la diagnosi hidrologica i morfo-sedimentaria de cursos fluvials sobre Ia

base de I'aproximacié metodologica que es presenta al capitol 5.
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GRAPHICAL ABSTRACT

« Total suspended load is predicted from
rainfall and runoff variables.

« Suspended sediment concentrations are
largely correlated with flood magni-
tude.

« Sediment load is highly dependent on
direct runoff.

+ Sediment load is not uniform through
time but mostly concentrated in spring.

« Rainfall distribution from radar images
are used and compared to field data.
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ABSTRACT

The relation between rainfall, runoff, erosion and sediment transport is highly variable in Mediterranean catchments.
Their relation can be modified by land use changes and climate oscillations that, ultimately, will control water and sed-
iment yields. This paper analyses rainfall, runoff and sediment transport relations in a meso-scale Mediterranean moun-
tain catchment, the Ribera Salada (NE Iberian Peninsula). A total of 73 floods recorded between November 2005 and
November 2008 at the Inglabaga Sediment Transport Station (114.5 km?) have been analysed. Suspended sedi-
ment transport and flow discharge were measured continuously. Rainfall data was obtained by means of direct
rain gauges and daily rainfall reconstructions from radar information. Results indicate that the annual sediment
yield (2.3 tkm™ 'y~ ' on average) and the flood-based runoff coefficients (4.1% on average) are low. The Ribera
Salada presents a low geomorphological and hydrological activity compared with other Mediterranean mountain
catchments. Pearson correlations between rainfall, runoff and sediment transport variables were obtained. The
hydrological response of the catchment is controlled by the base flows. The magnitude of suspended sediment
concentrations is largely correlated with flood magnitude, while sediment load is correlated with the amount
of direct runoff. Multivariate analysis shows that total suspended load can be predicted by integrating rainfall
and runoff variables. The total direct runoff is the variable with more weight in the equation. Finally, three
main hydro-sedimentary phases within the hydrological year are defined in this catchment: (a) Winter, where
the catchment produces only water and very little sediment; (b) Spring, where the majority of water and

* Corresponding author at: Fluvial Dynamics Research Group (RIUS; www.fluvialdynamics.com), Catalonia (Spain).
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sediment is produced; and (c) Summer-Autumn, when little runoff is produced but significant amount of sedi-
ments is exported out of the catchment. Results show as land use and climate change may have an important
role in modifying the cycles of water and sediment yields in Mediterranean mountain catchments.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Rivers are dynamic and complex natural systems that transfer water
and sediments from sources to sinks (Schumm, 1977). In order to
understand their complexity and dynamism it is necessary to study
the interaction between physical processes at multiple spatial and
temporal scales. The amount of rainfall and its intensity and variability
control, on the one hand, the generation of runoff and, on the other,
the erosional processes operating at different scales. These interactions
can be greatly variable in Mediterranean catchments with marked
hydrological fluctuations. Long dry periods are contrasted with intense rain-
fall events. Additionally, intra-event variability can be also important. These
catchments are characterised by high reliefs and local microclimates with
rain shadows. Rainfall in these environments often presents an altitudinal
gradient (e.g. Verdu et al,, 2006; Frota et al, 2008). These particularities will
influence the production of sediment in the headwaters and, consequently
the transfer of sediment downstream through channel networks. Moreover,
land uses in the majority of the headwaters of Mediterranean mountain
catchments have been changed since the middle of the twentieth century
(Gallart and Llorens, 2001, 2004; Améztegui et al,, 2010); a fact that will con-
trol the hydrological regime (Garcia-Ruiz et al.,, 1997; Begueria et al,, 2003;
Buendia et al,, 2015a and 2015b) and the sediment delivery at different tem-
poral and spatial scales (e.g. Garcia-Ruiz et al., 1996, 1997; Gallart et al., 2002;
Garcia-Ruiz et al, 2008; Lana-Renault et al., 2014; Buendia et al., 2015b).

The study of the rainfall distribution at the catchment scale has been of wide
interest for geomorphologists in order to understand the interaction between
precipitation, runoff generation and sediment transport. Catchment-scale
maps of rainfall variability have been traditionally obtained from spot rainfall re-
cords by applying different interpolation methods (e.g. Syed et al., 2003;
Lépez-Tarazén et al, 2010; Ly et al., 2013; Szcze$niak and Piniewski, 2015). Re-
mote sensing data have improved the spatial and temporal coverage of rainfall.
For instance, information from radar (e.g. Quirmbach and Schultz, 2002; Fener
and Auerswald, 2009; Navratil et al, 2012; Borga et al., 2014; Hasan etal, 2014;
Marra et al, 2014) provides new opportunities in terms of not just the spatial
but also on the temporal resolution of catchment rainfall data. Although such
approaches require calibration and validation, technological advances are im-
proving the quality of these estimates.

The volume of runoff during a flood can be influenced by the
antecedent rainfall conditions including soil saturation and moisture
(e.g. Lopez-Tarazon et al., 2010; Yuan et al., 2001), the precipitation
during the event (e.g. Taylor and Pearce, 1982; Nu-Fang et al., 2011),
and other factors like rainfall intensity (e.g. Nu-Fang et al., 2011) and
the evapotranspiration and air temperature (e.g. Hibbert, 1967; Swank
et al,, 2001; Serrano-Muela et al., 2008). The importance of some of
these factors can be highly variable. For instance, temperature is a key factor
since it modifies the generation of surface runoff during periods of snow-
melt or in systems with frozen soils (Ollesch et al., 2005). Additionally to
these factors, land cover and land uses have a significant influence on the
hydrological response of a catchment, directly or indirectly by interfering
to the above indicated factors. The infiltration capacity of the soils is an ex-
ample with a direct effect on the generation of runoff. High infiltration ca-
pacities in temperate forests (Mulungu et al.,, 2005) generate a slower or
delayed hydrological response when compared to other environments
(e.g. Gonzalez-Hidalgo and Echeverria, 1990).

The amount and intensity of rainfall together with land cover, soil
properties and landscape morphometric characteristics control the
main processes of hydric erosion. Rainfall erosivity varies depending
on the kinetic energy and the intensity of the precipitation. To quantify
the erosivity, several studies have linked the characteristics of the rain
with soil losses induced by the precipitation. Nwosu et al. (1995)

established that the intensity of the rain was the variable best correlated
to soil erosion and runoff. Yin et al. (2007) concludes that the maximum
intensity in 60 min (Imaxg,) is the factor most correlated with erosion.
Although soil erosion may increase linearly with rainfall intensity
in Mediterranean regions (e.g. vineyards in Arnaez et al., 2007), this
correlation is not always found in channel networks. For instance,
Lépez-Tarazon et al. (2010) did not find any correlation between rainfall
intensity and suspended sediment transport in the River Isabena, a
Mediterranean mountainous meso-scale catchment.

Only a fraction of the sediment produced in the headwaters of the
catchment is exported at their outlets. This proportion will depend on
the temporal scale. The Sediment Delivery Ratio (SDR) represents the
proportion of the sediment that is delivered in a given point of a catch-
ment in relation to the production of sediment upstream (Williams,
1977; Walling, 1983). The SDR can be heavily variable across the chan-
nel network and temporally. For instance, in large systems, sediment
export at annual scales may represent less than 10% (Roehl, 1962;
Williams and Berndt, 1972; Walling and Webb, 1983; Porto et al.,
2011) of the primary production. This variability is influenced by multi-
ple factors such as the location of the source of sediments (distance), the
connectivity between slopes and river networks, the frequency and
magnitude of flood events, the duration of competent flows, and the
size of the catchment, between others (e.g. Walling, 1983; Verstraeten
etal, 2002; Lopez-Tarazon et al., 2012; Buendia et al., 2014). These pro-
cesses can be in turn modified by human impacts such as dams (e.g.
Vericat and Batalla, 2006), gravel mining (e.g. Rovira et al., 2005), forest
or wild fires (e.g. Cerda and Lasanta, 2005; Cerda and Doerr, 2008)
and changes on land uses (e.g. Alatorre et al., 2012). Once sediments
reach the river network their residence time will be determined
by the cycles of mobilization, in-channel sedimentation and re-
mobilization (e.g. Charlton, 2007; Lépez-Tarazén et al., 2011; Piqué
et al,, 2014). Inter-annual variability of the SDR is often considerable
but can be also highly variable between catchments influenced by
contrast sediment production processes (i.e. erosion) and sediment
loads (e.g. Vanmaercke et al,, 2012a).

As discussed previously, erosion rates are variable and these cannot be di-
rectly used to estimate the sediment load at a given point. Consequently, as
for instance was pointed out by Vanmaercke et al. (2012b), it is necessary
to study the dominant erosion processes in each catchment according to
the principal factors controlling these. Rodriguez-Blanco et al. (2010) ex-
plained that a majority part of the suspended sediment load during an
event can be explained by the maximum discharge and the runoff. The rela-
tionships between rainfall, runoff and sediment transport have been widely
investigated. Several studies have found as the relationship between
suspended sediment transport and runoff, although might be significant in
some episodes, presents high variability (e.g. Rodriguez-Blanco et al,, 2010).
In those cases suspended sediment transport cannot be predicted by runoff
intensity and the development of rating curves to assess annual sediment
loads (as per Walling, 1983) will not be fully appropriate. Estrany et al.
(2009) found that rainfall was the most important factor in controlling the
magnitude of suspended sediment concentrations in a small (1 km?) Medi-
terranean catchment. However, Onderka et al. (2012) found, in a small
(2.7km?) pluvio-oceanic catchment, that the mean suspended sediment con-
centrations (SSCs) are better correlated to runoff.

Within this context, the main objectives of this study are: (a) to
characterise rainfall, runoff and sediment transport dynamics in a
meso-scale Mediterranean mountain catchment during three consecu-
tive hydrologically contrasted years; (b) to analyse the relationship
between key variables of rainfall, runoff and sediment transport; and
(c) to develop a multivariate statistical analysis between sediment
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transport, rainfall and runoff to determine main variables controlling
sediment transport at the outlet of the catchment. This study is per-
formed in the Ribera Salada, a meso-scale Mediterranean mountain
catchment in the Southern Pyrenees. As previously reported
(e.g. Lopez-Tarazon et al,, 2010), although several studies have analysed
the relationships between rainfall, runoff and sediment transport, the
most part of such studies have been carried out in small scale agricultural
catchments rather than in meso-scale forested catchments. Therefore,
this paper presents new insights into the mechanisms and processes
that dominate the hydro-geomorphological responses of Mediterranean
mountain catchments. Moreover, this work also incorporates a novel
method to extract spatial distributed rainfall fields by means of radar
imagery. This new approach provides new opportunities to understand
the importance of the distribution of rainfall in generating runoff and
sediment transport at large spatial scales and at multiple temporal
scales.

2. Study area

Research is carried out in the Ribera Salada, a medium-scale
Mediterranean mountain catchment located in the Southern Pyrenees
(NE Iberian Peninsula; Fig. 1). The Ribera Salada has an area of
224 km? and flows into the Rialb Reservoir, located in the River Segre.
The Segre is the main tributary of the River Ebro.

Maximum altitude of the catchment is 2386 m a.s.l. and it debouches
into the Segre at ca. 460 m as.l. These characteristics imply an important
climate gradient along the catchment. Two principal domains can be
identified: (a) subalpine climate in the summits, and (b) a Mediterranean
climate in the rest of the valley. Mean annual precipitation in the catch-
ment is 763 mm, although mean values around 1000 mm are recorded

A)
- Ribera Salada Basin
300 [ Ebro Basin
[JKilometers || Other Basins
B)

Rialb Reservoir

in the headwaters, and values lower than 600 mm have been registered
in the lowermost parts of the catchment (Ninyerola et al., 2000).
The north-west part of the catchment presents a rain shadow influenced
by the headwaters of the Canalda sub-catchment (Fig. 1). Within
this context, the catchment presents two main rainfall patterns. The
north and the middle parts receive maximum rainfall during spring
and summer (i.e. seasonal rainfall sequence: Spring, Summer, Autumn
and Winter; SSAW), while spring and autumn are the wettest seasons
in the southernmost part of the catchment (i.e. Spring, Autumn,
Summer and Winter; SASW). Storms are frequent between May
and September. Snow is present in the highest altitudes (1800-
2200 m a.s.l.) in winter and early spring. Mean annual temperature in
the central areas of the catchment is 11 °C, while minimum tempera-
tures around — 20 °C are registered in the winter in the headwaters,
and can exceed the 38 °C in summer in the lower most reaches of the
catchment.

In terms of geology, the headwaters are dominated by folded
Triassic to Eocene limestones (characterised by having a high
fracturing and karsification); marls and evaporites (gypsum and
salt) are also present. The central and lower parts of the foreland
catchment comprise an extensive deformed Eocene-0Oligocene
molassic sedimentary sequence at the bottom of a mantle-
thrust. The catchment lies mostly on conglomerate supporting
sandy-loamy soils. Specifically, the soils of the Ribera Salada
have depths less than 50 cm. Water retention capacity is low be-
cause the degree of stoniness is high (>20%; Verdu et al., 2000).
The 90% of the catchment is occupied by forest (78% wood; 9%
shrubs; 3% pastures) while agricultural lands represent the 10%;
main forest species are Pinus pinea and Pinus sylvestris and they
occupy a 39% and a 22% of the catchment, respectively.

A - Inglabaga (ISTS)

B - Canalda (HS)

1 - Port del Comte (MS)
2 - Cambrils (R)

3 - Lladurs (MS)

——— Rivers

B Reservoir

] Ribera Salada Basin

“7 Inglabaga Basin

o0 0> >

Fig. 1. (A) Location of the Ribera Salada catchment in the Ebro basin (NE Iberian Peninsula). (B) The Ribera Salada sub-catchments showing the location of the Inglabaga Sediment
Transport Station (ISTS), the Canalda Hydrometric Station (HS), the Port del Comte and Lladurs Meteorological Station (MS), and the Cambrils Rainfall Station (R). A total of 3 main
sub-catchments have considered in this study: the Canalda sub-catchment, the River Fred sub-catchment and the Inglabaga sub-catchment.
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Flow records in the Ribera Salada started in 1998 when the
University of Lleida (UdL) and the Forest Sciences Center of Catalonia
(CTFC) set up two nested experimental catchments: Canalda and
Cogulers (65.8 and 2.6 km?, respectively). These are located approxi-
mately 4 km upstream from the Inglabaga Sediment Transport Station
(i.e. ISTS; see the location of Canalda and ISTS catchments in Fig. 1).
The ISTS closes a catchment of 114.5 km? and its monitoring started in
2005. Flow and sediment transport data obtained there have been
used for the particular purposes of this study. Flow data obtained during
the period 2005-2008 in ISTS was correlated with data registered at the
Canalda monitoring site. The ratio between ISTS and Canalda is around
1.7. This ratio was used to assess and characterise the long term
(1998-2008) flow regime at ISTS. Results indicate that mean daily
discharge at ISTS is 0.5 m® s~ ! (0, standard deviation = 026 m*s™!).
This value is equivalent to an annual runoff of 145 mm (Vericat and
Batalla, 2010).

Mean channel slope at ISTS is almost 1%. Fluvial sediments are
composed of well-rounded gravels and cobbles. Median surface material
(Dsg.5) is around 56 mm while larger percentiles (e.g. 95) are in
the ranges of cobbles (e.g. Dys.s = 167 mm). Although at the reach
scale the river bed can be considered armoured, patches of sand and
fine gravels (median size around 1.2 mm) are distributed across the
reach and cover approximately 20% of its surface area (Mdiller et al.,
2008). These sedimentary structures are frequently entrained and
re-configured (Vericat et al., 2008).

3. Methods

Methods are divided in three main components: (a) field data
acquisition; (b) remote sensing, and (c) data validation, selection of
variables and analysis. The details of these are presented independently
in the following sections.

3.1. Field data acquisition

Three main data variables were obtained in the field: rainfall, flow
discharge, and suspended sediment transport. Flow and suspended
sediment transport data have been already published by Vericat and
Batalla (2010), but in a paper that tackled clearly different objectives
that the ones addressed in the present manuscript. They analysed the
distinct role of bedload and suspended sediment transport in the annual
sediment yield. Here, however, we aim at analysing rainfall, runoff and
sediment transport relations by integrating flow and suspended sedi-
ment transport with the rainfall distribution across the catchment. In
the particular case of this manuscript, it is worth to remark the approach
we have followed to estimate the distribution of rainfall. This will be
fully explained later in Section 3.2.

Rainfall is measured at 1-hour intervals at the Port del Comte
(2316 m.a.s.l.) and Lladurs (785 m.as.l.) meteorological stations, and
at the Cambrils (1760 m.a.s.l.) rainfall station (see location in Fig. 1)
by means of 3 rain gauges operated by 3 data-loggers. The distribution
of rainfall across the catchment has been assessed by radar data as
will be explained in the next section.

Flow depth and turbidity were continuously monitored at ISTS (see
location in Fig. 1) between November 2005 and November 2008. Water
depth (h) was measured by means of a pressure transducer (Druck®
1730-PDCR) at 5-minute intervals and subsequently converted to a
discharge (Q) using a specifically derived rating curve (h/Q relation).
Discharge associated with different water stages was modelled using
WinXpro®. Results have been validated with data from direct gauging
(more details in Vericat and Batalla, 2010).

Turbidity was measured by means an ANALITE® NEP9350 turbidity
probe equipped with a wiper. The range of the probe was 0-3000 NTU,
equating to approximately 0-3 g1~ '. The sensor took a reading every
minute and registered the average value every 5 min. Water depth
and turbidity data was then registered by means of a Campbell®

CR1000 data-logger. Turbidity data (NTU) was converted to SSC by
means of a statistically significant lineal relation between NTU and
SSC constructed from 367 water samples (see the calibration in
Vericat and Batalla, 2010). Water samples were obtained by means of
an automatic water sampler (ISCO® 3700) and post-processed in the
laboratory (filtered, dried and weighted). The root-mean-square error
of the calibration between NTU and SSC is 0f 0.17 g I '. The measured
SSC during the study period only exceed 40 min the turbidimeter
range over the 3 years. Therefore, the bias attributed to this situation
is considered negligible. Fig. 2 shows the resulting hydrograph and
sedigraph for the entire study period.

3.2. Remote sensing

The amount and distribution of rainfall in the 3 main sub-catchments
draining at ISTS (i.e. Canalda, Fred and Inglabaga; see Fig. 1) were
assessed by means of geo-referenced radar images. The Canalda and
Fred catchments are nested to the Inglabaga sub-catchment. The resolu-
tion of the radar images was 3 x 3 km. High-resolution daily rainfall
maps were obtained by means of the calibration of radar data. Basically,
two years of radar data were correlated with direct rainfall records from
weather stations. Different specific statistical analysis were performed
to develop the calibration (see more details in Coll, 2010; Coll et al.,
2010; Velasco-Forero et al, 2009; Schiemann et al., 2010). This
calibration has been developed by The Center of Applied Research on
Hydrometeorology (CRAHI) of the Polytechnic University of Catalonia
(UPC).Fig.3 represents an example of a rainfall map for the upper Ribera
Salada Catchment where the spatial distribution of the rainfall across
the catchment can be observed. Additionally, rainfall records obtained
in the meteorological and rainfall stations described in Section 3.1 are
also added. Differences between observed (rainfall stations) and
estimated (radar) rainfall are indicated as a reference. In the following
section we give details on how rainfall estimates from radar data were
validated.

3.3. Data validation, selection of variables and analysis

In this section we provide details on (a) the validation of the rainfall
fields obtained from radar data during the study period, (b) the
selection and estimation of rainfall, runoff and sediment transport
variables; and (c) the statistical analysis performed between variables
stated in (b).

3.3.1. Validation of rainfall fields during the study period

A cross-validation was performed in order to assess the accuracy of
the rainfall rasters obtained from radar data during the study period.
As previously indicated, these rasters were elaborated by the CRAHI
and details about their calibration and validation are provided by Coll
(2010). Here we only aim at calculating the potential error on the
rainfall estimated during the study period in our study area by using
the data registered in the meteorological and rainfall stations as the
reference data set (observed rainfall). An intersection of the points
where the stations are located with the rainfall cells is performed and
the differences between observed (i.e. registered) and estimated
(i.e. modelled) rainfall calculated. Differences were analysed by the
Root Mean Square Error calculated as:

RMSE = \/M
- n

where P, are the observed rainfall values for a period in a station i and
P, are the estimated or modelled values for the same period provided
by the raster data set at the location of the same station i. The RMSE (or
as it is occasionally found the Root Mean Square Deviation, RMSD) is
frequently used to measure the difference between the values predicted
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Fig. 2. (A) Hydrograph and (B) sedigraph recorded at ISTS during the study period. A summary table is included where Qmean indicates the mean flow discharge for the all study
period (November 2005 to November 2008 ), Qi shows characteristic percentiles of the flow discharge, where i is the given percentile; SSCmean indicates the mean suspended sediment
concentration, and SSCi shows characteristic i percentiles of the suspended sediment load.
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Table 1
Selected pre-event conditions, rainfall, runoff and sediment transport variables. These variables were used for the Correlation and Multivariate Regression Analyses (see methods for more
details).
Type of variable Abbreviation Description Unit
Pre-event conditions T°_ISTS Water temperature at the ISTS 2 &
Qo Base flow at the beginning of the flood event m?s~!
Rainfall Pdur Duration of the rainfall event hour
Pd Total precipitation mm
Pd1 Precipitation during the first day of the event mm
Pd7 Antecedent precipitation during the 7 days before the event mm
Imaxgg Maximum 60 minute rainfall intensity mm/h
Eclgo Kinetic energy of the Imaxeo MJmmha='h™!
Runoff Fdur Flood duration hour
TR Volume of surface runoff hm?
Qp Peak discharge m?s~!
Qm Mean discharge m3s—!
Qb Base flow water volume m3s~!
RC Runoff coefficient %
Qp/Qo Quotient between Qp and Qq -
Fl Flashiness index for the first peak flood ot
Sediment transport SSCmean Mean suspended sediment concentration gl™!
SSCmax Maximum suspended sediment concentration gl™!
TL Total suspended sediment load t

by a model and the values actually observed from the environment that
is being modelled (e.g. Holtschlag, 2001; Chu and Shirmohammadi,
2004; Singh et al., 2005; Isik, 2013). The RMSE aggregates the residuals
into a single measure of predictive power. In this case, the unit of RMSE
is the millimetre. However, it should be noted that the RMSE does not
correspond to the absolute error. The main uncertainties in this valida-
tion are related to (a) the spatial resolution of the data (i.e. 3 x 3 km)
and (b) the calibration of the radar fields. The RMSE was calculated for
atotal of 47 independent days.

3.3.2. Rainfall, runoff and sediment transport variables

Several rainfall, runoff and sediment transport variables were
calculated for a total of 75 flood events. Two considerations need to be
introduced before we describe the selected variables. First, in this
study we considered a flood the hydrological event in which discharge
exceeds 1.5 times the base flow at the beginning of the rainfall. This
criterion has been widely used in the literature (e.g, Garcia-Ruiz et al,,
2005; Lopez-Tarazoén et al., 2012; Lana-Renault et al., 2007; Nadal-
Romero et al., 2008a). Second, once floods were independently identified,
a base flow separation was performed in order to obtain the surface
(i.e. quick or direct) runoff for the event. This separation was made by
means of the graphical approach after transforming flow values into
logarithms (e.g. Barnes, 1939; Maidment, 1993; Sujono et al., 2004).
The method is based on the identification of breakpoints on the loga-
rithmic falling limbs of the hydrograph. A line connecting the initial
point of the surface runoff (rising limb) to these breakpoints determines
the volume of surface runoff (top) and base flow (bottom) (e.g. Hewlett
and Hibbert, 1967; Maidment, 1993).

A total of 19 variables describing the pre-event conditions (2),
rainfall (6), runoff (8) and sediment transport (3) associated with
each flood event have been calculated (see Table 1).

Pre-event condition variables are: base flow discharge at the
beginning of the flood event (Q,) and the average water temperature
at ISTS during the day of the event.

Rainfall variables include total precipitation of the event for the
whole catchment (Pd), daily precipitation of the first day of the event
for each sub-catchment (Pd1) and the antecedent rainfall observed
during the 7 days previous to the event for each sub-catchment (Pd7).
It is worth to mention that three sub-catchments have been used to
analyse the distribution of the rainfall upstream from ISTS (i.e. CA:
Canalda; FR: Fred and IN: Inglabaga; Fig. 1). These variables were calcu-
lated using the daily spatially distributed rainfall data sets (i.e. rainfall
rasters). In case that more than one flood was registered in a day,
daily values where weighted based on the values registered in the

rainfall stations where hourly data was available. The proportion of
the total rainfall per each flood event in relation to the daily precipita-
tion was estimated and interpolated (spline) using ArcMap 9.3®.
Weights were applied to the daily values provided by the rainfall rasters
in order to determine the volume of rainfall associated with each flood.
This spatial segregation of the rainfall offers the opportunity to improve
the analysis of the variability of the precipitation, not only altitudinally
but longitudinally. At the same time, the segregation provides insights
into the influence of the physical nature of each sub-catchment in the
hydrological and sedimentary response that occurs in each flood event.
Additionally, data from the rainfall stations were used to assess three
variables that were not possible to be calculated with the daily rainfall
rasters: duration of precipitation (Pdur), maximum hourly rainfall
intensity (Imaxso), and kinetic energy (Eclso) of the maximum hourly
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Fig. 4. Observed and estimated daily rainfall (N = 47). Observed values were obtained at
the Cambrils rainfall station while the predicted values were estimated from radar data
(see Section 3 from more details).
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Table 2
Flood-based pre-event, rainfall, runoff and sediment transport variables. Note: that CA indicates Canalda sub-catchment; FR Fred sub-catchment, and IN Inglabaga sub-catchment. See
Table 1 for the description of the variables and Table 3 for mean monthly and annual values.

Flood date T*-ISTS Qo Pdur Pd Pd1-CA Pd1-IN Pd1-RF Pd7-CA Pd7-IN Pd7-RF ImaxgqCA Imaxgo-IN Imaxgo-RF
09/11/2005 89 042 3 12.7 132 146 115 05 05 0.6 54 102 -
12/11/2005 88 045 78 19.2 6.0 136 104 259 276 25.7 34 14 -
02/12/2005 6.4 0.24 31 20.2 220 195 173 09 0.2 0.5 6.4 26 -
29/01/2006 34 0.10 13 82 88 170 52 21 41 0.4 6.1 4.0 -
30/01/2006 48 091 56 16.2 116 187 144 10.7 210 55 11 4.0 -
20/03/2006 85 043 8 59 46 6.4 8.0 32 46 54 5.6 20 6.6
22/03/2006 78 0.66 4 27 35 19 1.5 85 111 174 5.0 14 18
06/04/2006 9.7 0.65 8 228 213 213 258 24 0.7 02 84 14.7 44
07/04/2006 9.0 0.68 6 10.6 124 124 73 232 220 26.0 12 8.0 28
16/06/2006 14.0 024 4 71 28 19 73 0.7 08 0.4 31 22 9.0
16/06/2006 14.0 031 4 10.4 142 124 11.0 35 26 7.8 17.7 159 52
11/07/2006 19.9 0.18 2 15.5 199 127 8.8 44 0.7 1.0 300 219 0.0
14/07/2006 179 0.26 5 12.2 119 8.1 136 275 138 106 43 52 178
15/07/2006 182 027 6 25.4 231 306 280 388 215 242 30 285 26
16/07,/2006 18.0 029 5 44 49 39 35 61.8 519 52.1 4.1 24 9.6
15/08/2006 159 021 4 29 138 175 144 05 24 1.6 46 205 02
15/08/2006 15,9 0.52 5 26.4 135 4.7 124 143 200 16.0 168 5.0 5.8
15/08/2006 159 035 3 23.0 187 230 373 279 246 284 116 308 204
13/09/2006 172 0.19 6 21.0 228 26.1 16.8 14.1 185 184 8.0 93 6.2
14/09/2006 155 028 8 15.8 135 194 188 36.4 44.6 35.1 4.1 46 34
23/09/2006 14.7 025 9 20.6 240 189 154 22 1.0 28 58 438 34
11/10/2006 146 0.24 6 19.3 228 129 15.0 20 26 58 77 133 6.6
16/11/2006 10.0 022 31 16.8 16.6 119 147 03 0.1 0.2 0.5 02 04
22/01/2007 71 0.19 12 135 143 133 114 04 05 0.4 57 48 28
12/02/2007 8.1 0.18 4 54 69 25 36 9.6 6.9 52 95 32 22
25/02/2007 78 021 3 34 34 28 3.6 20 20 0.5 37 28 22
07/03/2007 741 023 8 94 102 109 79 03 0.0 0.0 76 50 28
01/04/2007 8.7 034 17 8.1 10.1 108 42 23.7 19.7 16.6 42 3.0 14
02/04/2007 8.7 0.59 8 10.8 Q.7 18.7 108 337 305 208 22 46 34
02/04/2007 9.0 0.90 19 114 9.0 215 132 594 462 254 26 58 20
06/04/2007 92 0.88 3 37 32 5.0 42 799 94.5 65.0 03 20 28
20/04/2007 112 0.85 6 09 11 27 02 13.8 200 17.0 26 26 44
21/04/2007 11.1 092 4 10.8 121 129 82 12.8 172 1.8 12 113 82
01/05/2007 103 0.78 16 19.6 211 189 172 92 9.6 6.8 3.5 70 54
01/05/2007 103 136 19 12.2 136 126 9.9 303 285 239 36 32 24
04/06/2007 135 0.60 5 16.2 194 16.0 11.0 1.0 1.0 0.6 16.0 153 58
05/06/2007 132 0.83 4 15.6 154 18.7 15.1 204 170 11.7 08 19.7 42
12/08/2007 169 0.60 3 12.6 108 18.7 143 172 42 154 4.1 9.7 74
12/08/2007 16.9 145 4 16.6 135 93 23.3 28.0 229 29.7 7.1 52 172
08/10/2007 147 029 4 40 6.9 0.0 0.0 26.5 152 18.8 144 04 04
10/10/2007 128 029 4 9.7 108 55 8.8 339 153 18.8 6.7 4.6 6.0
20/11/2007 55 017 28 26.2 284 174 174 0.1 0.0 0.0 82 24 16
03/01/2008 38 0.16 9 88 83 115 9.1 0.1 0.0 0.0 32 36 1.0
11/01/2008 79 023 & 83 87 8.1 76 12 0.9 05 6.0 32 18
03/02/2008 49 0.20 10 10.5 6.4 70 6.2 16 0.4 0.6 43 38 24
30/03/2008 93 036 5 10.2 104 93 10.0 4.7 19 25 55 4.2 8.0
09/04/2008 10.7 048 10 143 156 144 121 9.1 82 77 10.7 0.0 6.0
10/04/2008 10.7 0.89 6 13.9 149 213 108 24.7 226 19.8 9.1 189 5.0
18/04/2008 89 0.65 19 18.4 206 184 148 17.9 15.6 17.1 6.5 8.6 32
20/04/2008 9.5 0.96 18 37.0 413 427 285 372 309 309 56 93 5.8
10/05/2008 109 145 20 145 118 239 16.8 175 221 19.7 0.0 38 22
12/05/2008 109 159 8 77 87 17.7 38 29.8 474 36.7 42 48 4.0
14/05/2008 114 168 4 9.5 79 117 11.7 385 65.0 40.4 55 70 3.0
14/05/2008 114 3.67 Z 75 71 37 89 46.4 76.7 52.1 8.1 26 34
16/05/2008 115 208 3 6.0 6.8 6.9 46 59.6 824 56.0 57 24 3.0
17/05/2008 116 243 2 0.6 09 0.0 0.2 49.2 67.5 414 31 0.0 08
17/05/2008 116 3.16 5 46 39 8.0 49 50.1 67.5 41.6 20 48 78
24/05/2008 119 241 16 10.1 9.8 83 108 20.6 217 139 8.0 28 72
25/05/2008 11.6 3.06 19 29.7 339 217 246 253 220 19.9 7.1 46 5.0
01/06/2008 118 244 6 56 52 10.1 5.1 50.1 379 36.4 5.7 115 86
05/06/2008 120 213 9 11.2 134 82 84 14.0 194 120 104 4.0 116
26/06/2008 15.0 119 6 12.9 87 85 8.6 0.0 0.0 0.0 225 72 100
30/06/2008 153 120 5 11.0 136 8.0 75 128 175 12.1 77 44 20
11/07/2008 164 0.65 2 9.7 9.1 17.7 88 0.7 0.0 02 78 165 5.2
22/08/2008 17.5 041 3 7.1 6.2 416 0.8 03 11 0.6 03 283 32
26/08/2008 17.7 044 2 63 11 729 0.0 6.2 416 08 04 145 0.0
27/08/2008 171 049 7 16.0 124 519 139 139 1145 1.9 48 259 16.6
02/09/2008 15.1 038 3 04 0.6 0.5 0.2 241 1371 19.9 04 0.6 7.0
18/09/2008 15.1 035 3 5.1 26 244 49 6.4 92 6.6 05 24.1 12
18/09/2008 14.0 044 3 9.6 70 204 114 9.0 337 115 25 153 36
24/09/2008 14.0 039 1 52 5.1 5.0 54 20.8 581 12.3 3.1 12 26
Mean 118 0.79 10 121 119 148 10.7 184 235 153 6.0 79 5.0
SD 39 0.79 12 73 77 119 72 183 284 156 52 76 43
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Eclg-CA Eclgo-IN Eclgo-RF Fdur TR Qp Qm Qb RC Qp/Qo Fl SSCmean SSCmax TL
5.8 218 - 173 0.010 1.17 061 0.03 0.7 28 023 0.006 0.008 02
1.9 27 - 129.6 0.142 143 0.82 0.24 16.0 32 0.02 0.006 0.010 23
80.5 6.5 - 126.7 0.130 1.11 0.56 0.13 55 4.6 0.07 0013 0.044 3.7
72 51 - 19.4 0.066 1.36 1.06 0.01 6.7 13.0 025 0.109 0.375 8.7
0.7 94 - 1973 0.426 1.60 091 022 289 18 0.07 0.008 0.060 6.5
8.2 0.7 108 95 0.007 0.94 0.63 0.01 1.0 22 0.31 0.014 0.052 03
6.6 0.6 0.6 173 0.010 1.06 0.67 0.03 31 16 0.44 0.010 0.030 05
13.7 66.5 4.6 4.7 0.005 181 093 0.01 0.2 28 1.00 0.150 0.353 29
02 206 1.5 103 0.008 229 0.89 0.03 0.6 34 0.61 0.156 0.785 6.7
12 05 132 12 0.000 035 0.30 0.00 0.1 15 021 0.233 1.068 <0.1
89.8 49.6 45 44 0.003 1.37 051 0.00 02 44 423 0.170 0.538 1.7
2779 107.6 0.0 123 0.008 293 041 0.01 0.4 16.2 2.06 0.038 0.316 16
3.8 5.0 107.5 10.9 0.004 0.69 037 0.01 03 26 0.18 0.014 0.097 02
25 226.2 12 12.6 0.004 0.75 038 0.01 02 2.8 0.48 0.119 1.602 31
26 09 153 73 0.011 283 0.79 0.01 21 9.9 30.55 0213 1.283 85
94 100.5 0.1 28 0.002 0.75 043 0.00 0.1 35 0.31 0018 0.064 0.1
829 4.1 6.4 5.1 0.005 0.90 0.53 0.01 03 1.7 022 0.021 0.053 0.2
28.8 2420 925 135 0.032 5.85 1.08 0.02 12 16.7 213 0.673 2.800 62.6
276 26.7 14.7 135 0.006 0.71 033 0.01 0.2 38 0.14 0.028 0.182 0.6
72 53 35 11.7 0.003 0.57 038 0.01 02 21 0.07 0.012 0.032 0.2
23.7 9.2 4.7 35.4 0.010 0.59 037 0.04 0.4 24 0.05 0011 0.024 05
154 422 10.7 144 0.005 0.75 035 0.01 0.2 31 0.76 0229 2.827 5.7
0.1 0.0 0.0 122.4 0.040 045 037 0.12 22 21 0.01 0011 0.018 18
13.7 8.0 33 421 0.013 043 0.27 0.03 0.8 23 0.07 0.015 0.026 0.7
220 14 06 94.5 0.024 034 0.27 0.07 37 19 <0.01 0011 0.015 11
29 1.0 08 203 0.002 037 0.25 0.02 0.6 18 0.03 0011 0.013 02
14.7 6.1 13 24.8 0.004 058 0.30 0.02 04 25 0.04 0011 0.011 03
99 3.0 1.0 278 0.022 081 0.61 0.04 22 24 0.07 0.051 0.354 3.6
1.7 9.6 42 39 0.007 1.30 0.95 0.01 0.6 22 0.33 0.124 0.322 20
22 14.0 23 87.9 0.175 2.07 112 0.18 138 23 023 0.058 0.667 27.2
0.0 0.9 24 416 0.030 1.38 0.95 0.11 74 1.6 0.06 0.014 0.036 231
12 0.7 27 135 0.005 123 0.96 0.04 43 15 0.18 0.027 0.056 13
02 335 109 9.6 0.012 248 131 0.03 0.9 27 2.08 0.093 0.456 55
5.0 164 9.7 42 0.008 1.77 132 0.01 03 23 0.48 0.064 0.126 15
34 4.0 19 38.6 0.091 227 170 0.14 63 1.7 0.58 0.050 0.334 13.0
726 55.7 99 229 0.015 1.90 0.85 0.06 0.8 32 0.20 0.042 0.158 35
0.1 95.8 27 85 0.006 1.39 099 0.02 03 1.7 0.55 0.120 1.088 42
34 271 8.0 3.2 0.012 273 1.62 0.01 0.8 4.6 1.40 0.185 0.457 4.6
153 5.8 284 16.2 0.048 226 111 0.02 27 16 0.98 0.063 0.278 53
4.7 0.0 0.0 183 0.018 232 0.59 0.02 35 79 8.13 0.341 3.000 27.5
104 43 73 9.6 0.003 0.58 038 0.01 02 20 0.09 0.017 0.028 0.2
74.1 33 1.5 132.8 0.044 047 031 0.10 1.6 28 0.01 0014 0.020 21
3.6 3.8 03 388 0.007 035 0.22 0.02 0.7 22 0.02 0.016 0.022 05
9.8 26 08 16.3 0.002 0.41 027 0.01 03 18 0.05 0018 0.038 03
129 44 21 373 0.010 0.44 0.28 0.03 14 22 0.06 0.021 0.029 08
9.8 4.1 118 246 0.004 0.59 043 0.03 03 1.6 0.01 0.013 0.029 0.5
53.9 0.0 126 4.0 0.003 0.85 0.66 0.01 02 18 0.16 0.049 0.128 05
221 772 3.8 11.1 0.023 1.99 119 0.02 14 22 1.02 0113 0.571 6.4
45.5 203 4.0 283 0.036 2.01 122 0.09 1.7 3.1 0.07 0.051 0.353 76
322 50.0 16.1 54.0 0.225 542 230 022 52 57 0.31 0.121 0915 93.7
0.0 6.4 18 333 0.112 274 204 0.13 6.9 19 022 0.034 0.077 8.7
5.1 10.1 33 264 0.085 27 212 0.12 9.1 1.7 0.43 0.023 0.058 49
6.3 10.9 2.1 2.7 0.017 5.80 3.08 0.01 1.6 35 2.60 0318 1.255 14.8
18.8 1.0 29 49.3 0.307 5.63 3.14 0.25 36.7 15 1.30 0.059 0.439 43.1
6.9 1.0 14 28 0.011 3.02 256 0.02 1.6 1.5 0.87 0.060 0.387 1.7
1.5 0.0 0.1 1.0 0.007 3.77 3.26 0.01 9.1 16 2.69 0.071 0.118 1.0
14 43 15.1 255 0.195 5.01 3.70 0.15 375 16 1.38 0.064 0.219 23.7
16.9 1.5 85 193 0.102 4.74 337 0.13 89 2.0 147 0.048 0.219 118
52.8 109 137 45.8 0.461 927 512 038 132 3.0 0.78 0.172 1.010 188.9
9.1 23.0 364 12.8 0.053 6.35 3.84 0.13 83 26 5.87 0.289 1373 59.7
44.1 44 54.6 40.2 0.128 435 330 035 9.6 20 2.05 0.048 0.333 243
1324 16.3 23.0 14.8 0.008 1.74 137 0.07 0.8 15 033 0.046 0.279 35
12.1 5.0 08 7.8 0.006 2.89 145 0.04 05 24 0.92 0.049 0.134 23
9.0 543 3.8 6.5 0.003 1.02 0.76 0.02 02 16 0.30 0.037 0.502 0.7
0.1 200.0 12 93 0.005 127 0.57 0.01 0.6 3.1 0.13 0.099 0.364 21
0.0 100.3 0.0 28 0.005 1.56 0.92 0.00 0.6 3.6 1.12 0309 0.758 33
54 2933 61.3 8.5 0.027 525 143 0.02 15 10.6 3.00 0.341 2.396 35.1
0.0 0.0 7.0 6.5 0.003 1.03 0.52 0.01 5.7 2.7 4.49 0018 0.050 0.2
0.0 1329 0.1 5.2 0.004 1.03 0.56 0.01 0.7 3.0 0.57 0.137 0.438 1.7
3.1 55.4 29 123 0.011 1.79 0.65 0.02 11 4.1 154 0.270 2.837 13.5
4.0 0.6 28 20.7 0.006 063 0.50 0.03 1.0 16 0.06 0013 0.022 05
215 329 104 28.0 0.047 201 113 0.06 4.1 33 1.32 0.091 0.499 11.0
40.3 59.7 196 36.9 0.090 1.79 1.04 0.08 74 3.1 3.80 0.115 0.734 26.9
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intensity. The Eclgo was calculated by means of the following equation:

Eclso = (Y EF+P)ix)

EF=0,291-0.72 % exp(—0,05*I)

where, EF is the kinetic energy (M) ha™ ' mm™ ') following the approach
by Brown and Foster (1987) for the 30 min maximum rainfall intensity; |
is the intensity of rain for a period of 60 min (mm h™'); Pis the accumu-
lated precipitation for the same, and Ix is the maximum intensity of rain-
fall within these 60 min.

A total of 10 runoff variables were calculated: flood duration (Fdur),
total volume of surface runoff (TR), peak discharge (Qp), mean flood
discharge (Qm), base flow water volume (Qb), ratio between the peak
discharge and the base flow at the beginning of the flood (Qp/Qy),
and the flashiness index of the first peak of the flood (H), estimated as
the rate of increment of discharge per unit of time (as per Batalla and
Vericat, 2009).

Finally, sediment transport variables include mean suspended sedi-
ment concentration (SSCmean), maximum suspended sediment concen-
tration (SSCmax), and the total suspended sediment load (TL). All
variables are summarized in Table 1 indicating their correspondent units.

3.3.3. Statistical analysis

Relationships between rainfall, runoff and suspended sediment
transport were analysed through Pearson correlations (Pearson, 1896)
and a multivariate regression analysis. The analyses were performed
with Statistica® 7.0. Pearson correlations include the relationships
between (1) pre-event conditions and rainfall variables with runoff,
(2) pre-event conditions and rainfall variables with suspended
sediment transport, and (3) runoff variables and suspended sediment
transport. The Pearson correlation coefficient is a measure of linearity
between two or more variables. A p-value of 0.01 was established to
considering the correlations statistically significant.

The multivariate regression method analyses the relationship
between the independent variables (i.e. pre-event conditions, rainfall
and runoff) and the dependent variable (i.e. suspended sediment trans-
port) for all flood events. In this case we adopted the stepwise approach
and we selected the backward elimination method of continuous
predictors. Tolerance for the inverse matrix is considered a value of
F> 5 (Lopez-Tarazon et al, 2010; Estrany et al., 2010). This value deter-
mines how significant the contribution of a variable in the regression
equation is. In this case the statistically significant level for the inclusion
of variables is set to a p-value of 0.05. Beta and B coefficients were
obtained from the multivariate analysis. Beta regression coefficients
are standardized unlike coefficients B. This allows us to compare the
relative contribution of each independent variable in the prediction of
the dependent variable, and its interpretation is similar to the partial
correlations. B coefficients are used to develop the regression equations
per each dependent variable. Finally, in order to verify the predictive
power of the resultant multivariate regression (i.e. model goodness)
nine (three per year) flood events that were randomly excluded from
the multivariate analyses were used as a validation data set.

4. Results and discussion
4.1. Hood events

A total of 75 flood events were observed between November 2005
and November 2008. Four of these events were excluded because of
equipment malfunctioning. A total of 21 events were recorded during
the first year (i.e. November 2005-November 2006), 18 during the
second year, while 32 floods occurred in the last year. Seasonally, 11%
of the floods were recorded in autumn, 17% in winter, 44% in spring
and 28% in summer. In eight occasions the ISTS recorded two or more
flood peaks on the same day. The distribution of the floods during the
study period shows that the hydrological regime of the Ribera Salada

is characterised as a rain-snow fed regime with two maxima: one in
spring-summer characterised by snow melt and convective localised
storm-events; and the second in autumn attributed to rainfall from
polar fronts.

In the following sections we describe the dynamics of rainfall, runoff
and sediment transport during the study period based on the variables
presented in Table 1. These variables are correlated and the results of
the different multivariate analyses are presented (Sections 4.2 to 4.5).
Finally, results were integrated to describe the general sediment trans-
port patterns observed in the Ribera Salada in relation to rainfall and
runoff (Section 4.6).

4.1.1. Rainfall

We first provide a summary of the validation performed to the radar
data set. Later, we describe the characteristics of the rainfall associated
with each of the analysed flood events.

4.1.1.1. Data validation. Daily rainfall data obtained from the radar was
validated with the direct data obtained in the Cambrils rainfall station
(see Fig. 1). Radar data sets were provided with the fields already
transformed to rainfall (after Velasco-Forero et al., 2009; Coll, 2010; Coll
etal,, 2010). Therefore, this exercise is considered a validation for the par-
ticularities of the study reach and period. All daily rainfall events between
March 2006 and November 2008 were used to calculate the RMSE con-
sidering the data registered in Cambrils as the observed rainfall, and the
rainfall extracted from the radar as the predicted or modelled precipita-
tion. Validation started in March 2006 because it was the period in
which the Cambrils rainfall station was set up.

A total of 47 daily records were used. These records are related to
different rainfall events observed in the catchment. The daily precipita-
tion oscillates between almost 0 and 37.6 mm. The RMSE varies
between 0.2 and 10 mm, with a mean value of 3.5 mm and a standard
deviation of 2.7 mm. Fig. 4 shows the relationship between the observed
and estimated daily precipitation. These values are in the order of
the ones observed by Coll (2010) for the whole Catalonia (across
32,114 km? using multiple rain gauges distributed across different
environments). This author reported a Mean Absolute Error (MAE) of
6 mm. The data set included several rainfall episodes registered
between 2001 and 2005. In our case, the mean MAE for the 47 analysed
events is4.3 mm. The good agreement of the radar estimates allows the
study of the spatial variability of rainfall events with an acceptable
precision. As it has been introduced before, this provides the opportunity
to identify localised rainfall cells that can be underestimated by spot or
single rainfall measurements. As an example, on August 28th 2008, the
ISTS registered a flood attributed to a localised summer storm that was
not registered in any of the rainfall stations but that it could be observed
in the radar data set.

4.1.1.2. Rainfall dynamics. Table 2 contains the rainfall variables of the
analysed floods. Results show the high variability of rainfall across
space and time in the catchment. Some of the differences between
sub-catchments may be controlled by the size of them (Canalda has
an area of 65.8 km?, Fred 39.9 km? and Inglabaga 8.9 km?). Among the
variables, rainfall intensity, however, is not controlled by catchment
size. The largest Imaxg, (i.. 30.8 mmh ™', registered on the 15th May
2006) was calculated at the rain gauge of Lladurs, located in the
Inglabaga sub-catchment (Fig. 1). Rainfall intensity is calculated using
data from the rain gauges instead of the radar data sets (see Section 3).
These observations point out the more marked Mediterranean character
of the lower part of the catchment. Maximum intensities were registered
between the end of spring and the end of summer. The rain gauge in
Lladurs, despite collecting the highest rainfall intensity, has less annual
rainfall when compared with Port del Comte rainfall station (Fig. 1), lo-
cated at the catchment headwaters (i.e. Pyjaqurs = 643 mm, Ppore comee =
1066 mm). Therefore, we conclude that the Inglabaga sub-catchment is
characterised by a more strong Mediterranean character than the
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upstream sub-catchments, which implies that the distribution of the
annual precipitation is concentrated in a smaller period of time,
characterised often by high rainfall intensities. Similar patterns were
observed in other catchments. For instance, Gallart et al. (2002) reported
that the monthly number of rainy days in the Vallcebre experimental
catchment (4.2 km?) ranges from less than 5 to up to 10; clearly a
small number when compared with more temperate environments
where rainfall is present more often (e.g. Oeurng et al,, 2010). These
particularities control the production and transfer of sediments through
the catchments and will, ultimately, affect the export of sediment
(e.g. Mano et al., 2009). In contrast, more temperate catchments
have less variability, implying more regularity in these processes
(e.g. Oeurng et al., 2010). In the following section we analyse the runoff
and the sediment transport dynamics in relation to rainfall patterns.

4.1.2. Runoff

Runoff patterns are analysed by means of the data collected at ISTS
(Fig. 1). This station integrates the 3 sub-catchments for which rainfall
was previously described. Table 2 summarises the values of the runoff
variables calculated for each of the flood events. Total flood-based run-
off (TR) varies between 250 m® and 0.46 hm®, with an average of
0.05 hm? (0 = 0.09 hm?). Fig. 5 shows monthly flood-based runoff.
Two maximums are observed, one in May (i.e. TR = 0.13 hm®, 0 =
0.14 hm?, N = 11), and the other between December (0.13 hm?,
0 = —, N = 1) and January (0.10 hm?, ¢ = 0.18 hm*? N = 5; see
Table 3). These months are also the months in which the largest runoff
coefficients are obtained (Table 3). Runoff coefficients (RC) display a
high inter-annual variability, with values oscillating between 0.1% and
37.5% (Table 2), with an average of 4.1% (0 = 7.4%). May is the month
with the higher RC (i.e. RC = 11.9%; o = 13.0%; Table 3). RCrepresents
the proportion of rainfall that is converted into runoff, integrating all
processes controlling the generation of flow across the entire catch-
ment. RC is controlled by multiple factors, between them geology and
soils, land uses and the precedent or initial conditions. Antecedent rain-
fall (rainfall registered the 7 days before the event; i.e. Pd7) is significant
in spring. Largest monthly Pd7 values (for the whole catchment) are
obtained in April and May (i.e. 26 and 34 mm respectively, Table 3). In
this period water content in the soils also increases due to the snow
melt. Therefore, although we do not have data to support this state-
ment, results suggest that the content of water in the soils before the
flood events in spring is generally higher than in the rest of the year,
conditions that determine the high RC observed in this season. Mean
values at around or lower than 5% are obtained in the rest of the year
(Table 3). The RCs calculated in the Ribera Salada are considered low
among different experimental catchments located in NE of the Iberian
Peninsula with a Mediterranean mountainous climate character. For
instance, Latron et al. (2008) presented runoff coefficients between 4
and 39% in the Vallcebre experimental catchment (4.17 km?), Lopez-

0.20

Tarazén et al. (2010) found an average runoff coefficients of 6% in
the Isdbena catchment (445 km?), while Serrano-Muela et al. (2008)
determined an annual runoff coefficients of 11%, 25% and 69% for the
catchments of San Salvador (0.92 km?), Arnas (2.86 km?) and Araguas
(0.45 km?) respectively. All of these catchments have a percentage of
forest cover between 60 and 100%. The differences between the runoff
coefficients reported in the literature and the observed in the Ribera
Salada are explained by the spatial coincidence between the zone of
maximum rainfall (i.e. mean annual rainfall of 1000 mm) and the area
of greater infiltration capacity of the catchment (i.e. the headwaters).
The headwaters of the Ribera Salada are dominated by a fractured
Eocene limestone substrate that occupies 34% of the study area. Verda
et al. (2000) concluded that the Canalda sub-catchment did not gener-
ate appreciable surface runoff due to the high porosity of the substrate.
Poch et al. (2002) presented another study of the sub-catchment
Canalda which found that there is a high interception of rainfall and
high fissuration of the substrate that produces a meagre hydrological
response.

Peak discharge varies between 0.34and 9.3 m* s~ ! (Fig. 2A), withan
average of 201 m* s ' (0= 1.79 m* s ). Base flows (Q,) oscillate
between 0.10 and 3.67 m® s ', with an average of 0.79 m* s~ ' (0 =
0.79 m® s~ '). The relationship between the magnitude of the peak
discharge and the base flow (i.e. Qp/Qy) varies between 1.5 and 16.7,
with an average of 3.3 (0 = 3.1). All values are greatly influenced by
the seasonality of the year. Spring floods are characterized to provide
the largest volume of water (TR) and also recorded the largest peaks
(435 m* s~ !, 0= 2.01 m*s!; Table 3). However, spring does not
present the largest Qp/Q, because in this season, as discussed above,
the content of water in the soils is rather high and, consequently, has
high and constant values of Q. The maximum Qp/Q, is obtained in
summer when floods are characterised by having an initial low base
flow (Table 2).

The duration of floods is variable through the year. Winter
floods normally last for several days (see FDur in Table 2), being
influenced by snow-melt processes at relatively low altitudes. Duration
is reduced in the other seasons, reaching its minimum on summer
where floods do not last more than 8 h, being characterised by
convective-localised thunderstorms. These patterns are also observed
in other Mediterranean mountainous catchments such as Vallcebre
(Gallart et al,, 2002).

4.1.3. Sediment transport

Flood-based SSCmean was 91 mg "' (0 = 0.12 mg 1~ !, Table 2,
Fig. 2B). Maximum SSCmean was registered on 15th of August 2006
(i.e. 673 mg 17 '). The SSCmax varied between events; the highest
SSCmax attained almost 3 g 17!, while a total of 5 floods reached
concentrations exceeding 2 g 1~ . These values are relatively low
when compared with catchments with similar size but with different

0 Total Runoff
P Total Suspended Sediment Load
0.15

Total Runoff (TR, hm?)

8
Total Suspended Sediment
Load (TL, t)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Fig. 5. Mean monthly Total Load (TL) and Total Runoff (TR) at ISTS for the whole study period (2005-2008).
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Mean monthly and annual values of pre-event, and flood-based rainfall, runoff and sediment transport variables.
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G e land uses and geology. Forinstance, in the case of the Isdbena catchment
7 Lopez-Tarazon et al. (2012) measured concentrations up to 1 g 1-!
c3gam during base flows and 300 g 1! during floods. That catchment is
92331 characterised by having an area of badlands on Eocene Marls that are
the main source of sediments, although it occupies a very small part of
o © © . the catchment; and controls the production, transfer and transport of
$588:2 fine sediment through the channel network. Therefore, in such environ-
AR ments, SSC shifts between hydraulically to supply-limited conditions
83832 in relation to the processes occurring in the main source of materials;
and, consequently, the channel acts as source and sink of fine sediments
Kgoaaa in relation to the supply of sediments form the badlands (see
e Lopez-Tarazon et al., 2011; Piqué et al., 2014 for a full description
AT of these cycles). These patterns have also been observed in other
Nmgo® catchments with similar characteristics, as Vallcebre and Araguas
SiGiaoic (Gallart et al., 2002; Nadal-Romero et al.,, 2008b). Processes in forested
872388 catchments such as the Ribera Salada are rather different. Land uses
- o in these catchments not only controls the generation of runoff but
BEIRE also the erodibility of the soil that, ultimately affects erosion, sediment
aggasg production, transfer and transport. These catchments are characterised
SS5838 by relatively low SSCs with less seasonality. Local processes control
n~© o sediment availability and most of the time the catchments show a
ERSRaRMEN supply-limited character (e.g. Douglas et al., 1999; Bruijnzeel, 2004;
Francke et al., 2008). The lack of connectivity of the sediment sources
© ©w©n and the difficulty in generating Hortonian flows explain the low
° =0 sediment production in Ribera Salada. Only unusual high magnitude
R, events are able to produce enough runoff to connect the system
roged with the sources of sediment (hollows, first order stream, foothill
deposits). These events may also generate large floods in the channel
network that, in turn, may be able to entrain river bed sediments and
E § ; ; § increase sediment availability from local sources (e.g. bank erosion;
subsurface fine material once the surface armour layer of the bed is
entrained).
S RS Total flood-based suspended sediment load (TL) transported during
SRR the study period (2005-2008) is around 780 tonnes. Sediment trans-
port presents a high intra-annual variability (Fig. 5; Table 3): 75% of
©On o~ the TL was transported between November 2007 and November 2008.
SRR Inter-annual variability is also notable, as it can be seen in the annual
summaries in Table 3. Single events are capable to transport up to the
I, 24% of the TL during the whole study period. The flood event occurred
Fdimisn on May 25th 2008 is an example of this; this flood transported 188
tonnes, 1/3 of the annual TL.
monsg The specific sediment yield in the Ribera Saladais 22 t km~ 2y~ '.
oo This value is very low when compared with other Mediterranean
R catchments. For instance, according to Vanmaercke et al. (2012a)
G the sediment yield of Mediterranean catchment with catchment areas
between 10 and 100 km? varies between 0.9 and 3000 t km 2y~ '.
oS8 0g Back to high dynamic Mediterranean catchments such the Isdbena,
S Sl Lopez-Tarazon et al. (2012) reported an average sediment yield of
OR—— 530 t km 2y~ ', while Mano et al. (2009) estimated an average yield
AR of 383 and 381 t km 2 y~ ! on the Asses and Bléone catchments in
France (657 and 905 km?, respectively). Our observations point out
c38333 the low geomorphological activity of the Ribera Salada.
~an e
°IZR 4.2. Relations between pre-event conditions, rainfall and runoff
T no
mRERF In this section we first explore the correlation between pre-
RS event conditions, rainfall and runoff variables by means of statistical
ST TR coefficients. Later, we perform a multivariate analysis between these
o T M 2 _
383383 variables taking as dependent the ones related to runoff.
Table 4 shows the Pearson correlation matrix between pre-event
i R conditions, rainfall and runoff variables. Here we only describe and
R discuss the main statistically significant correlations that we have
§ E § found. Total flood duration (Fdur) shows the highest degree of correla-
38 g88 tion; this variable is positively correlated with rainfall duration (Pdur)
and negatively with water temperature at ISTS, implying that the
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Table 4
Pearson correlation matrix between pre-event conditions and rainfall, with runoff variables (see Table 1 for the abbreviations of the variables).
Runoff Pre-event Rainfall
T*-ISTS Qo Pdur Pd Imaxgo-CA  Imaxgo-IN Imaxgo-FR Eclg-CA Eclge-IN  Eclgo-FR Pd7-CA  Pd7-IN Pd7-FR Pd1-CA Pd1-IN Pd1-FR
Fdur -047 0.01 0.71 025 ~—0.05 -030 -023 0.05 —-0.23 -0.11 -0.01 -011 -0.07 028 —0.04 0.13
TR -0.14 0.70 0.40 030 -0.03 -0.15 0.04 0.03 -0.12 0.06 033 0.21 033 0.34 0.09 0.26
Qp 0.12 0.77 0.07 0.20 0.10 0.12 031 0.09 0.17 032 044 0.39 047 021 0.15 0.25
Qm ~0.04 0.94 0.13 005 —0.04 -0.12 0.14 ~0.04 -0.11 0.14 048 038 051 0.07 0.00 0.05
Qb -0.24 0.67 0.49 025 0.00 -023 0.03 0.06 -0.21 011 028 0.14 027 0.30 0.01 0.16
RC -0.13 0.78 011 -0.15 -0.10 -023 0.01 ~0.08 -0.19 0.01 047 042 050 -014 -015 -0.11
Qp/Qq 042 022 -016 0.21 0.42 0.50 030 0.47 0.56 039 0.03 0.07 0.01 022 0.25 028
Fi 028 001 -015 -0.20 0.04 -0.05 0.18 ~0.00 -0.02 0.09 034 023 034 -017 -013 -0.18

Bold marked correlations are significant at p < 0.01; N = 66 (Casewise deletion of missing data).

duration of the event increases with rainfall duration, and that floods
tend to be longer in colder periods (winter).

In turn, rainfall duration (Pdur) is correlated with antecedent flood
base flow (Qb). Antecedent rainfall conditions expressed as the rainfall
during the seven days before the flood (i.e. Pd7), correlates withQm and
with RC. The strength of the correlations increases in the Fred sub-
catchment (FR); a fact that indicates that the hydrological response in
this sub-catchment have a greater impact on the hydrological response
of the whole of the catchment. Correlation obtained for the Canalda
sub-catchment (CA) is clearly influenced by the high porosity of its
headwater soils and rocks, as discussed before. The Canalda sub-
catchment has important fractures and karsification, facilitating water
percolation to the Fred sub-catchment through a tilted syncline (Gil
and Nufez, 2003). Interestingly, the peak discharge (Qp) is correlated
with the antecedent rainfall at the three sub-catchments and also with
the kinetic energy in the Fred sub-catchment. Finally, the intensity
and the kinetic energy of the rainfall recorded in the three sub-
catchments are statistically correlated with the Qp/Q.

A multivariate analysis between pre-event conditions, rainfall and
runoff variables was also performed (Table 5). Only the variables that
are statistically significant are presented. A total of 8 flood-based runoff
variables were correlated with the 2 pre-event condition variables and
with a total of 8 rainfall variables. In this particular case, as explained
in the methods section, the multivariate regression describes the

Table 5

independent contribution of each variable to the magnitude of the
dependent variable. The major limitation of this regression technique
is that it can only determine the relationships but it does inform on
the underlying causal mechanism. In the Ribera Salada, the coefficients
of determination (R?) of the multivariate regressions vary between 0.27
and 0.91. The average value for all equations is 0.65. This value is not ex-
tremely high butin the range found others mountainous Mediterranean
catchments (e.g. Isabena catchment with an average of 0.52; Lopez-
Tarazon et al.,, 2010). The forms of the equations are presented in
Table 5. Here we only highlight some of the main results.

The multivariate regression with the highest coefficient of determi-
nation is the one associated with the mean flood-based discharge. The
Qm has a strong correlation with the base flow and the antecedent
rainfall conditions at the Canalda and the Inglabaga sub-catchments.
Although these three variables explain a great proportion of the
variability of the Qm, the beta coefficients show that the base flow is
the variable that has more weight in the resultant equation. The
relevant role of Qm is found in the majority of the obtained equations.
The peak discharge (Qp) is statistically correlated with 4 variables. The
base flow still the one with the highest weight on the equation although
rainfall intensity in the Inglabaga sub-catchment presents also a signif-
icant weight followed by the antecedent conditions in the Canalda and
in the Fred sub-catchments. TR and Qb define the total volume of
superficial runoff and groundwater, respectively. Results show that, in

Multivariate statistical analysis between pre-event conditions, rainfall and runoffvariables. Variables that do not statistically explain the variability of the equation are not included in this

table (see Table 1 for the abbreviations of the variables).

Runoff variables Beta coefficients

Pre-event variables Rainfall variables

T°-ISTS Qo Pdur Pd Eclge-CA Eclgo-IN Pd7-FR Pd1-CA Pd1-IN Pd1-FR
Fdur -0.213 0.619
TR 0.696 0.221 0.241
Qp 0.715 0412 0.176 0.253
Qom 0.945 0.101 0.12
Qb 0.618 0.452
RC 0.798
Qp/Qo -0.291 -0414 0.525 0.545 0.345 0.465
Fl 0.288 —0.304 0.487
Variable Equation R?
Fdur= 21.9993 — 1.6356 x T*-ISTS + 3.0364 x Pdur 0.54
TR= —0.0671 + 0.070 x Qg + 0.0028 x Pdur + 0.0024 x Pd1-CA 0.68
Qp= —0.6014 + 1.6170 x Qo + 0.0130 x Eclgo-IN + 0.0200 x Pd7-FR + 0.0559 x Pd1-CA 0.79
Qm= —0.1308 + 1.2350 x Qo + 0.0129 x Pd1-CA + 0.010 x Pd1-IN 091
Qb= —0.0392 + 0.0619 x Qg + 0.0057 x Pdur 0.64
RC= —-1.9215 + 69121 x Qy 0.64
Qp/Qo= 1.4229 — 1.1052 x Qp — 0.1747 x Pd — 0.0376 x Eclg-CA + 0.0289 x Eclge-IN + 0.0662 x Pd7-FR + 0.1894 x Pd1-FR 0.72
FI= —3.1717 4 0.3319 x T°-ISTS — 1.5368 x Qg + 0.12419 x Pd7-FR 027
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Table 6

Pearson correlation matrix between rainfall and sediment transport variables (see Table 1 for the meaning of the abbreviations).

Sediment transport variables Rainfall variables

Pdur Pd Pd7-CA Pd7-IN Pd7-FR Pd1-CA Pd1-IN PdI-FR Imaxso-CA Imaxge-IN Imaxge-FR Eclgo-CA Eclgo-IN  Eclgo-FR
TL 025 042 026 0.15 023 0.45 0.21 0.40 0.05 0.07 0.20 0.07 0.12 0.26
SSCmax -018 0.17 0.14 0.15 0.11 0.13 025 0.26 0.06 045 0.29 —003 049 030
SSCmean -024 0.13 0.4 0.16 0.14 0.04 035 028 0.04 049 0.39 -006 053 041

Marked correlations are significant at p < 0.010; N = 66 (Casewise deletion of missing data).

both cases, the multivariate equations are capable to explain more than
60% of the variance of the dependent variable. The total runoff is again
directly proportional to the initial state of the catchment, the duration
of the rainfall event and the contribution from the Canalda sub-
catchment (Table 5). These results, together with the previous
analysis, show that the conditions of the river just at the beginning of
the event (expressed by the base flow) determine the degree of hydro-
logical susceptibility of the system. In summer, high intensity rainfall
events determine the magnitude of the flows, while in winter and the
beginning of spring the amount of rainfall is the variable that dominates
the magnitude of Qp.

The role of the base flow on the hydrological response of the Ribera
Salada at ISTS is similar to the observed in previous studies by, for
instance, Cosandey (1980, 1986). In these early studies, she found that
the magnitude of the flood events in a humid temperate catchment
was highly correlated to the base flow prior to the flood, being directly
influenced by saturated areas. The influence of the base flow in the
Ribera Salada decreases during winter and summer months when
respectively low temperatures and high rainfall intensities reduce the
normal high infiltration capacity of the catchment, as discussed above.
Rainfall in the Canalda sub-catchment has a more prominent role in
the volume of the floods (TR), while the intensity of the precipitation
in the Fred sub-catchment has a direct influence on the magnitude of
the peak discharges (Qp).

4.3. Relations between rainfall and sediment transport

Selected rainfall variables were correlated with sediment transport
variables. Table 6 shows the Pearson correlation matrix indicating the
degree of significance of the correlations. The total sediment load (TL)
atISTS is highly correlated with the total rainfall (Pd) and the precipita-
tion recorded during the first day of the event (Pd1) in the Fred and
Canalda sub-catchments. SSCmax has a statistically significant correla-
tion with Imaxg, and Eclgg in the Inglabaga sub-catchment. These corre-
lations indicate that this sub-catchment acts as an important source of
sediments at the flood-scale, and that rainfall intensity and erosivity,
and the precipitation of the first day of the event at the Inglabaga
catchment determine the magnitude of the suspended sediment
concentrations. The highest SSCmax are obtained during convective
rainfall events with a high sedimentary response. SSCmean follows a
similar pattern, being correlated with the precipitation of first day of

Table 7

the event in the Inglabaga sub-catchment, and with rainfall intensity
and kinetic energy in the Fred and Inglabaga sub-catchments. These
results point out the role of the Inglabaga and Fred sub-catchments in
acting as the main sediment source at ISTS. The proximity and charac-
teristics of these two catchments (i.e. main land use is agriculture
together with pasture and shrubs with a relatively high structural
connectivity) play a key role in controlling sediment availability and
the magnitude of the concentrations. However, in the Canalda sub-
catchment, the higher infiltration capacity of the soils, together with
the length of the channel network (i.e. distance to ISTS), reduces its
role in supplying fine sediments at the flood-scale. This limitation is
exacerbated in summer when convective storms with short durations
do not have the capacity (and duration) to transfer the sediments to
the downstream end of the study site. However, the total load of a
given flood (TL) is correlated with the amount of rainfall at the two larg-
est sub-catchments Fred and Canalda, what explains the hydraulically
driven character of the catchment with relatively low sediment produc-
tion. In turn, the relatively small area of the Inglabaga sub-catchment
might be the reason of the no significant correlation between rainfall
on this catchment and the total load at ISTS (TL).

A multivariate analysis between rainfall and sediment transport
variables has been performed. Results are presented in Table 7. Only
the variables that are statistically significant are presented. The coeffi-
cients of determination of the regression equations vary between 0.30
and 0.51. The variable that presents the highest coefficient of determi-
nation is SSCmean. This variable is controlled by three rainfall variables,
having the three of them ca. the same weight on the general equation
(i.e. similar beta coefficients). In this equation, the negative sign of the
beta coefficient for the rainfall registered during the first day of the
event at the Canalda catchment (Pd1-CA) indicates, again, the low
sedimentary activity in this catchment. This variable was not correlated
on the Pearson analysis presented in Table 6; however, when all
variables are analysed together this has a significant weight on the
resulting multivariate analysis. As discussed above, the Pearson correla-
tion matrix indicated that Canalda supplies the water required to trans-
port the majority of the sediment that is supplied from the Fred and
Inglabaga sub-catchments. These two catchments, in turn, control the
magnitude of SSCmax. The negative influence of Pd1 in Canalda to the
SSCmean indicates that, while the Inglabaga and Fred sub-catchments
control the amount of sediment supplied to the channel network, the
observed precipitation during the first day of the event in Canalda exerts

Multivariate statistical analysis between rainfall and sediment transport variables. Variables that do not statistically explain the variability of the equation are not included in this table (see

Table 1 for the abbreviations of the variables).

Sediment transport variables

Beta coefficients for rainfall variables

Pd7-CA Pd7-FR Pd1-CA Pd1-FR Eclgo-IN
TL 0.289 0.514
SSCmax 0.236 0.558
SSCmean - 0.500 0.603 0.462
Variable Equation R?
TL= —16.972 + 0.5152 x PD7-RF + 1.773 x Pd1-CA 0.30
SSCmax = 0.087391 + 0.0068 x Eclgo-IN + 0.0090 x Pd7-CA 0.33
SSCmean = 0.0481 + 0.0009 x Eclgo-IN-0.0072 x Pd1-CA + 0.0095 x Pd1-RF 0.51
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Table 8
Pearson correlation matrix between runoff and sediment transport variables (see Table 1
for the meaning of the abbreviations).

Sediment transport  Runoff variables

variables Fdu TR Qp Qm Qb RC  Qp/Q Fl
L 008 067 079 064 062 031 021 007
SSCmax ~021 —001 037 0.10 —008 —009 048 032
SSCmean ~028 —005 049 020 —014 —010 057 032

Marked correlations are significantat p < 0.010; N = 71 (Casewise deletion of missing
data).

an important dilution effect, contributing to a reduction of the magni-
tude of SSCmean at ISTS.

44. Relations between runoff and sediment transport

Table 8 shows the Pearson correlation matrix between runoff and
sediment transport variables. Flood-based total sediment load (TL) is
statistically correlated with five of the variables. The highest correlation
is given by the peak flow, a fact that indicates the hydraulic influence on
the total suspended sediment load. Maximum SSC is driven mainly by
flood intensity, expressed by the peak discharge, by the proportion of
the peak in relation to the base flow and by flashiness (i.e. the speedi-
ness of the flow raising the peak of hydrograph). Similar results were
observed for the mean SSC although in this case the peak discharge
and the proportion of the peak in relation to the base flow have higher
correlation values.

The multivariate analysis for the three sediment transport variables
provides determination coefficients between 0.53 and 0.84. The results
of the beta coefficients and the final form of the equations are shown
in Table 9. In general, these results evidence that runoff variables are,
in general, better correlated with sedimentary dynamics. The total
suspended sediment load (TL) is mainly correlated (i.e. largest beta
coefficients) with total runoff (TR) and, to a lesser extent, with flood
peak (Qp) and the total volume of base flow during the flood (Qb).
Additionally, the multivariate model is also influenced, following in
this case a negative relation, by Fdur, Qm and RC. The negative sign of
these coefficients may indicate both that the catchment is generally
supply limited and that an increase of the total runoff does not necessar-
ily generate a proportional increase of the sediment load. This situation
is more common in winter where RC and Fdur are greater, and also
during the spring where the sequence of rainfall episodes causes an
exhaustion of the available sediments. The multivariate equation for
SSCmax is determined by peak and mean discharges, and the total vol-
ume of base flow during the flood, indicating, again, that the magnitude
of SSCs is hydraulically driven. Flood intensity increases SSCs
magnitude, while high water yield dilutes sediment concentration.

Table 9

4.5. Relations between pre-event conditions, rainfall, runoff and sediment
transport

In this section we present the multivariate analysis between pre-
event conditions, rainfall, runoff and sediment transport variables.
Pre-event conditions, runoff and sediment transport variables corre-
spond to the ones registered at ISTS, whereas rainfall variables are
derived from spatially distributed data (i.e. radar rasters) obtained at
multiple spatial and temporal scales, and from local data based on the
measurements taken at the rainfall monitoring stations (see Fig. 1 and
Table 1). Therefore, the objective is to derive multivariate equations
that statistically predict the sedimentary response of the system in
terms of TL, SSCmax and SSCmean. In order to test the predictive
power of the resultant equations, a total of 9 floods (17% of the total)
were excluded from the analysis and used as a validation data set.
These nine floods were randomly selected i.e. three floods per study
year form the validation data set.

Multivariate results are presented in Table 10. The coefficient of
determination of the three equations ranges between 0.54 and 0.94.
Statistically, TL is the variable that can be better predicted by the multi-
variate equation. A total of 5 variables (4 related to runoff and 1 related
to rainfall) form the equation. Again, as explained above, the amount of
water in the system, expressed by the base flow, the runoff coefficient
and the duration of the rainfall have a negative influence on the TL.
This is related to the supply limited character of the catchment. More
water implies dilution and a proportional decrease of the TL during a
given flood. The volume of runoff is the variable presenting more weight
in the equation. Mean monthly TL is presented in Fig. 5. The figure
shows 3 maxima; the first and most important is obtained in May
(although high values are observed between the whole April-June
period); the second one in August and, finally, the third in October.
April, May and June are characterized by a high volume of direct runoff
that causes erosion through concentrated runoff and, ultimately,
sediment availability. RC increases as water availability does and has
an inverse effect on the total load registered at ISTS. This process is
controlled by changes on sediment availability and exhaustion. On
August, floods have little runoff, with low base flows and RC. These
floods are caused by convective rainfall storms (i.e. short and highly
intense episodes). The flashiness during these storms is important and
peak flows have high magnitude. The location of the maximum kinetic
energy of the rainfall is concentrated in the valley bottom and shows
an altitudinal negative gradient (ie. the energy is reduced as altitude
is gained). Therefore, rain erosivity, and thus the potential for sediment
production, is basically concentrated in the low parts of the catchment.
Some of the sediment eroded from upstream does not reach the outlet
of the catchment due to the short duration of summer floods. These ma-
terials are deposited in the channel network and will be mobilised in
subsequent flood events. Therefore, sediment availability will be deter-
mined by the location of rainfall events and their intensity and duration.
Only three floods were observed in October during the study period. Al-
though this small number of observations, results pointed out that TLin

Multivariate statistical analysis between runoff and sediment transport variables. Variables that do not statistically explain the variability of the equation are not included in this table (see

Table 1 for the abbreviations of the variables).

Sediment transport variables Beta coefficients for runoff variables

Fdur TR Qp Qm Qb RC

TL —0354 0.819 0.681 -0.392 0.259 -0417
SSCmax 1419 -0975 -0.229

SSCmean 1.453 - 0.867 —0.401

Variable Equation R?
TL= —1.757 — 0254 x Fdur-241.02 x TR + 10.58 x Qp-10.56 x Qm + 87.69 x Qb-1.599 x RC 0.84
SSCmax= 0.1879 + 0.552 x Qp — 0.657 x Qm-1.874 x Qb 0.53
SSCmean= 0.0416 + 0.095 x Qp — 0.098 x Qm-0.552 x Qb 0.63
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Multivariate analysis between pre-event, rainfall, runoff and sediment transport variables (see Table 1 for abbreviations). Variables that do not statistically explain the variability of the

equation are not included in this table.

Sediment transport variables Beta coefficients

Pre-event variable Rainfall variables

Runoff variables

Qo Pdur Pd Pd1-CA Ecl60-CA TR Qp Qm RC

TL —0.347 —0.141 1.089 0.455 -0.376
SSCmnax -0.221 1.555 - 1.256

SSCinean 1013 =111 ~0369 1431 —0.806

Variable Equation R?
TL= 1.905 — 12.244 x Qo — 0.63 x Pdur + 379.544 x TR + 7.094 x Qp — 1.53 x RC 0.94
SSCmax = 0.283 — 0.004 x Ecl60-CA — 0.602 x Qp-0.842 x Qm 0.54
SSCmean = 0.020 + 0.016 x Pd — 0.016 x Pd1-CA — 0.535 x TR + 0.093 x Qp — 0.09 x Qm 0.75

this period could be highly controlled by local sources of sediments at-
tributed to summer processes. Between December and January a signif-
icant runoff contribution in each flood (TR) is observed. However, the
small magnitude of the peak flows and the long duration of the rainfall
decrease the TL registered at ISTS. As discussed above, the high number
of freezing days frost and the lack of high rainfall intensities during this
period control the erodibility of the soils and the erosivity of the rainfall,
ultimately decreasing the TL.

The multivariate equation for the SSCmax explains 54% of the
variance. Peak flow (Qp) is the most important factor controlling
SSCmax. In contrast, the mean flood discharge (Qm) and the kinetic
energy in the Canalda sub-catchment implies a reduction of the magni-
tude of SSCmax. Although we do not have a clear evidence on the
reasons of the inverse relation between the kinetic energy at Canalda
and SSCmax at ISTS, we hypothesize that this is attributed to the fact
that the high energy in the Canalda sub-catchment implies that rainfall
is concentrated in the headwaters of the catchment rather than in the
lowermost reaches, areas that are considered the main source of sedi-
ments. Consequently, as discussed above, the sediment production in
Canalda during these events is rather low and affects inversely the
SSCmax. Finally, the multivariate analysis for the mean suspended
sediment concentration (SSCmean) explains 74% of the variance,
where the peak discharge (Qp) and the total volume of precipitation
of the event (Pd) have a positive weight in the equation. The sign and
weight of the rest of the variables reinforce the dilution effect that has
been presented and discussed in the previous sections.

The predictive power of the equations presented in Table 10 is
assessed by means of the observations obtained for the nine floods
that were not included in the multivariate analysis (3 per each hydro-
logical year). Table 11 presents the observed (i.e. Obs) and estimated
(i.e. Est) values per each of these floods. Additionally, the upper and
lower 95% confidence bounds (statistical intervals) have been calculat-
ed. The residual (i.e. Res.) of each variable (Obs-Est) is calculated and

Table 11

compared with the confidence interval. The percentage of error (%
error) per each variable and flood is calculated based on the observed
and residual values (i.e. Res/Obs expressed in %). Residuals are highly
variable (Fig. 6). Two general patterns can be observed. These are com-
mon for the three multivariate equations: (a) the predictive power of
the equations is higher for low magnitude values, and (b) larger resid-
uals are always attributed to overestimation. This exercise is limited to
the number of floods used as observed values. It is worth to mention
that we are not aiming at developing a general model for the Ribera
Salada catchment. Here we only critically analyse the predictive
power of the models. As it has been discussed in the previous sections,
the intra-annual variability of the sedimentary dynamics is rather high
and it is controlled by processes that operate at multiple temporal and
spatial scales. Therefore, results could differ substantially if a larger
data set of observed values was available but, in any case, results point
out that small magnitude sediment transport dynamics could be pre-
dicted with more reasonable accuracy, while large magnitude events
are still uncertain since the multiple process that interact to produce
them.

4.6. Intra-annual sediment transport patterns

As it has been discussed, the dynamics of the total sediment load
(TL) are clearly connected to the hydrological patterns observed in the
catchment. In this section we summarize the main sediment transport
patterns observed in the Ribera Salada. A total of three distinct periods
can be identified: a) winter, b) spring, and c¢) summer-early autumn
(see Fig. 5). These patterns are in agreement, for instance, with the
ones observed by Balasch et al. (2005). The relationship between the
flood-based total sediment transport load and total runoff per each of
these periods is presented in Fig. 7. Following we describe and analyse
the main characteristics of these periods.

Observed (Obs) vs estimated (Est) values for the sediment transport multivariate equations. The upper and lower 95% confidence intervals (Cl) of the equations are presented. The residual
and the percentage of error provide a test of the predictive power of the equations. Results in bold indicate the residuals are higher or lower than the values of the confidence intervals. Note
that the percentage the % error is calculated based on the observed and residual values (i.e. Res/Obs, expressed in % ).

Floods Total sediment transport Maximum flood-based suspended sediment transport Mean flood-based suspended sediment transport

(TLint) {SSCmax in g1~ ") (SSCmeaningl™")

Obs Est  Lower Upper Residual % Obs Est Lower Upper Residual % Obs Est Lower Upper Residual %

95%Cl 95% error 95% Cl 95% Cl error 95% Cl 95% Cl error

07/04/2006 66 8 5.4 10.5 -14 21 079 091 071 111 -0.13 16 016 013 010 0.16 0.03 19
15/07/2006 3.1 1.5 —-13 4.3 1.6 52 1.60 041 0.23 0.59 119 74 012 0.11 0.05 0.16 0.01 11
13/09/2006 0.6 27 -02 56 -2.1 346 0.18 033 0.16 0.51 -0.15 83 0.03 0.04 0.00 0.07 -0.01 31
11/10/2006 5.7 21 -0.7 49 3.6 63 283 038 0.21 0.55 245 87 023 001 -003 0.05 0.22 95
01/04/2007 36 -26 —6.6 15 6.2 172 035 022 0.06 0.39 0.13 37 005 000 -002 0.03 0.05 97
12/08/2007 53 120 74 16.6 -6.7 126 028 065 0.51 0.80 -0.38 135 006 0.18 0.14 021 -0.11 179
01/06/2008 59.7 207 13.0 284 39.0 65 137 084 048 1.20 0.53 39 029 024 018 0.31 0.05 16
11/07/2008 0.7 0.6 -3.1 43 0.1 17 050 022 0.06 0.38 0.28 55 004 006 004 0.08 -0.02 61
18/09/2008 1.7 35 04 6.6 -18 105 044 043 026 0.60 0.01 2 014 0 0.08 0.13 0.03 23
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a cold period in which sedimentary dynamics are rather low or
marginal. Mean flood-based SSCmean for this period is 18 mg1~".
A total of ca. 30 tonnes were transported such months (i.e. 3.8% of
the total load during the three study years). Total flood based runoff
in winter is 0.94 hm®, representing the 28.2% of the total flood based
runoff for the whole period. Fig. 7A shows the relationship between
flood-based runoff and sediment load for the floods registered in
this period. A statistical significant correlation is found between
both variables. Rainfall intensities are low although events can be
large and associated with snowmelt processes. Temperatures are
most of the time below freezing and control some properties of
the soils that in turn may affect the generation of runoff and the
erodibility of the soil (e.g. Ollesch et al., 2005). A close eye to the
sediment transport variability through the floods shows that the
hysteresis loops in these events are (accordingto the early classifica-
tion by Williams, 1989) clockwise (25%), counter-clockwise (19%),
linear (19%), 8-figure (6.3%) and undefined (31%). These patterns
indicate an erratic response of the catchment with always very low
magnitude processes.

Spring period (March to June). This is the period that contributes
most to the annual runoff and sediment load. We consider this as
the most active hydro-sedimentary period. Suspended sediment
concentrations observed during events have an intermediate magni-
tude (i.e. mean flood based SSCmean = 96 mg 1~ ). The total runoff
and sediment transport is around 2.2 hm® and 572 tonnes respec-
tively, representing the 65.3% and 72.6% of the total transported for
the whole period (2005-2008). TL is controlled by the relatively
high TR. The Canalda sub-catchment acts as the main source of
water (but low sediment), reducing mean SSCs but having a relevant
contribution to the total runoff observed in ISTS, as discussed previ-
ously. Two different patterns can be seen in Fig. 7B. The steeper pat-
tern corresponds to the one dominated by relatively high magnitude
events that, according to previous studies (Vericat et al., 2008;
Batalla et al., 2010; Vericat and Batalla, 2010), were potentially
capable to break-up the surface armour layer of the riverbed thus
increasing the availability of fine materials (from the subsurface
layer), or generate localised channel erosion (from the banks). The
gentle relationship is represented by the rest of floods recorded dur-
ing the study period. In general, Fig. 5 shows that the total sediment
load during this period is the highest of all the periods while the
range for the TR is considered intermediate. The hysteresis loops ob-
served are mostly counter-clockwise (63%). At the same time, there
are also clockwise (27%) hysteresis loops and linear (10%) relation-
ships. Dominant counter-clockwise patterns in this period indicate
that sediment sources are relatively far from the outlet, and maxi-
mum SSCs are registered after peak flows.

Summer-early autumn (July to October). This period shows the
largest SSCs although the overall hydrological contribution is rather
low. Mean suspended sediment concentrations observed in flood
events is 89 mg 1~ '. A total of 186 tonnes were transported, a
value that represents almost 1/4 of the total load for the whole
study period. The total runoff in this period is around 0.22 hm?
(6.5% of the total), a fact that indicates a modest contribution to
TL when compared for instance with spring. However, flood
hydrographs are characterised by a rapid increase (i.e. average
Qp/Q, = 4.8 and an average Fl = 1.32m? s~ ' h~'). This phenom-
enon can be the main cause of the high instantaneous SSCs observed
in this period. Fig. 7C shows the relationship between flood-based
runoff and sediment load. A statistical significant correlation is
found between both variables. As it can be seen, Fig. 7C shows that
the range of runoff values is the lowest of all the periods, a fact

Fig. 6. Observed and predicted sediment transport values from the multivariate equations
presented in Table 10: (A) total loads (TL), (B) maximum suspended sediment concentra-

i -1
Concentrations (SSCmean, g I ) tions (SSCmax ), and (C) mean suspended sediment concentrations (SSCmean).
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A) g rainfall across multiple spatial scales. These data sets are of special inter-
9 Winter Period est in relatively large catchments where rainfall is typically highly vari-
- A able in space and time. The main findings of the study are:
1. The Ribera Salada can be divided into two main zones according to
0.3 R =044 the rainfall distribution: (a) the subalpine climate zone (i.e. the top
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Fig. 7. Flood-based relationship between Total runoff (TR} and Total suspended sediment
load (TL) for the whole study period (2005-2008) segmented by: (A) winter, B) spring
and C) summer-early autumn. Note that two different patterns are observed in spring
inrelation to sediment availability (see text for more discussion). Note the differences in
the magnitude of the axes between figures.

that suggests a low hydrological activity but a relatively high
sedimentary process during this particular time of the year. The
dynamics at the flood scale indicate that the majority of the floods
have counter-clockwise hysteresis loops (56%), but there are also
clockwise (22%), 8-figure (13%) and linear (9%) relationships.

5. Summary and conclusions

In this paper we have presented the relations between rainfall, run-
offand sediment transport in a Mediterranean mountainous catchment
during three consecutive years. A series of statistical correlations and
multivariate analyses between variables have been performed to char-
acterise the hydrosedimentary dynamics in this mesoscale catchment
of the Southern Pyrenees. In addition, the use of radar data has been
proven to be a useful tool to characterise the spatial distribution of

of the basin; headwaters) where the largest values of total rainfall
are registered (i.e. >1000 mm), and (b) the Mediterranean zone
(i.e. lowermost reach of the catchment) where the highest rainfall
intensities are observed. The hydrological regime of the catchment
has a seasonal pattern, with two maxima, one in spring and another,
of lesser magnitude, in autumn. Runoff coefficients are overall rather
low, reflecting the high interception of the land cover and the high
fissuration of the substrate and, consequently, the difficulty to excess
the soil infiltration capacity. Flood-based maximum suspended
sediment concentrations were higher than 2 g 1! in six of the
analysed floods, reaching a maximum value of around 3 g1~ . The
total suspended sediment load was 780 tonnes (2005-2008),
which represents 2.3 tkm~ 'y~ ', pointing out the low intensity of
the geomorphic processes in the catchment. The majority of the
load is transported mainly during spring.

2. Most of the runoff variables in the Ribera Salada are highly correlated
to the base flow prior to the event. The influence of the base flow
decreases during winter and summer months, when the respective
low temperatures and high rainfall intensities reduce the high infil-
tration capacity of the basin. Rainfall in the Canalda sub-catchment
is the dominant process that controls the runoff volume of the floods,
while in the case of the Fred sub-catchment the rainfall intensity has
a direct influence on the magnitude of the peak discharges.

3. Maximum suspended sediment concentrations are positively corre-
lated with the magnitude of the floods. Short but intense rainfall
events prompt high suspended sediment concentrations. Contrarily,
flood-based total sediment load is strongly correlated with the total
direct runoff and, to a lesser extent, with the peak discharge of the
event.

4. The multivariate analysis shows that total suspended sediment load
is the variable that can be better predicted by a multivariate equation
integrating rainfall and runoff variables. A total of 5 variables form
the sediment transport equation: (a) base flow, (b) duration of the
rainfall, (c) total surface runoff, (d) peak flow and (e) the runoff
coefficient. The volume of surface runoff is the variable supplying
more weight to the equation. Seasonal relations between total
surface runoff and total sediment transport reveals that the magni-
tude of sedimentary processes presents a clear seasonality that is,
in turn, influenced by rainfall intensity and sediment availability.

5. Three intra-annual sediment transport patterns have been found,
with each having distinct influence on the total sediment load and
water yield. The first period (winter) that last from November to Feb-
ruary carries less than 4% of the annual sediment load although yields
more than 1/4 of the total runoff. This period is characterised by low
rainfall intensities, low temperatures and a clear reduction of sedi-
ment availability. The second period (spring) is from March to June
and represents almost 3/4 of the total sediment load and 2/3 of the
water yield. Floods in this period are characterised by having highly
variable sediment loads and a moderate runoff volume. Finally, the
third period (summer-early autumn) moves encompasses months
from July to October, representing around 1/4 of the total sediment
load but only yielding 6.5% of the total annual runoff. Flood events
in this period are characterised by sharp and rapid hydrographs,
transporting little runoff but generating high suspended sediment
concentrations.

This paper corroborates that the relationships between rainfall, run-
off and sediment transport are highly in Mediterranean mountainous
catchments. This variability is primarily controlled by the general
physical characteristics of the basin, but the antecedent conditions
and the intensity and distribution of the rainfall shape the final
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hydrosedimentary response in the river. Land use and climate change
may have thus an important role in modifying the cycles of water and
sediment yields in this type of highly contrasted environments that
will, ultimately, alter the transfer of water and sediments downstream
thus the functioning of the overall fluvial ecosystem.
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ABSTRACT

Mountain regions have a key role in the generation of runoff, and in the production and transfer of sediments to flu-
vial networks, espedally in Mediterranean catchments where these processes are affected by marked changes in di-
mate and land use (i.e. global change). This paper presents the water and the sediment budgets of the Ribera Salada
(224 km?), a meso-scale Mediterranean forested catchment located in the Southern Pyrenees. Field monitoring fol-
lows an integrated basins scheme (five nested sub-catchments), where hydrological and sediment transport data
were collected continuously over a two-year period (2012-2013). Precipitation was obtained using radar images,
which allowed the elaboration of rainfall maps used to characterize the spatial distribution of rainfall across multiple
scales. Results indicate that the catchment is hydrologically divided in two areas which show contrasting fluvial re-
gimes: the upper part of the catchment is considered wet and has a constant flow regime, supplying the majority of
the water, while the lower part is drier, with ephemeral tributaries and water losses into the alluvial aquifer of the
main river channel. In contrast to water yield, most of the suspended sediment load (i.e. 80%) is supplied by the dri-
est part of the catchment where sediment availability was greater and where there is a greater connectivity between
sediment sources and the channel network. The sediment yield of the whole catchment and the respective sub-
catchments sits in the lower bounds of values reported for the Mediterranean region, indicating the generally low
intensity of hydrological and geomorphic processes in the area. Once more the sediment budget approach matched
to sound hydrological data proves efficient to characterize sediment dynamics in river basins, with special interest in
areas such as the Mediterranean mountain catchments, where the effects of global change appear to be more acute.
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1. Introduction

Mountain areas play a key role in the generation of runoff (e.g.
Viviroli et al., 2003; Viviroli and Weingartner, 2004), especially in basins
with arid or semi-arid climates (Lopez and Justrib6, 2010). The Pyrenees
are a well-known example of this, generating ca. % of the runoff of the
whole Ebro basin (83,500 km?) the third largest catchment in the Med-
iterranean basin. Hydrologists and water managers have repeatedly
warned of important reductions of river flow (hereafter Q) in basin
headwaters in the area (e.g. Gallart and Llorens, 2004; Garcia-Ruiz
etal, 2011). Interestingly, this phenomenon has been also reported
elsewhere in the Mediterranean region (e.g. Pascual et al., 2015;
Garcia et al,, 2017). Flow reduction is mainly attributed to both changes
in climate and, notably, the widespread natural afforestation that has
taken place in mountain regions since the large scale land abandonment
of the 1950s (e.g. Serrano-Muela et al., 2008; Lorenzo-Lacruz et al.,
2012; Lopez-Moreno et al., 2014; Buendia et al., 2016a, 2016b). Reduc-
tions in flow pose important threats for water resources, undermining
the development of the whole region and the functioning of the fluvial
ecosystems. Within this context, the elaboration of water budgets con-
stitutes a major scientific and applied goal, which is essential to under-
stand water production and yield and necessary to infer how human-
related changes effects hydrological dynamics and fluvial processes
(e.g. Jothityangkoon et al., 2001).

Precipitation is a key element for the construction of such budgets,
as well as to help interpreting them. However, high-resolution spatially
distributed precipitation data for mountainous areas are difficult to ob-
tain, even if sophisticated interpolation procedures are used, because of
the low density of rainfall stations (Barry, 2008). The spatial distribution
of precipitation data can be improved using remote sensing tools (radar
and satellite data; e.g. Leijnse et al,, 2007; van de Beek et al., 2009; Otto
and Russchenberg, 2011; Moreno et al., 2012). The quantitative estima-
tion of precipitation by means of weather radar has become an ad-
vanced tool for meteorology (e.g. Wilson and Brandes, 1979; Fulton
etal, 1998; Harrison et al,, 2000; Tabary et al., 2007) and is particularly
valuable for hydrological (e.g. He et al,, 2011; Seo et al,, 2015) and sed-
iment budgeting applications (e.g. Tuset et al,, 2016).

Sediments produced in mountain areas reach channel networks and
are subsequently transferred downstream. The sediment budget of a
drainage basin is the quantitative description of the rates of production,
transport, and deposition of mineral detritus in a given period of time.
Therefore, in order to construct a catchment scale sediment budget,
the temporal and spatial variations of both transfer and storage pro-
cesses need to be assessed. This task essentially requires i) the recogni-
tion and quantification of sediment sources, transport processes and the
associated loads, ii) the recognition and quantification of storage ele-
ments, and iii) the identification of the linkages amongst them
(Dietrich et al., 1982). A sediment budget is also an important tool for
planning, since it allows managers to assess the impact of human activ-
ities, estimate the effects of climate change and detect the factors that
control the changes in the fluvial system, between other applications
(Charlton, 2008). Sediment budgets can take many forms, be con-
structed over several scales, and incorporate various levels of precision
(Reid and Dunne, 2005). Of particular importance within the budget is
the sediment flux that transits through the drainage network, and,
eventually, reaches the basin outlet and leaves the system; this process
is not constant in time (i.e. it occurs mainly during floods) and typically
shows non-linear relations with streamflow (i.e. typically controlled by
sediment supply and availability).

Understanding the sediment delivery process (i.e. the amount of
sediment exported in relation to total upstream production) at the
basin scale remains a challenge (see for instance the early review by
Walling, 1983). The high variability in the relationship between basin
area (hereafter A) and suspended sediment yield (hereafter SSY) im-
plies that prediction of SSY based on A alone is troublesome, hence spa-
tially (and temporary) distributed information on land use, climate,

lithology, topography, dominant erosion processes and sediment con-
nectivity is required (de Vente et al., 2007). Alternatively, the concept
of sediment connectivity is used to explain the continuity of sediment
transfer from sources to sinks in a given catchment, and the movement
of sediment between different compartments within it: over hillslopes,
from hillslopes to channels, and within channels (Bracken et al., 2015).

Sediment transport and associated yield in Mediterranean moun-
tainous catchments are highly variable, being mainly controlled by ir-
regular flashy flow regimes (i.e. floods) and changes on sediment
availability, which, in turn, respond to marked variations in climate
(temperature, rainfall), runoff, soil properties, geology and land and
water uses. This hypothesis (based on the main findings after
Conacher and Sala, 1998) frames the research presented here, aiming
at constructing the water and the sediment budgets of the Ribera
Salada, a meso-scale forested Mediterranean catchment located in the
Southern Pyrenees. The Ribera Salada has experienced extensive affor-
estation due to the generalized land abandonment that has occurred
in the Pyrenean region since mid-twentieth century. In this context,
the Ribera Salada was established in 1997 as a long-term monitoring
project with the primary objective of observing and quantifying water
resources and sediment transport dynamics in Mediterranean forested
mountain catchments (e.g. Verdu et al., 2000; Estruch, 2001; Poch
etal, 2002; Balasch et al,, 2005; Batalla et al., 2005; Loaiza Usuga and
Pauwels, 2008; Miiller et al,, 2008; Vericat and Batalla, 2010; Buendia
et al, 2016b; Tuset et al., 2016). All of these works described processes
occurring in the upper half of the basin, from plot to catchment scale,
with specific objectives different from those presented here. For the
purpose of this paper, field monitoring followed an integrated-
catchments approach, which was composed by five nested instru-
mented sub-catchments. There, hydrological and sediment transport
data were collected continuously during the two years period. There
are no water and sediment budgets reported for non-regulated and
less-erodible catchments of this size in the Pyrenean area. The Ribera
Salada offers an opportunity to identify sediment sources in such natu-
ral catchments and assess the spatial and temporal variability of the
water and sediment transport regimes.

2. Study area

The Ribera Salada is a 224 km? mountainous catchment located in
the Southern Pyrenees (NE Iberian Peninsula; Fig. 1). The river flows
into the Segre in the Rialb Reservoir. Elevation ranges between 460 m
a.s.l. and 2386 m a.s.l, what drives marked climatic gradient across
the catchment, i.e. subalpine in the headwaters and Mediterranean in
the main valley and the lowlands. Mean annual precipitation (hereafter
P) is 763 mm, ranging from 600 mm year ' in the valley bottoms to
>1000 mm year—' on mountain summits (Ninyerola et al., 2000). The
north-western part of the basin sits in the rain shadow of the Canalda
sub-catchment (Tuset et al., 2016). Maximum rainfall occurs in spring
and the minimum in winter. Mean annual temperature is 11 °C, with
values reaching —20 °C in the winter headwaters and 35 °C in the
lower part of the valley during summer.

The geology of the catchment consists of limestones, marls and Tri-
assic and Eocene evaporites folded in the header, and an extensive
molassic sequence (i.e. conglomerates and sandstones) of Eocene and
Oligocene ages in the middle and lower parts of the catchment. The cal-
careous sediments, which show high fracturing and karstification, form
the substrate of the Port del Comte hydrogeological unit (i.e. the largest
in the area, Fig. 1). This unit consists of two major subunits: (i) Bofia,
which mainly discharges into the River Cardener (not included in
Fig. 1), and (ii) Odeén (i.e. the largest of the two them), which directs
its waters to the springs of Can Sala and Sant Quinti (i.e. both belonging
to River Fred sub-catchment, Fig. 1). The less extensive subunits of Bofia
SW, Llinars and Puig Subira complete the hydrogeological system of
Port del Comte and feed, respectively, the rivers Fred and Canalda
(Nunez et al,, 2004; Fig. 1).
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Fig. 1. Ribera Salada sub-catchments with the location of the monitoring sections and the rainfall gauges, and a synthesis of the hydrogeological system of the Ribera Salada (modified from
Niiez etal., 2004). Note that the proportion of the arrows was extracted form Niifiezet al. (2004). The inset map shows the location of the Ribera Salada in the Ebro Basin and in the Iberian

Peninsula. Note that the coordinates at the outlet of the catchment are indicated as reference.

The catchment lies mostly on conglomerate supporting sandy-
loamy soils, that typically have depths < 50 cm. Water retention capac-
ity is low owing to the stoniness of these soils (>20%, Verdt et al., 2000).
The catchment is mostly forest (i.e. 70% wood; 9% shrubs; 8% rocky out-
crops; 3% pastures) with small areas of agriculture (9%) (see Table 1 for
more detailed information). Agriculture is located mainly on the plains
of the interfluves and in the valley bottoms, while forests occupy
steeper slopes.

Table 1

Upstream valleys have a marked V-shaped form due to strong inci-
sion that occurred during the Quaternary. Fluvial incision has formed
confined channels on conglomerates (i.e. canyons), mostly in the rivers
Fred, Plana and Canalda. Further downstream, the channel widens while
flowing on the alluvial deposits of the Ribera Salada before it flows into
the Segre (Fig. 1). The alluvial aquifer is bounded by detrital materials
(Le. particles of fragmented rock through processes of weathering and
erosion) and terraces. Gravel mining has been particularly intense in

Main characteristics of the five experimental sub-catchments. Information generated from the Land Cover Map of Catalonia v3 (Ibafiez and Burriel, 2010) and geological map of Catalonia

1: 250,000 v2 (ICGG, 2019).

Wet basin Dry basin Output of the basin
Cogulers Fred Canalda Inglabaga Altés

Area (km?)* 2.4 (0%) 26.8 (29%) 65.1 (39%) 1145 (34%) 102.9 2174 (18%)

Lithology Conglomerates  Limestone, clayrocks  Limestone, clayrocks  Sandstones Detrital rocks Conglomerates, sandstones

and conglomerates

and conglomerates

and clayrocks®  and fluvial terraces  and clayrocks®

Time concentration of rainfall (min)* 19 63 101 126 - 210
Altitude interval (m) 734-1159 640-1802 654-2387 592-2387 444-1210 444-2387
Wood (% catchment area) 83.7 52.8 64.8 62.8 79.6 70.4
Shrubs (% catchment area) 3.7 235 121 144 28 89
Pasture (% catchment area) 2.0 29 74 57 0.6 33
Agricultural land (% catchment area) 5.5 79 39 5.6 135 93

Bare rock (% catchment area)® 5.0 12.7 7.7 1.2 34 TaD
Others (% catchment area) 0.1 02 4.1 03 0.1 0.6

* In brackets, the percentage of the total area occupied by limestone.

b Lithology of the sub-catchment up to the most immediate upstream monitoring section.

¢ Calculated based on the California Cuverts Practice method (1942). Essentially it is Kirpich's equation (Kirpich, 1940); developed for small mountain basins in California (U.S. Bureau of

Reclamation, 1973).

4 This comprises (i) rocky terrain (i.e. massive conglomerate), (ii) forest with vegetation cover <20%, (iii) bare soil and (iv) saee.
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the lower segment of the Ribera Salada during the 1980's and the 1990's
(Batalla, 2003 ), where valley incisions of up to 3 m and the exposed bed-
rock are still visible (Tuset et al., 2015).

Flow regime is pluvio-nival with two maxima: one in spring and
early summer caused by snow melt and convective localised storm-
events, and the second in autumn owing to rainfall events mostly asso-
ciated with the passage of polar fronts (Tuset et al, 2016). The mean dis-
charge (hereafter Q,,..,) for the period 1998-2008 at the Inglabaga
section (114.5 km?; see Fig. 1 for location details) is 0.5 m* s~' (0=
0260 m* s~ 1), equivalent to 145 mm of annual runoff and a runoff co-
efficient of 0.25 (Vericat and Batalla, 2010). It is important to remark
that, at this section, the Ribera Salada encompasses half of the total
basin area but has already collected waters from all the main tributaries
since tributaries downstream from here are ephemeral. Within this con-
text, one of the focal points of the paper is to understand the implica-
tions of this hydro-climatic discontinuity or distinction for the water
and the sediment budgets.

3. Materials and methods

Methods included (a) field monitoring and computation of flow and
suspended sediment fluxes, (b) remote sensing analysis, and (c) base-
flow separation. The combination of these allowed collection of rainfall,
runoff and sediment transport data across the entire Ribera Salada
catchment (i.e. multiple stations/sub-catchments). Details of each of
these methods are presented in the following sections.

3.1. Field monitoring and computation of flow and suspended sediment
fluxes

Water flow and sediment transport in the Ribera Salada were mon-
itored during 2 complete years (from January 2012 to December 2013)
in five nested sub-catchments (Fig. 1): Cogulers (2.4 km?), Fred (26.8
km?), Canalda (65.1 km?), Inglabaga (114.5 km?) and Altés (217.4
km?). The catchments were chosen to examine the influence of different
areas and river regimes on the overall basin water yield and sediment
load. The first four sites represent the upper area of the catchment, char-
acterized by perennial flows, whereas Altés closes the basin and repre-
sents the lower half of the basin where ephemeral streams only flow
after thunderstorms. Water contribution from the upper part of the
catchment ensures that the Ribera Salada mainstem never dries up.

Rainfall was measured at 15-minute intervals and recorded hourly
in five rain gauges, three of them located within the basin limits and
two outside of them (Fig. 1). Two of the rainfall stations are operated
by the Meteorological Service of Catalonia (i.e. Port del Comte, 2316 m
a.s.l.; Lladurs, 785 m a.s.l.) and three by the Ebro Water Authorities
(i.e. Cambrils, 1401 m a.s.l.; Oliana, 520 m a.s.l.; Pinell, 658 m a.s.l.).
The spatial distribution of rainfall across the catchment was assessed
from radar data and is described in the remote sensing section.

Water stage (or water level; hereafter h) was monitored by means of
pressure transducers (Druck® 1730-PDCR), except in the Fred section,
where it was measured using a capacitive water stage sensor/logger
(TruTrack® WT-HR). Water stages were recorded every 5 min in Camp-
bell CR10X and CR1000 data-loggers in exception to the station in the
Fred where the sensor is built with an internal data-logger. h-Q rating
curves in the Canalda, Inglabaga and Altés sections were derived by
means of 1d hydraulic modelling using HEC-RAS® V.4.1. (USACE,
2010). Since riverbed was mobile with high flows, topographic surveys
were repeated to adjust the h-Q rating curves (in exception of the
Cogulers section were a 90° V-noch weir was installed and the formula
by Kindsvater and Carter (1957) applied). Results were validated using
periodic gaugings that were made by means of an electromagnetic flow
meter (Valeport® 801) during base and high flows. In May 2012 an Ul-
trasonic Doppler Instrument (Starflow® 6526, range 21 mm s~ ' to
4500 mms ') was installed in Canalda and it was used to obtain contin-
uous h and flow velocity (v); this complementary data was used to

calibrate Q estimates at this section. The Fred monitoring section is lo-
cated in a canyon a few metres upstream from a ford that acts as a
crested weir; to solve the h-Q relation a theoretical drain curve of arect-
angular broad crested weir was applied; this yielded results in agree-
ment with data obtained from direct gauging.

Water turbidity was recorded by means of ANALITE® wiper-
equipped turbidimeters (NEP 9350; range: 0-3000 NTU) in four of the
stations (Cogulers, Canalda, Inglabaga and Altés). Turbidity was regis-
tered every 5 min in Campbell® data-loggers CR10X and CR1000. Auto-
matic water samplers (ISCO® 3700) were set to collect at least 0.5 litre
samples during flood events at one-hour intervals. In addition, 1-litre
manual samples were periodically collected during low flows and
floods, and, at the Inglabaga site, suspended sediment was also sampled
using a water stage sampler, designed after the initial model developed
by Schick (1967). In total, 987 water samples were used to transform
turbidity data (NTU) to suspended sediment concentration (hereafter
SSC, mg 1~ ') using a single linear relation. This single calibration can
be justified by the fact that all probes were the same and that differences
between the SSCs associated with a given NTU value between sites were
very low (i.e. the coefficient of variation of these was 9.1% for low and
high NTU readings). SSC during the whole study period only exceeded
the turbidimeter range during 4 h in Altés and 1 h in Inglabaga and
Canalda sections. In all cases, the ISCO® and the water stage sampler
collected enough samples to fill the gaps of the turbidity series; any
bias attributed to infilling is considered negligible.

Further, the representativeness of turbidity readings within the av-
erage concentration across the section was experimentally assessed in
Altés by means of the ratio k = C, / C;, where C; is the mean SSC deter-
mined from evenly distributed vertical samples across the section (con-
sidered the cross-section average value) during floods events, and C; is
the mean SSC obtained at the same time from the vertical where water
samples are regularly obtained as explained above (e.g., McLean et al.,
1999; Vericat and Batalla, 2006). Three sets of vertically distributed
samples were collected during a flood event on 23rd March 2012. The
k ratio varied randomly with Q, ranging from 0.91 to 1.11. Hassan and
Church (in McLean et al., 1999) found that small no systematic bias is
offsetting and has no significant effect on the computation of the annual
load; the low bias observed in Altés between Cs and C; suggests a nota-
ble degree of hydraulic mixing in the section, and so a reliable estima-
tion of the suspended sediment load is ensured.

The organic matter (hereafter OM) content was assessed in the Altés
section from thirty-nine samples obtained during a single 2 day flood
event, following the methods reported by Tena et al. (2011). OM was
highly variable, ranging from an average of 32% during low flow condi-
tions before the flood started, to 10% during the flood peak and 52% during
the falling limb. This high variability does not allow a justifiable criterion
to subtract the content of OM from the whole data set. Therefore, OM
was not subtracted from the SSCs and, consequently, this may cause an
overestimation of the computed loads. Note that that flow and suspended
sediment transport data from the Canalda section were already reported
by Buendia et al. (2016b) and used for model calibration to assess the ef-
fects of climate variability and afforestation on catchment's hydrology.

Finally, Q and SSC data obtained in each sub-catchment were used to
compute basic statistic parameters (i.e. arithmetic mean and coefficient
of variation) and to characterize water yields and sediment loads at dif-
ferent temporal scales (i.e. daily, monthly and annual). Linear regres-
sions between the runoff volume and the sediment load for each of
the contributing areas, together with the square of the Pearson's corre-
lation coefficient (r?; Pearson, 1896) were calculated. The analyses were
performed with Statistica© 7.0. In general, a p-value of 0.05 was set to
consider a correlation statistically significant.

3.2. Remote sensing analysis

The amount and distribution of rainfall in the Ribera Salada sub-
catchments were assessed by means of geo-referenced radar images.
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The resolution of the images was 1 x 1 km (for more information con-
sult Tuset et al,, 2016) (i.e. note that pixel size changed from 3 x 3 km
inTusetet al.,, 2016 to 1 x 1 kmin this work, and it is due to the technical
improvement of the radar sensors). Even so, we believe that this change
has no direct effect on the estimates given the scale of the study reach
in relation the spatial variability of the rainfall. The rainfall records ob-
tained in the rain gauges of the Ribera Salada (see location in Fig. 1)
(see Section 3.1.) were used to validate the radar data as explained below.

A cross-validation procedure was performed according Tuset et al.
(2016) to assess the accuracy of the rainfall rasters (i.e. monthly rainfall
values, hereafter Pm,.s) obtained from radar data during the study pe-
riod and for the study area. A ‘monthly potential error’ of the rainfall was
calculated by using the direct data registered in five rain gauges (see
Fig. 1 for location details) as the reference data set (i.e. observed rain-
fall). In this case, the unit of RMSE is the millimetre, though it is impor-
tant to note that the RMSE does not correspond to the absolute error.
The main uncertainties in this validation are related to (a) the spatial
resolution of the data (i.e. 1 x 1 km) and (b) the calibration of the
radar fields (see more details in Tuset et al., 2016). The RMSE was calcu-
lated for a total of 24 months (i.e. 1 value per each rain gauge per month
during a period of two years, 120 monthly records).

3.3. Base-flow separation

Base-flow (hereafter BF) was estimated by means of the software
BFI+® digital filter version 3.0 (Gregor, 2010), which separates the
stream flow into direct runoff (hereafter DR) and BF (Fendekova and
Fendek, 2012; Vasileva and Orehova, 2012; Alhamed, 2014; Abo and
Merkel, 2015). The method selected for this study was the ‘local mini-
mum’ filter. In this case, broadly, minimum flow values were identified
looking at the variability of the flow through time and based on two pa-
rameters described below. Minimum flows are considered the base flows
and a linear interpolation between minimum flows is fitted in order to
extract the BF (Sloto and Crouse, 1996). Input data were the time series
of daily stream flow. The algorithm used by BFI+® to estimate the
time duration of surface runoff from a storm event is based on two pa-
rameters - N and f. The first is the product of an empirical relationship:

N = 0.8267 A%? (1)

where N is the number of days after which direct surface runoff ceases,
and A is the drainage area in km? (Sloto and Crouse, 1996). The average
N for all sub-catchments was 2 (CV = 0.33, n = 5). For f the standard
value 0.9 was used since no changes in the results were observed if
the parameter was modified.

The unusual flow regime of the River Fred (as a result of transfers of
water from the Oden subunit, Fig. 1) dictated that a different method was
appropriate. Here, DR was computed using an empirical relationship be-
tween catchment area and direct runoff computed from the other sta-
tions in which the flow regimes were not affected by external water
transfers. This method allows determining objectively when a flood oc-
curs; i.e. when the software detects the DR generation. This represents
an improvement over other more traditional methods (i.e. Graphical
Separation Method, e.g. Hewlett and Hibbert, 1967; Maidment, 1993),
as it allows the base flow to be obtained in an automatically, faster and
objectively. The tool is especially useful to analyse long data sets.

4. Results and discussion
4.1. Rainfall

4.1.1. Validation of rainfall maps

Pmy,,..q obtained from radar images oscillates between almost 0.7 and
175.2 mm, while direct observations (hereafter Pm,) based on the rain
gauges ranged between zero and 209.5 mm. The RMSE varies between
0.1 and 34.3 mm, with a mean value of 10.9 mm and a coefficient of

variation (hereafter CV) of 0.7. RMSEs were related directly to the mag-
nitude of the Pm,,,..q, with three different patterns observed: (i) for P
< 50 mm, RMSE is low (i.e. 7.9 mm, value that represents less than the
32% of the average Pm,, i.e. 24.7 mm); (ii) for 50 mm < Pmy,, < 125
mm, RMSE almost doubles (i.e. 11.9 mm), although still representing a
lower proportion compared to the Pmgs (i.e. 14.6% on average); (iii) fi-
nally, for Pm,;,s > 125 mm, the RMSE is around 23.8 mm and rain fields
always underestimate the observed Pm,; (i.e. 14.7% on average). This
bias occurs almost exclusively for the Port del Comte rain gauge,
which is located in the area where more rainfall is registered. It is
worth stressing that rain fields are generated by means of the EHIMI®
software (Corral et al,, 2009). The software includes an algorithm that
takes into account the route of the precipitation and so smooths the
maximum rainfall in the spatial dimension in order to better model
the storm's path that, otherwise, could be misrepresented. Neverthe-
less, if the maximum rainfall occurs usually in the same location (in
our case Port del Comte) due to, for instance, orographic factors, the
EHIMI underestimates high rainfall magnitudes, especially in spring.
Overall our results are in the order of those observed by Coll (2010)
for the whole Catalonia (i.e. for an area of ca. 32,100 km? using multiple
rain gauges distributed across different environments) and by Tuset
etal. (2016) for the Ribera Salada catchment using a single rain gauge
(Canalda) at the daily scale. These latter authors reported a Mean Abso-
lute Error of 6 mm (i.e. data set included rainfall episodes registered be-
tween 2001 and 2005) and 4.3 mm (i.e. data set included rainfall
episodes registered between 2005 and 2008), respectively. In the pres-
ent study the Mean Absolute Error is around 7.6 mm, within the range of
that reported above.

The good agreement between observed rainfall and estimates using
radar images allows the study of the spatial variability of rainfall events
with a reasonable accuracy. This provides the opportunity to identify
localised rainfall cells that otherwise might be underestimated by single
rainfall measurements (e.g. as for the 9 September 2012 event; Tuset
et al,, 2016), and identify rain shadows that are not in the range of
rain gauges.

4.1.2. Rainfall patterns

4.1.2.1. Annual scale. The study period was characterized by moderate
annual rainfall and temperature variability at the whole catchment
scale. Overall 2012 was warm (i.e. between 1 and 1.5 °C above the an-
nual mean) and dry (i.e. 20% below the mean annual rainfall for the pe-
riod 1961-1990; SMC, 2013), whereas 2013 experienced average
temperatures and rainfall above the mean (SMC, 2014). Mean P was
560 mm in 2012 and 677 in 2013 (i.e. annual average of 619 mm), ob-
tained from daily rainfall maps (i.e. radar information ). These values di-
verge from those reported by Ninyerola et al. (2000), who estimated a
mean annual P for the area of 765 mm using the data from a network
of 116 rain gauges (i.e. one ever 195 km?). Despite the dense spatial cov-
erage of meteorological stations used in their work, authors did not in-
clude rainfall data from the Ribera Salada, hence failing at detecting
local rain shadows such as that in the north-western part of the catch-
ment (Tuset et al., 2016); this suggests a likely overestimation of P.
Our results differ from those reported by Ninyerola et al. (2000) and
this can be related to rainfall computation. In our case, instead of single
values from rainfall stations, maps of rain fields calculated from radar
images were used. Such divergence reinforces the importance of suffi-
cient data coverage in environments where rainfall is highly variable
in space.

Mean rainfall for the whole study period was 640 mm in Cogulers,
550 mm in Fred, 709 mm in Canalda, 610 mm in Inglabaga and 619
mmiin Altés. Rainfall increases with altitude (i.e. positive altitudinal gra-
dient), and eastwards (i.e. longitudinal gradient caused by a rain
shadow). These patterns agree with those reported by Tuset et al.
(2016) who analysed the hydrological response of the Ribera Salada
for the 2005-2008 period; they also follow the classic general patterns
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of Lauscher (1976) who described vertical precipitation profiles using
long-term data from 1300 grouped stations (i.e. tropical, equatorial,
transition and mid-latitude patterns). Mid-latitudes generally show
strong rainfall increases with altitude, although the general tendency
may be modified by leeward or windward slope location (Barry, 2008).

4.1.2.2. Seasonal and monthly patterns. The seasonal rainfall regime fol-
lows a spring-summer-autumn-winter sequence (equivalent to 36, 30,
18, and 16% of the total annual precipitation, respectively) (see
Table 2 for full details). It is notably that the maximum can occasionally
occur in summer, especially in the headwaters or in small areas (e.g. as
in Cogulers in summer 2012). The rain shadow in the north-west and
the positive altitude gradient were also observed at the seasonal scale.
Snow is present in the highest altitudes (1800 m a.s.l.) in winter and
early spring (Tuset et al., 2016).

4.2. How, water yield and runoff
4.2.1. Annual scale

4.2.1.1. Flow and water yield. The average long-term Q in Canalda and
Inglabaga is 041 m® s~ and 0.50 m® s~ ', respectively (Vericat and
Batalla, 2010; Buendia et al.,, 2016a). Q,;eq, for the monitoring period
was 020 m* s~ and 0.46 m* s~ ' in 2012 and 0.50 m® s~ and 1.08
m® s~ ' in 2013, respectively. Fig. 2 shows the resulting hydrographs
and sedigraphs in all sub-catchments (i.e. Cogulers, Fred, Canalda,
Inglabaga and Altés sub-catchments) for the entire study period. Q in
Canalda was lower in 2012 than the sub-catchment average, in agree-
ment with the lower rainfall observed in the headwaters. This contrasts
with Q in Inglabaga which had an average value, compensating the low
contribution from Canalda with a higher water supply from the Fred
(i.e.027 m® s~ ! and 0.58 m* s~ !, respectively) (Fig. 2). In turn, Q in
these two large sub-catchments during 2013 (the only sections where
long-term reference values exist) was above the long-term mean.
Water yield (hereafter WY) for the whole basin (i.e. measured at the
downstream Altés section, outlet of the basin) was 154 hm® and 30.6
hm? for 2012 and 2013, respectively, equivalent to a mean specific Q
0f 0.003 m* s~ km? This value is low compared to that reported for
the neighbouring Cardener (200 km? and located east of the Ribera
Salada) that has similar basin area where long-term data exists; in the
Cardener, where mean specific Q of 0.010 m® s~ ' km? (ACA, 2014),
three times the runoff volume generated in the Ribera Salada during
the same period. The headwaters of the two catchments are adjacent,
draining along of the Massif of Port del Comte (see Fig. 1), which is

Table 2

the main source of water in the Ribera Salada. Precipitation in the two
catchments was very similar during the study period (i.e. 595 mm in
the River Cardener and 619 mmin the Ribera Salada). The transmission
losses occurring in the alluvial aquifer (see Fig. 1) are very high in the
lower stretch of Ribera Salada. This is corroborated by specific discharge
values - in Inglabaga the value is around 0.007 m* s~ ' km?, very similar
to the one obtained for the Cardener basin. However, the value halves
(0.003 m* s~ ! km?) when the specific Q for the outlet of the catchment
is calculated, indicating high transmission losses between Inglabaga and
Altés, as it is fully discussed later.

According to the previous works (e.g. 5 years, Regtiés et al., 2000; 10
years, Batalla et al,, 2005; 10 years, Martinez-Casasnovas et al,, 2012),
the length of the data series from the Ribera Salada during the study pe-
riod might be deemed short, challenging the representativity of the re-
sults. However, there is no data in the catchment to further assess this,
in exception of that rainfall data, indicating that the period was slightly
dryer-than-average. According to the relationship between precipita-
tion and runoff found by Tuset et al. (2016), could lead to a hydrological
contribution smaller than the mean annual runoff. Nevertheless, as it
will be later shown, data length was not an obstacle to validate the re-
search hypotheses. Flows lower than the annual average have been fre-
quently recorded in recent years in the Ribera Salada (Buendia et al.,
2016b). These authors estimated a reduction of 20% in annual runoff
production in the last 20 years in the Canalda sub-catchment. Precipita-
tion reduction and evapotranspiration due to the increase of both forest
area and temperature have been identified as determining factors in
water yield decrease (Kundzewicz et al,, 2007; Buendia et al., 2016b).
This tendency has also been detected in other Pyrenean basins (e.g.
Gallart and Llorens, 2004; Serrano-Muela et al., 2008; Lorenzo-Lacruz
etal, 2012). Changes do not only affect the total volume but also the
intra-annual dynamics. Specifically, the discharge regime shows an in-
crease of river's torrential behaviour (i.e. runoff production occurs in
shorter periods of time) and an increase of the role of low and high
flows in the annual contribution (Buendia et al., 2016b). Current scenar-
ios predict water inputs will become increasingly intermittent in the
Mediterranean area (e.g. Schneider et al.,, 2013; Acuina et al., 2014),
what can cause a further increase in torrentiality. The frequency of mod-
erate rain is expected to reduce which, in addition to the increase of the
forest cover, might hinder the production of high flow discharges.
Under these circumstances, sediment load variability would also be
smoothed. This reduced variability has also been observed in the Ribera
Salada in dry years by Vericat et al. (2008); Batalla et al. (2010) and
Vericat and Batalla (2010), as well as in neighbouring catchments (e.g.
Regiiés et al,, 2000; Rovira and Batalla, 2006; Gimenez et al., 2012).

Mean vales of the precipitation (P), water yield (WY) and suspended sediment load (SSL) for each sub-catchment in the period 2012-2013. The table does not include the SSLof

Fred sub-catchment and the precipitation (P) and water yield (WY).

Wet basin Dry basin® Output of the basin
Cogulers Fred Canalda Inglabaga Altés
P wy ssL P wy P wy SSL P wy*  ssL P wyP sSL P° wy>  ssL
(mm) (hm®) () (mm) (hm®) (mm) (hm’) (1) (mm) (hm®) (1) (mm) (hm®) (Y  (mm) (hm®) (1)
2012 Winter 69 0003 000 55 0.9 78 0.6 82 63 18 14 83 0.1 -1 76 1.8 13
Spring 188 0012 003 166 4.0 198 28 494 185 75 75 195 -1.2 -15 191 6.3 61
Summer 205 0019 070 147 B 184 11 279 166 23 115 170 0.0 358 171 23 474
Autumn 127 0017 016 102 27 151 1.8 96 115 44 34 111 06 33 122 5.0 67
2013 Winter 151 0038 018 144 3.7 179 25 422 151 6.2 67 133 ~0.2 30 150 6.0 97
Spring 267 0555 623 252 10.1 296 86 465.1 264 20.0 564 219 -0.5 2516 250 195 3080
Summer 196 0022 013 153 32 247 23 722 198 5.8 129 177 2.2 98 197 3.6 227
Autumn 75 0024 009 82 14 83 1 67 80 2.1 1379 ~0.6 -2 80 1.4 11
Average Winter 110 0021 009 99 23 129 1.6 252 107 4.0 41 108 -0.1 15 113 3.9 55
Spring 228 0283 313 209 7.0 247 5.7 257.3 224 13.7 320 207 -09 1251 221 129 1570
Summer 201 0020 041 150 22 216 1.7 50.1 182 4.1 122 174 -1.1 228 184 2.9 351
Autumn 101 0021 012 92 20 17 14 81 97 32 24 95 0.0 15 101 3.2 39

# Area between the Inglabaga and the Altés monitoring sections.
" Includes the water contribution from the Odén subunit hydrogeological.

€ Rainfall average of the all contribution area, including the rainfall within the surface of Odén hydrogeological subunit.
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Fig. 2. Hydrograph and sedigraph recorded at monitoring sections during the 2-year study period (see location in Fig. 1). A summary table is included as inset where Qmean indicates the
mean discharge for the all study period (2012-2013), Q; shows characteristici percentiles, SSC mean indicates the mean suspended sediment concentration, and SSG; shows characteristic i

percentiles of the suspended sediment load (SSL). Data are plotted at 1-hour interval.

Fig. 3A schematically shows the distribution of the mean annual
water yield in all sub-basins, and indicates the proportion of each year
in the total yield. Significant differences are observed between catch-
ments. Table 3 indicate that, in fact, the Ribera Salada is hydrologically
divided into two contrasting areas: 1) The upper part of catchment
(i.e. the wet basin) displays a permanent flow regime in which all the
tributaries contribute water constantly and where WY is positively cor-
related with catchment area; in contrast, 2) in the lower part of the
catchment, flow decreases as the catchment area increases (see
Table 3 and Fig. 3A). In the latter area (i.e. the dry basin), tributaries
flow only after rainfall events (i.e. streams are ephemeral) and, even
though the main channel never dries out, water yield and specific
yield both reduce.

As stated, WY in the wet part of the Ribera Salada increases with the
increase of the contributing area (see Egs. (2) and (3); Fig. 4A and B).

However, WY of the Fred is 23% larger than that for instance measured
in Canalda despite it having a smaller catchment area (see Table 3). This
difference stems from the fact that there exists a water transfer from
the Odén hydrogeological unit (with a recharge area of 42.7 kn?) to the
Fred sub-catchment through the sources of Can Sala and Sant Quinti,
being one of the fastest-flowing source systems amongst the aquifers in
the Alt Segre and the Alt Llobregat regions (i.e. karst areas, Fig. 1). This
inter-catchment transfer makes the Fred the main tributary of the Ribera
Salada, supplying constant and abundant water. The area of the sub-
catchments that are affected by the Odén subunit have been re-
calculated (i.e. real contributing area) to account for the effects of this con-
tributing area to the WY (Table 3), with results showing a lineal relation-
ship with high degree of statistical significance (see Fig. 4C and D).
Egs. (4) and (5) represent the relationships between the modified con-
tributing area (real) and WY for 2012 and 2013 respectively. These
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Fig. 3. The (A) water and (B) sediment budgets of the Ribera Salada for the study period (2012-2013). The annual distribution of the water and sediment load are shown for each sub-
catchment (note that water and sediment fluxes displayed by the arrows are scaled according to their absolute magnitude). The Odén hydrological subunit (see Fig. 1) is also included

(in grey).

equations were subsequently used to estimate the real contribution of the
sub-catchments that are affected by the Odén subunit (i.e. contribution
without taken into account the transfer from this subunit). Results indi-
cate that, overall, the Odén subunit supplies a volume of water equating
to 40% of the annual water yield of the whole Ribera Salada (Table 3).

Our estimates are low in comparison with those reported by Nuriez
et al. (2004), who estimate the annual Q from the two springs of the
Oden subunit (i.e. Sant Quinti and Can Sala) at 0.52 m*s~' (16,4 hm?;
data from 1998 to 99). This value is 30% higher than that estimated for
2013, despite the lower rainfall observed in 1998-99 (Sanchez and
Torrecilla, 1999). Differences may be explained by the different fre-
quency for which flows were registered i.e. continuous in our case and
monthly in Sanchez and Torrecilla (1999). Additionally, no details of
the calculation method for Q are given by Niez et al. (2004) or
Sanchez and Torrecilla (1999).

In contrast, annual WY decreases in the dry part of the Ribera Salada
catchment (see Fig. 4A and B). This is due to both the ephemeral character

of the downstream tributaries, the amount of rainfall in this part of the
catchment, and the transmission losses as the river flows from Inglabaga
to the outlet of the catchment (i.e. Altés section; see Table 3).

4.2.1.2. Hydraulic relation between the river and the aquifer. Fig. 5A shows
the relationship between the daily flows in Altés and Inglabaga. Three
patterns can be identified by looking how the observations depart
from the 1:1 relationship. We hypothesise that these patterns indicate
different hydraulic relation between the river and the aquifer. These re-
lations basically depends on the saturation state of the aquifer, the dis-
tribution and magnitude of the rainfall, and the magnitude of the high
flows in Inglabaga (i.e. influent, the river feeds the aquifer; effluent, the
aquifer feeds the river): (i) For Q< 0.8 m® s~ ' (i.e. 75th percentile of
the flow duration curve in Inglabaga, 521 days), the river turns fromin-
fluent to effluent (i.e. as long as the water contributions do not come
from the floods of the dry sub-basin tributaries; 7% of days) depending
on the relationship between the river and the aquifer levels; (ii) for 0.8 <

Table 3
Annual water yield (WY) and associated mean discharge (Qmen) in all sub-catchments in 2012 and 2013 and the average of the two years.
A (km?) 2012 2013 Average
WY (hm?) Q(m?*s~') WY (hm?) Q(m*s~Y) WY (hm?) Q(m*s™')
Cogulers 24 0.05 0.002 0.64 0.02 03 0.010
Fred® 26.8 (21.7) 8.7 (2.5) 0.28 (0.08) 18.4 (5.9) 0.58 (0.19) 135(4.2) 0.43 (0.13)
Canalda” 65.1 (60.6) 6.3 0.20 144 0.46 104 033
Odén subunit 427 6.1 0.19 125 0.40 9.3 029
Fred River + Odén SU* 64.4 8.7 0.28 184 0.58 135 043
Inglabaga® 1145 (143.1) 159 0.50 34.1 1.08 25 0.79
Altés® 217.4 (245.6) 154 049 30.6 0.97 23 0.73

* In brackets, the results without the Odén hydrogeological subunit area and its water contribution.
" In brackets, the results without the Odén hydrogeological subunit area and its water contribution.

€ Overall contribution of the Fred sub-catchment and the Odén hydrological subunit.
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Fig. 4. Relationships between water yield (WY) and basin area in (A) 2012 and (B) 2013. In the upper wet part of the basin (blue), the WY is positively correlated with the area (i.e.
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contribution of the sub-catchments affected by the transmission from the Odén subunit (see Table 3 and text for more details). (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

Q<35m? s !, water transfers are from the river to the aquifer (influ-
ent), with observed higher Q in Inglabaga than in Altés (i.e. the level
of the water table is lower than the level of river water surface and
the tributaries flood flows are absorbed by the aquifer); and (iii) for Q
>3.5m’s !, flow increases between Inglabaga and the catchment out-
let (ie. occasionally, during significant rainfall events, when Q at the
outlet may double that registered in Inglabaga; effluent pattern). The
runoff generation in the lower part of the basin exceeds the infiltration
capacity of the alluvial aquifer. However, as indicated by Fig. 5B, the spe-
cific daily flows registered at the outlet never exceed the values ob-
served on Inglabaga, indicating that the relative amount of runoff in
Altés is always smaller than in the Inglabaga, i.e. for a given catchment
area the production of runoff is smaller, mainly driven by a different
rainfall regime together with differences in land cover and use, and
hydro-geological properties (e.g. the role of the aquifer acting as a
water sink in the lowermost part of the catchment). Similar hydrologi-
cal patterns were described by Rovira et al. (2005) in the River Tordera
(Catalan Coastal Ranges, 894 km?) and Bronstert et al. (2014) in the
River Isdbena (Central Pyrenees, 445 km?), where transmission losses
play an important role in the water budget of the catchment.

Altés, the section located at the outlet of the basin, differs from the
trend observed in the stations upstream as can be seen in Fig. 4. These

differences are attributable to the hydrological duality (i.e. perennial
vs ephemeral regimes) observed in the different parts of the catchment.
Several authors (e.g. Dunne and Leopold, 1978; Pazzaglia et al., 1998)
reported Q scaling nearly linearly with drainage area (in this case, all
parts of the drainage catchment contribute approximately with the
same volume of water, Fleckenstein et al., 2004). However, various an-
thropogenic and natural variables that may cause runoff to scale non-
linearly with catchment area. For instance, urban areas with impervious
soils (Wolman, 1967; Leopold, 1968; Hollis, 1975; Galster et al., 2006)
may increase water production. Galster et al. (2006) studied the scale
effect in basins of the United States and listed the cases in which non-
linearity between drainage area and WY was more likely. In general,
these differences are attributed to differences in surface impervious-
ness, to the spatial distribution of the rainfall across the catchment,
and the transmission losses associated to local hydro-geological condi-
tions, with the latter mainly influencing the streamflow regime of the
Ribera Salada.

4.2.1.3. Direct runoff. In the upper part of the catchment, the mean an-
nual Direct Runoff (DR) increases with catchment area (Table 4). This
result agrees with Searcy (1960) who reported that DR tends to be pro-
portional to the size of the drainage area. In the lower part of the Ribera
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Salada, the DR decreased in the drier year due to aquifer recharge during
floods (eg. 2012; from 3 hm® to 2.7 hm?) whereas increased in the wet
year, since the water table level of the aquifer and the DR generation
were higher (e.g. 2013; from 9 hm?® to 13.6 hm?). While no data are
available to substantiate this interpretation, it can be deduced from dif-
ferences observed between registered Q and, especially, from flood
hydrographs, in which the two patterns can be seen and, occasionally,
the peak of Q may even disappear between the two sections (e.g. Fig. 6).

In the upper part of the catchment, the mean annual base flow (BF)
increases with drainage area, whereas in the lower part BF is negligible
(ie. the ephemeral tributaries do not contribute to it) (Table 4); evenin
the wet 2013 (Table 4), BF progressively diminished from Inglabaga to
the Altés section. Overall, runoff in Ribera Salada is composed mainly
by the BF from the perennial upstream catchment and the DR from
the dry part of the basin that has a flashy response to local intense

precipitation. An exception to this is Cogulers that, despite having a pe-
rennial regime, has a negligible BF due to its small contributing area.
Finally, the Ribera Salada catchment, despite not being heavily al-
tered, suffers water withdrawals mostly for local domestic and agricul-
tural uses. Withdrawals are legal and authorized by the basin authority
(see details in the SITEbro http://iber.chebro.es/SitEbro/sitebro.aspx
and CHE website, 2013). At the sub-catchment scale, the maximum an-
nual withdrawn is 041 hm? from Canalda, 0.07 hm? from the Fred, 0.21
hm?® from Inglabaga and 0.82 hm® from the Altés sub-catchment, which
altogether equates to a total annual of 1.51 hm” (i.e. 8.7% and 4.2% of the
2012 and 2013 WY of the whole Ribera Salada, respectively). However,
these water withdrawals are insufficient to account for the 4 hm? differ-
ence between Inglabaga and Altés in 2013; this reinforces the previ-
ously stated hypothesis on the importance of the alluvial aquifer in
the overall basin's water budget. Unfortunately, available data from

Table 4
Direct runoff (DR), base flow (BF) and water yield (WY) in all the sub-catchmentsin 2012 and 2013 and the average of the two years.
Area (km?) 2012 2013 Average
DR(hm?) BF(hm?® WY (hm?® DR (%) DR (hm®) BF(hm®) Wy(hm®) DR*(%¥) DR(hm®) BF(hm® WY (hm® DR (%)

Cogulers 244 0.03 0.02 0.05 64 0.52 0.1 0.64 81 0.28 0.07 03 80
Fred” 20.1 06 19 25 24 21 2.76 59 36 14 23 42 32
Fred 20.1 06 8.1 8.7 7 21 163 184 12 14 122 135 10
Canalda 458 14 5.0 6.4 2 43 10.1 144 30 28 75 104 27
Inglabaga®  84.1 3.0 68 9.8 3 9.0 12,6 216 42 6.0 9.7 15.7 38
Inglabaga 84.1 3.0 129 159 19 9.0 25.0 34.1 26 6.0 19.0 25.0 24
Altés 186.5 27 126 154 18 13.6 16.8 306 44 82 147 23.0 35

* Percentage of direct runoff (DR) in relation to the total water yield (WY).
> Water contribution from the Odén hydrogeological subunit is not included.
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40 e Table 5
s Area (kmz), precipitation (P, mm), runoff (R, mm), real evapotranspiration (ETr, mm),
— Inglabaga 30/03/2013 authorized water withdrawals (WW, mm), runoff coefficient (o) and percentage of forest
area (FA) in each sub-catchment of the Ribera Salada. Altés does not have R, ETr and ac data
3.0 A 06/03/2013 due to the lack of underground water records in the dry sub-catchment.
- Area® P R" Q+ Qogen” WW! ET® « FA
" (km? (mm) (mm) (mm) (mm) (mm) (%) (%)
‘E Cogulers 24 640 141 141 0.0 499 22 855
?" 2.0 A 19/04/2013 Fred® 216 550 195 626 34 351 36 579
Eﬁ 19/03/2013 Canalda 61.7 706 168 168 6.6 531 25 701
2 Inglabaga 1014 655 155 247 6.8 493 25 653
é Altés 2043 619 - 112 74 - - 724
1.0 4 # It does not include the recharge area of the Odén subunit.
b Basins' annual runoff.
€ Annual water contribution from each sub-catchment (including the contribution from
Odén subunit).
9 WW: authorized annual water withdrawals.
0.0 ¢ Real annual evapotranspiration (ETr =P — R — WW),
01/3/2013  11/3/2013  21/3/2013  31/3/2013  10/4/2013  20/4/2013

Fig. 6. Daily discharge (Q in m* s~') in Inglabaga and Altés sections from 1st March to 24th
April 2013. In general, discharge in Altés is lower than in Inglabaga, although some floods
can have a larger peak Q in the outlet than in Inglabaga. The aquifer is recharged with the
flow supplied from upstream (Inglabaga) and the tributaries draining the dry basin,
especially during floods.

the SITEbro do not allow for a more detailed temporal assessment (ie.
daily or monthly) of the withdrawals.

4.2.2. Seasonal and monthly patterns

Seasonal WY at the outlet of the catchment (Altés) attains the max-
imum in spring with 12.9 hm?® whereas the minimum occurs in summer
with 2.9 hm? (ie. equivalent to 56.2% and 12.8% of the annual WY, re-
spectively). WY in autumn and, especially, in winter is more variable
(Table 2) and, besides the seasonal rainfall volume, depends on the alti-
tude of the snow line, the snow accumulation in the headwaters and the
start of the snowmelt (i.e. March and April).

The low runoff in Cogulers sub-catchment, and the loss of flow occur-
ring in the transition between the wet and the dry parts of the Ribera
Salada basin are worthy of discussion. In the Cogulers, runoff in spring at-
tains 82% of the annual value whereas this season accounts for only half of
the runoff in the other sub-catchments. Minimum water yield occurs in
summer in Cogulers and Altés, and in autumn in Canalda, Fred and
Inglabaga (Table 2). Water yield in Cogulers is very low throughout the
year; here, groundwater seepage is constant but notabundant and surface
runoffis restricted to short periods of time (i.e. events with abundant run-
off generation, e.g. the wet spring of 2013, when the soils are very satu-
rated; or events with very high rainfall intensity, e.g. 8-9 September
2013, where infiltration rate was more than overcome by the intensity
of precipitation). The small size of the basin implies that groundwater
supply is limited and, at the same time, the high percentage of forest
cover (ie.>85%) limits the amount of surface runoff. Other authors have
reported similar responses in nearby catchments (Gallart et al., 1997;
Lana-Renault et al, 2007 in the Pyrenean Vallcebre and Amas basins, re-
spectively). Further downstream (Inglabaga-Altés), the mainstream
river transfers part of its flow into the aquifer in spring and especially in
summer when the aquifer is at its lowest (see values for dry sub-
catchment in Table 2); transmission losses give the summer the lowest
WY (in Altés), while the lowest WY in Inglabaga is observed in Autumn
(Table 2). May registers the maximum WY in the Ribera Salada catchment,
while the minimum is recorded in February, except in the lower part of
the catchment (i.e. dry sub-basin) where it occurs in August. In summer,
high temperatures recorded in the valley bottom increase evapotranspira-
tion, altering the water regime generated in the upper half of the basin.

4.2.3. Water budget
Table 5 shows the mean annual values of precipitation (P, mm), run-
off (Q, mm), real evapotranspiration (ETr, mm) and water withdrawals

(WW, mm), as well as the runoff coefficient («) and the percentage of
forest area (FA) in each of the sub-catchments upstream from the
Inglabaga section for the two study years. The recharge area of the
Odeén subunit is considered an external component for the purpose of
these calculations; its contribution, together with P, are considered the
inputs in the water balance equation. On average, in the ‘wet catchment’
approximately % P transforms into streamflow (o = 0.27) whereas the
remaining % evaporates; this assumes that deep percolation returns to
the drainage network and that the soil water content is identical at the
beginning and at the end of the year. Overall ETris directly proportional
to the FA which, in turn, shows a negative relation with a (Table 5).
Water losses are similar to values reported elsewhere in the Mediterra-
nean region; e.g. the Catalan Water Agency (ACA, 2016) estimated a
Qmean Of 0.23 for rivers of the Eastern Catalan Basin for the period
1940-2008 (values ranging between 0.05 and 0.50 depending on the
specific hydro-climatic characteristics of each catchment, with higher
values typically corresponding to the wetter basins within the region).

4.3. Sediment transport

4.3.1. Annual scale

Previous studies have estimated a Specific Sediment Yield (hereafter
SSY) in Cogulers, Canalda and Inglabaga sub-catchments (i.e. wet sub-
catchments) of 1 Mg km? year ', 3 Mg km? year ' (1998-2000;
Balasch et al,, 2005) and 4.2 Mg km? year ' (2005-2008; Vericat and
Batalla, 2010), respectively. Buendia et al. (2016b) estimated a long-
term sediment yield for a 43-year period in the Canalda sub-catchment
of 276 Mg year ', equivalent to a SSYs of 3.8 Mg km? year . In the pres-
ent study, the total SSY at the catchment outlet was 4030 Mg, resulting in
an annual average of 2015 Mg, i.e. SSY of 9.3 Mg km2 year '
Vanmaercke et al. (2012) placed the 25th percentile of the SSYs in the
Mediterranean region (from data obtained in 186 sites from Portugal to
Turkey) for catchments with an area between 100 and 1000 km? at ca.
100 Mg km ™2 year™ ', with a minimum value below 1 Mg km™? year .
Buendia et al. (2016¢) analysed the SSY of 116 river sections across the
Iberian Peninsula with data both from bathymetrical records from reser-
voirs and sediment transport records. They found that catchments with
an area between 100 and 1000 km? had a mean SSY of 287 Mg km 2
year ' (CV = 155%, n = 50), a value that places the Ribera Salada in
the 20th percentile of the Iberian Peninsula SSYs distribution. These values
show that the sediment export capacity of the rivers in the north-eastern
section of the Iberian Peninsula is lower than in the rest of the Mediterra-
nean region, with the exception of the catchments draining highly erod-
ible landscapes such badlands, as for instance the River Isabena (439
km?, SSY = 544 Mg km~2 year—', Lopez-Tarazon et al., 2012), Esera
(894 km?, SSY = 337 Mg km 2 year™ !, Lobera et al,, 2016) and Cinca
(849 km?, SSY = 742 Mg km ™2 year ™', Béjar et al,, 2018). Overall, SSY
in the Ribera Salada is low when compared to other Iberian Peninsula
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catchments, and generally to most of the Mediterranean rivers. This indi-
cates the relatively low intensity of the dominant hydrological and geo-
morphic processes in the catchment. Even so, values in the same range
have previously reported in catchments of the Catalan Ranges (e.g.
Anoia: 5.5 to 75 Mg km~2 year™ !, Farguell and Sala, 2005; Arbicies: 35
Mg km ™2 year ', Batalla et al, 2005).

In the Ribera Salada, most of the sediment is transported during
floods. The proportion of the flood-transported sediment load to the an-
nual load (SSY) is 97% in Cogulers, 90% in Canalda, 86% in Inglabaga and
97% in Altés during the study period. In the Altés and the Cogulers sta-
tions, 90% of the suspended sediment load is carried in 3% of the time,
while in Canalda and Inglabaga, 90% of the load is transported in 10%
and 25% of the time, respectively (Fig. 7).

Average SSY ranges from 3.8 Mg in Cogulers (SSY = 1.6 Mg km 2
year '), to 340 Mg in Canalda (5.2 Mg km~2 year™'), 510 Mg in
Inglabaga (4.4 Mg km™? year ') and the reported 2015 Mg (9.3 Mg
km—2 year ') at catchment outlet (Altés) (Table 2 and Fig. 3B). Thus,
the dry part of the catchment contributes more than % of the annual
sediment load of the whole Ribera Salada, despite occupying little
<50% of the basin area. Contrary to most of the general relations be-
tween area and SSY presented in the literature, the SSY in the Ribera
Salada catchment increases with area, a pattern that de Vente et al.
(2007) attributed it to basin in which channel erosion was the dominant
source of material. Moreover, Dedkov (2004) indicated that this is also
pattern a typical in river basins where agriculture is limited or non-
existent. The Ribera sits in this sedimentary pattern but the limited
number of monitoring sections (n = 4) and years for which data is
available (n = 2) precludes further generalizations of the results ob-
tained here.

4.3.2. Seasonal and monthly patterns

The sedimentary regime observed at the outlet of the Ribera Salada
shows a seasonal maximum i.e. spring with 1570 Mg, followed by sum-
mer with 350 Mg (average values for all study period, Table 2), equiva-
lent to 78 and 17% of the annual total, respectively. Sediment load
during winter and autumn is much lower (3 and 2%, respectively).
Tuset et al. (2016) observed the same sedimentary regime in the
Inglabaga sub-catchment (i.e. Ribera Salada) for a 3-year study period.
The difference between spring and summer depends on the volume
and the intensity, together with the spatial and time distribution
and type of precipitation; in turn this controls the predominant
type of flood (snowmelt-prone flood in combination with rainfall
events in spring, and thunderstorms in summer). Similar behaviour
was described by Lenzi et al. (2003) for rivers in the Alps, while
Lépez-Tarazén et al. (2012), Lobera et al. (2015) and Béjar et al.
(2018) also reported spring maxima in nearby Pyrenean catchments.
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Fig. 7. Suspended sediment load frequency curves at the sub-catchment scale for all the
study period (January 2012 to December 2013). Note that the x-axis uses a log-scale to
improve the visualization of the differences between sub-catchments.

This general pattern may, however, be altered if a particularly intense
storm occurs, as in the summer of 2012 when ca. 100 mm of rain was
recorded in 3 h (equating to a 10-year return period, as per Casas
et al., 2005) producing huge amount of sediments and placing the sum-
mer as the leading sediment producing season (see Table 2). This gen-
eral sedimentary regime applies to the rest of the sub-catchments too.

In spring, precipitationis usually high and together with snowmelt is
capable to mobilising and transporting sediments that have been pre-
pared during winter freeze and thawing cycles, mostly from banks
and foot slopes with limited vegetation protection. This process has
been observed in all the sub-catchments of the Ribera Salada, despite
the differences in sediment availability and connectivity due local vari-
ations in vegetation cover, lithology and topography. Dietrich and
Dunne (1978) suggested that weathering is a critical limiting factor in
the long-term movement of sediment in mountain environments, and
this may be particularly true in steep slopes with shallow soils over bed-
rock, as is the case of the Ribera Salada (i.e. weathering is less crucial
where primary sediment sources are deep soils, unconsolidated sedi-
ments, or tectonically shattered rock, such as recently glaciated sedi-
ments, Swanson et al., 1982). In turn, the harvest of grass in summer
leaves the soil without protection and prone to erosion if local thunder-
storms occur. Consequently, sub-catchments with higher proportion of
cultivated areas experience a SSY increase in summer e.g. the lowermost
area of the basin where agriculture concentrates in the floodplain (i.e.
dry sub-catchment with 13.5% of cultivated land; see Tables 1 and 2
and Fig. 8).

At the monthly scale, the largest sediment load in the whole basin
was observed in April (958 Mg corresponding to a total runoff of 4.3
hm?) and May (603 Mg, 7.1 hm*), whereas minima occurred in Febru-
ary and August (3 Mg, 0.7 hm?, both cases). July and September also reg-
istered relatively high sediment loads (113 and 235 Mg, respectively)
but associated with low runoff volumes (1.2 and 1.1 hi?’, respectively).
Fig.9 shows the figure-of-eight hysteresis in the Ribera Salada sedimen-
tary cycle, a phenomenon that suggests the concurrence of several sed-
iment sources with different contribution-sedimentation-depletion
periods. These periods are: (i) From the beginning of spring to June
(i.e. clockwise hysteresis) the catchment supplies large amounts of sed-
iment that is progressively exported mostly under snowmelt flows; (ii)
in summer (i.e. counter-clockwise hysteresis), sediment mobilisation
occurs during individual intense precipitation episodes although mag-
nitudes are relatively low, that produce high peak flows and relatively
low volumes of runoff; and (iii) from November to March, when
water and sediment yield is usually negligible. This cycle was reported
for the Ribera Salada by Tuset et al. (2014).

4.3.3. The role of floods

More than any other aspect of a river's hydrology, floods may reflect
the response of a drainage to factors controlling flows. In the case of the
Ribera Salada separation of DR and BF allowed determination of when a
flood occurred, estimation of the SSY transported during each episode as
a DR and elucidation of the role of floods in the sediment export of the
basin. Here a flood is defined as the daily event for which DR is detected
(i.e. for this we used the BFI+® 3.0 software).

Using this definition, 35 flood events were recorded between Janu-
ary 2012 and December 2013 in the Altés section (encompassing the
whole catchment). In the Inglabaga section, the number of floods was
43 for all the study period. In Canalda, Fred and Cogulers, the number
of floods was lower (i.e. 33, 31, and 30, respectively). Results suggest
that in the wet basin the number of floods is directly proportional to
the size of the catchment.

Sediment transport has high inter-annual variability, with 15% of the
total SSL transported in 2012 and the remaining 85% transported in
2013. Intra-annual variability is notable, with a single event (i.e. 30th
April 2013) capable of transporting up to 56% of the SSL (i.e. 2275
Mg). The flood-based SSY in Altés, Inglabaga, Canalda and Cogulers
were 9.0 Mg km™? year ', 3.8 Mg km™ % year ', 4.7 Mg km 2 year '
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and 1.2Mg km ™2 year ', respectively (see Supplementary Materials for
a detailed analyses in terms of the hydro-sedimentary response at the
event scale). Similar to the total load, most of the flood-based sediment
yield (14.8 Mg km~2 year ') is produced in the dry sub-catchment,
reaching 80% of the flood-based production. Sediment production
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Fig. 9. Monthly hysteresis of the suspended sediment load (2012-2013) in the (A) Altés
and (B) Inglabaga sections. Each number corresponds to one month, where: 2 =
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within the Inglabaga sub-catchment depends on the source area, with
Fred and Plana (i.e. sub-catchment adjacent to the Fred and Canalda
sub-catchments) having the lowest yield (2.5 Mg km~?2 year'; differ-
ence between the production of Canalda and Inglabaga). The large pro-
portion of rocky channels in this area reduces the source areas, which, in
densely-forested sub-catchments, are the main sediment source.

4.34. Sediment budget

There are no direct measurements of soil erosion in the Ribera
Salada for the study period. Even so, Verdd et al. (2000) modelled ero-
sion dynamics in the Canalda sub-catchment and estimated values
from4.4 to25.5 g per haand mm ofrain, depending on land use. The ex-
trapolation of these results to the mean precipitation registered in 2012
and 2013 (see Table 2) yields erosion values between 0.003 and 0.016
Mg ha~' year™! for the whole study period. These values again plot in
the lower range of the erosion rates measured in the Mediterranean
area (from 0.006 to 1 Mg ha™' year ™' at the plot scale; Vanmaercke
et al., 2012). Erosion values differ greatly from the SSL estimated at
both Inglabaga and Altés sections (0.05 and 0.09 Mg ha™' year ', re-
spectively) (Table 2). The difference between erosion and yield point
out the current hydro-sedimentary response of the basin and helps
the conceptualisation of its sediment budget, with the sediment contri-
bution from the drainage network accounting for almost all the sedi-
ment exported from the catchment. This agrees, for instance, with
work by Kronvang et al. (2013) who reported bank erosion as the dom-
inant source of sediment (i.e. between 90 and 94%) in the River Odense
(Denmark), though in a more humid region than the Ribera Salada. Di-
rect runoff in headwaters of the Ribera Salada (i.e. in the Canalda sub-
catchment) is rare and highly localised, despite some slopes showing
erosion forms such as rills and gullies at the limit of the subalpine
zone (i.e. meadow-dominated landscape at 2000 m a.s.l.). These fea-
tures indicate a degree of local sedimentary activity, although this is
best considered marginal at the basin scale.

The mobilised sediments do not leave the area because they are
quickly fixed by grass. From the headwaters to the Inglabaga section
(ie. an area that includes Cogulers, Canalda and Fred sub-catchments),
the dense forest cover greatly limits soil erosion; here rills and gullies
can only be found in some mountain tracks and on the artificial slopes
after strong rainfall, so the river's sediment load is almost exclusively
due to erosion of river channel and banks. The physiography of Fred,
Canalda and, hence, Inglabaga sub-catchments, which is mainly com-
posed by rock-carved channels (Fig. 1), indicates sediment depletion,
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and may explain the low sediment yield of this wet upper part of the Ri-
bera Salada when compared to other Mediterranean catchments (see
Section 4.2.1.). These results are in line with several works (Dedkov
and Moszherin, 1992; Dedkov and Mozzherin, 1996; Dedkov, 2004), in-
dicating that in low-modified mountain streams, (i) the intensity of ero-
sion (ie. sediment yield) depends directly on the amplitude of the relief
and that (ii) these rivers are characterized by low suspended sediment
yields. The upper half of the Ribera Salada is a supply limited catchment
that, besides structural factors such as high soil infiltration capacity,
faces sediment depletion from the source areas mostly due to afforesta-
tion of abandoned croplands and meadows (20% of the basin area has
been afforested in the last 50 years after land abandonment; Buendia
et al, 2016b). This hungry-water dynamic generates bank erosion and
incision in the main channel causing, for instance, the disconnection of
lateral bars which over recent decades have been intensively colonized
by shrubs and, occasionally, woody vegetation.

The mean SSY in the lower, dry half of the Ribera Salada is four times
higher than that of the upstream area, despite having the same area and
alower Q. Field observations suggest that this higher SSY is likely a func-
tion of the greater availability of sediment stored in the alluvial deposits
of the main valley and owing to soft sedimentary rocks (sandstones and
clayrocks in the hillslopes), as well as due to apparent high connectivity
between the sediment sources (e.g. riverbanks and adjacent agricultural
fields) and the stream courses.

Additionally, major gravel mining occurred in the river some de-
cades ago, with an estimated >300,000 m® extracted as aggregate be-
tween 1987 and 2000; Batalla et al., 2006). This may have altered the
sediment transport dynamics of the lower part of the basin. Gravel-
mining mainly affects the coarse part of the sediment load, so the
fine fractions that are transported in suspension and which are the
main focus of the current paper may have been affected less. None-
theless, the river (i.e. slope, geometry, pattern) is still recovering to
pre-extraction situation, a fact that may affect the transfer of the
suspended load through the reach. This recovery process may take
decades until the pre-extraction channel configuration is reached
(provided that other physical factors i.e. runoff, sediment supply, re-
main unaltered).

5. Conclusions

This work presents the water and the sediment budgets of a moun-
tainous Mediterranean catchment located in the Southern Pyrenees for
a two-year period. The study period was characterized by a moderate
rainfall variability with a relatively dry 2012 and a wetter 2013. The
work focused on the quantification of the water and the sediment
flows through five nested sub-catchments. Measurements of flow and
sediment transport covered a wide range of discharges, ranging from
base flow to small and medium floods. Rainfall obtained from radar
proved useful in the Ribera Salada where precipitation is highly variable
in space and time and where individual rain gauges are not capable to
capture such variability. The main conclusions of the work are drawn
as follows:

1. The Ribera Salada consists of two well differentiated areas with con-
trasting hydrological regimes. The upper area (the wet basin) has a
relatively constant flow regime that is basically controlled by a rela-
tively even rainfall distribution, snowmelt and water transfers from
the hydrogeological units. In this upper sub-catchment (52.7% of
the total basin area ), water yield is positively correlated to catchment
area, so all parts of the catchment contribute approximately the same
volume of water per unit area. The direct runoff from of each sub-
catchment increases with basin area too. In contrast, tributaries in
the lower dry part of the catchment (47.3% of basin area) only supply
water during rainfall events; as a result of this, flow in the mainstem
river decreases as the catchment area increases. The aquifer shifts
from being effluent to influent: direct runoff decreases in dry periods

due to the alluvial aquifer recharge during floods and increases in
wet periods when the level of the aquifer is high.

2. The sediment yield of the whole catchment and the respective sub-
catchments sits close to the lower bounds of values reported for the
Mediterranean region. This illustrates the low intensity of the domi-
nant hydrological and geomorphic processes in the area. The sediment
yield in the dry part of the catchment is four times than that observed
upstream, even though the runoff is lower. The increment is explained
by the higher availability of sediment and the higher connectivity be-
tween the sediment sources (mostly agricultural fields) and the fluvial
network. Overall, the Ribera Salada shows a positive relationship be-
tween the sediment yield per unit area and the basin area.

3. The sediment load is transported mainly during floods, and come
from channel and banks in the upper part of the catchment and over-
land flow and erosion from the agricultural areas adjacent to the
ephemeral downstream tributaries and the main valley, respectively.
The upper basin is a supply limited system that faces long-term sed-
iment depletion mostly due to afforestation that has taken place
since the 1950s. This phenomenon causes incision in the main chan-
nel and geomorphic changes in the valley where formerly active sed-
imentary deposits (e.g. lateral bars) experience disconnection from
the river channel and vegetation encroachment occurs.

The water and the sediment budgets presented here indicate that
the Ribera Salada is a basin with low geomorphic activity, a circum-
stance that is certainly not usual in the Mediterranean area. Results pro-
vide valuable scientific knowledge on water and sediment dynamics
that still scarce in this highly contrasted hydroclimatic region, ranging
from wet mountain headwaters to dry lowlands. Overall, and owing to
the amount of data available at various catchment scales (from one to
hundreds of kmz), the Ribera Salada offers a particular but, at the
same time, attractive environment to further examine the effects of
land use and climate changes, which are expected to be particularly
acute in this transitional riverscapes.

Notations

A drainage area (km?)

BF base-flow (m*s~!)

G mean concentration determined from a single vertical section
(mgl™")

G mean suspended sediment concentration (mg1~")

v coefficient of variation

DR direct runoff (hm?)

ETr real evapotranspiration (mm)

f standard value (i.e. 0.9; dimensionless)

FA forest area (%)

h water depth (m)

ww licensed water withdrawals (mm)

K ratio between Cs and C1 (dimensionless)

n number of days after which direct surface runoff ceases
(days)

NTU nephelometric turbidity units

oM organic matter

P mean precipitation (mm)

Prmgys monthly rainfall observed (mm)
Pm,..q  estimated monthly rainfall (mm)
Q runoff (m*s—1)

Quean mean discharge (m*s—!)

« runoff coefficient (%)

RMSE root mean square error (mm)

SsC suspended sediment concentration (mg1~')

SSL suspended sediment load (Mg)

SSY suspended sediment yield (Mg)

SSYs specific suspended sediment yield (Mg km™"' year ')
wy water yield (hm?)
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SUPPLEMENTARY MATERIALS
Hydro-sedimentary response at the event scale

More than any other aspect of a river’s hydrology, floods may reflect the response of a
drainage to factors controlling flows. In the case of the Ribera Salada separation of DR and BF
allowed determination of when a flood occurred, estimation of the SSY transported during each
episode as a DR and elucidation of the role of floods in the sediment export of the basin. Here a
flood is defined as the daily event for which DR is detected (i.e. for this we used the BF/+® 3.0
software).

Using this definition, 35 flood events were recorded between January 2012 and December
2013 in the Altés section (encompassing the whole catchment). Some floods had more than one
peak. A total of 19 events occurred during the first year and 16 during the second year, and,
overall, the percentage of annual SSY transported during these episodes was 93% and 98%,
respectively. Seasonally, 17% of the floods were recorded in winter, 29% in spring, 26% in
summer and 29% in autumn. In the Inglabaga section, the number of floods was 43 for all the
study period (21% in winter, 28% in spring, 23% in summer and 28% in autumn). Eight of these
floods (i.e. floods with low or moderate DR, around 0.29 hm? on average), were lost in the
alluvial aquifer once the peak flow reached the dry sub-catchment, or captured by a larger
subsequent flood. In Canalda, Fred and Cogulers, the number of floods was lower (i.e. 33, 31,
and 30, respectively), especially in summer (i.e. 7, 6 and 7, respectively) and winter (i.e. 5, 7 and
5, respectively). Results suggest that in the wet basin the number of floods is directly
proportional to the size of the catchment.

At the whole basin scale (i.e. Altés section), the total flood-based runoff (hereafter TR) varies
between 0.04 hm? and 7.66 hm?3, with an average of 0.79 hm? (CV=212%, n=35). TR in Inglabaga
varies between 0.03 hm3and 4.56 hm3, with an average of 0.62 hm? (CV= 164, n=42). Three main
of hydrological responses can be observed in the lowermost reach by looking at the differences
in TR between the Inglabaga and Altés stations: (i) TR< 0.4 hm?: a variable response, with flood
magnitudes being either increasing or decreasing downstream, (ii) 0.4 hm3<TR<2.52 hm?:
regimes characterised by a loss of the TR, with the volume of water seeped into the aquifer
being greater than the TR runoff production in the dry sub-catchment, and (iii), TR>2.52 hm3: a
regime characterised by an increase of the TR, with the lower part of the catchment producing
more runoff and more quickly than the aquifer can absorb, which translates in a larger volume
of TR in the outlet. These patterns are similar to those shown in figure 37. Because of this
behaviour, when the two floods with the largest TR are not considered, mean TR in Altés is

smaller than in Inglabaga (i.e. 0.39 hm3 with CV=97.8% and 0.42 hm3 with CV=118.6%,
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respectively). In general, the differences between Altés and Inglabaga depend on the runoff
generation in the dry sub-catchment, the level of the aquifer water table and the Inglabaga
section when a given flood occurs. Altés and Inglabaga spring floods provide the largest TR (i.e.
1.92 hm3, CV=156%, n=10) while summer and autumn produce the smallest values TR (i.e. 0.24
hm3, CV=94%, n=9) in Altés and Inglabaga, respectively. The TR values of Fred and Canalda were
5.7 hm? yr! and 5.2 hm? yr?, respectively, generating 44% and 40% of TR of Inglabaga,
respectively. Despite the smaller area, the Fred, owing to its larger base flow (i.e. 3.6 hm?3 yr?)
generated a larger volume of TR.

Peak flows (hereafter Qmqx) in Altés varied between 0.48 and 37.4 m3 s™%, with an average of
4.2 m3 s (CV=174%, n=35). In Inglabaga, Canalda, Fred and Cogulers, mean Qmax were 2.85 m?
s1 (CV=126%, n=42), 2.14 m* s™! (CV=147, n=33), 1.41 m? s (CV=70, n=31) and 0.112 m3 s!
(€v=307, n=30), respectively. The magnitude of Qmax has a positive relationship with the size of
the contributing area. For Inglabaga and Altés, this relationship can be altered if the runoff
contribution from the dry sub-catchment is lower than the water transfer into the alluvial
aquifer. If the opposite happens, Qmaxin Inglabaga can be less than Altés during, for instance,
events with very high and localized precipitation (e.g. 9" September 2012 flood, where Qumax
were 18.5 m? s! and 37.4 m® s7%, respectively). Upstream of Inglabaga, the Canalda sub-
catchment produces the largest DR, especially when Qnmax exceeds 2 m? s™X. Summer records the
highest magnitude of Qmax in Altés and Inglabaga (i.e. 7.1 m3 s, CV=117%, n=9 and 4.3 m3s7},
CV=126%, n=8, respectively).

In the Altés section (basin outlet), mean flood-based SSC and mean maximum suspended
sediment concentration (hereafter SSCmax) for the study period were 0.068 g It (CV=190 %, n=35)
and 0.830 g It (CV=242 %, n=35). The SSCnax varied between events, with summer events having
the highest values (mean of 2.5 g I}, CV=135%, n=9). The highest SSCpax reached 11.2 g I (9*
September 2012), while SSCs exceeded 1 g 1! in a total of 7 floods and 2 g I} in 3 floods. In
Inglabaga, the flood-based SSCmax was 6.8 g I (9t September 2012) whereas in two other flood
values exceeded 1 g I”X. These values are higher than the ones observed by Vericat and Batalla
(2010) and Tuset et al. (2016) in the same section between 2005 and 2008. Further upstream,
SSCmax recorded in Canalda is usually higher than recorded in Inglabaga, where the higher
contribution from Fred’s base flow dilutes sediment concentration. However, when the largest
part of net rain falls outside Canalda’s sub-catchment, this pattern changes and the highest
SSCmax values are higher in Inglabaga than in Canalda (e.g. 22" March 2012 and 30" June 2012),
although low because crops protect soils from erosion. In general, Cogulers cannot generate
high SSCmax, Which is usually below 0.2 g I%. Only in one instance (9" September 2012 event),

SSCmaxin Cogulers was larger (i.e. 2.5 g I"1). The high percentage of forest cover in Cogulers limits
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runoff generation and water discharge in the river, which is the main source of sediments in this

sub-catchment.
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RESUMEN. En este trabajo se analiza la evolucion hidrolégica y morfo-
sedimentaria del tramo medio del rio Segre a partir del andlisis de la
alteracion del régimen fluvial y de crecidas y del desequilibrio sedimentario
ocurrido durante la segunda mitad del siglo XX. La dindmica del rio se ha
visto alterada de manera significativa debido principalmente a la construccion
de grandes presas y a la extraccion de dridos. El cambio mds evidente aguas
abajo de la presa de Oliana es el que afecta a la magnitud y frecuencia de
las avenidas. Con la construccion de la presa de Rialb este fenomeno se ve
incrementado. La retencion de sedimentos en los embalses y las numerosas
extracciones de dridos han provocado ademds un notable desequilibrio
sedimentario. Se estima que la retencion de sedimentos en suspension oscila
entre el 87 y el 96% (100% para la carga de fondo). Este importante efecto,
unido a una intensa actividad extractiva, que excedio ampliamente la carga
media sedimentaria del rio, ha incrementado considerablemente el déficit
sedimentario del cauce actual y reforzado el desequilibrio hidrodindmico
(evidente a partir de las observaciones de acorazamiento e incision del
lecho). La evolucion morfolégica del rio, analizada a partir del Indice de
Dindmica Fluvial (IDF ), muestra una tendencia a la estabilizacion del cauce
por intrusion de vegetacion de ribera posterior al cierre de la presa de Oliana
en 1959. Esta tendencia se vio alterada como consecuencia de la gran crecida
de 1982, aunque el dinamismo fluvial aparente después de este evento se
redujo de nuevo paulatinamente. En la actualidad la movilidad del cauce
se ha reducido de manera muy importante y la intrusion de la vegetacion
de ribera hace que el cauce de aguas bajas tienda a ocupar prdcticamente
la totalidad del cauce activo. Las principales unidades morfo-sedimentarias
(barras laterales y centrales) han desaparecido. Los resultados aportan
informacion para el diseiio de programas de restauracion hidrosedimentaria
que incluyan prdcticas tales como las crecidas de mantenimiento y la
inyeccion de gravas. Las crecidas de mantenimiento reactivarian el cauce,
v el bypass de sedimentos a través de las presas, reduciria el desequilibrio
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energético y de masas; por su parte, la inyeccion de gravas minimizaria la
incision y regeneraria hdbitats y unidades morfolégicas ahora prdcticamente
desaparecidas.

Morpho-sedimentary evolution of the middle-course reaches of the Segre River

ABSTRACT. In this study, the hydrological and morpho-sedimentary status
of the medium reaches of the River Segre is examined from the analysis of
the alteration of the hydrological and floods regime and of the sedimentary
imbalance in the second half of the 20™ century. In this period, the river
has been significantly altered due to the construction of dams and to the in-
channel gravel mining. Results show that the alteration of the flow regime
downstream from the Oliana Dam is moderate, with the more evident change
affecting the magnitude and frequency of floods. The construction of Rialb
Dam has magnified channel changes. Sediment retention in reservoirs and
the massive in-channel gravel mining have caused a remarkable sedimentary
imbalance. The estimated sediment retention is between 87 and 96% (100%
for bedload). This impact, along with an intense in-channel mining that clearly
exceeded the mean sedimentary load of the river, have considerably increased
the current sedimentary deficit and reinforced the hydrodynamic imbalance
(evident from the observations of armouring and incision in the river bed).
The morphological evolution of the river, analysed by means of the Index
of Fluvial Dynamism (IFD), shows a tendency towards stabilisation due to
the encroachment of riparian vegetation after the closing of the Oliana Dam
in 1959. This tendency was temporarily altered Dy the great flood of 1982.
The apparently new fluvial dynamism after this event gradually decreased
afterwards. Nowadays, riverbed mobility has definitely decreased and the
riparian vegetation encroachment makes the low flow channel to occupy
practically all the active river bed. The main morphosedimentary units
(lateral and central bars) have disappeared. Results can be used to design
hydrosedimentary restoration plans, which include maintenance of artificial
floods and gravel injection. Maintenance floods and bypass sediments
through reservoirs may reactivate the riverbed, thus reducing the energy and
mass imbalances, whereas gravel injections would reduce incision and would
re-create habitats and morphological units.

Palabras clave: morfologia fluvial, presas, extraccion de aridos, IDF, Segre.
Key words: channel morphology, dams, construction aggregate, IFD, River
Segre.
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Evolucion morfo-sedimentaria del tramo medio del rio Segre

1. Introduccion

Los rios son sistemas naturales complejos cuya energia se disipa mayoritariamente
en formade trabajo, transfiriendo agua y sedimentos desde las cabeceras hasta las dreas de
sedimentacidn, a la vez que modelan los cauces de la red de drenaje por la que circulan. La
interaccién entre la dindmica hidroldgica y sedimentaria determina no sélo el equilibrio
entre los procesos fisicos, sino también el estado ecoldgico del rio, y 1a disponibilidad y
caracteristicas del habitat fluvial. El transporte de sedimentos desde las cuencas hasta el
mar es un proceso fundamental en el proceso de denudacién continental. Este proceso
ocurre de manera episddica en el tiempo, determinado por los periodos en los que los
caudales superan los umbrales de movilidad de los sedimentos (mayoritariamente durante
crecidas; i.e. episodios competentes). Generalmente se considera que un tramo de rio se
encuentra en equilibrio dindmico (o casi-equilibrio) cuando la cantidad de sedimentos
erosionada es reemplazada por materiales provenientes de aguas arriba (Schumm, 1977).
Cualquier alteracion en el régimen de caudales liquido y sélido comporta un cambio de
dicho equilibrio y un posterior ajuste de las condiciones morfo-sedimentarias del cauce y
de los procesos bio-fisicos asociados, incluyendo el habitat (por ej. Kondolf, 1997). Son
numerosos los trabajos en Geomorfologia Fluvial que analizan los efectos de diversas
actividades antrépicas sobre el régimen de caudales y la carga sélida asociada. En este
contexto cabe senalar los efectos de los cambios de los usos del suelo en la cuenca sobre
la produccion de sedimentos y generacion de escorrentia, tal y como indican numerosos
trabajos en Espaiia en diferentes contextos hidroclimaticos (por ej. Begueria ef al., 2006;
Garcia-Ruiz, 2010; Lépez-Vicente et al., 2011; Sanchis-Ibor y Segura-Beltran, 2014).
De especial interés ademads es el estudio de los efectos de la regulacién de los caudales
por embalses, sobre todo en un contexto climatico mediterraneo, donde las presas son un
elemento clave en la gestion de los recursos hidricos superficiales.

Las presas reducen la magnitud y frecuencia de las crecidas, y ello comporta
ajustes en el balance sedimentario y en la morfologia fluvial. Estos cambios afectan (i) la
geometria del cauce y la granulometria del lecho, (ii) la movilizacién de los sedimentos
y, consecuentemente, (iii) la formacién y renovacién de unidades morfolégicas como
rdpidos, pozas, barras, brazos laterales y meandros de gran interés para el habitat fluvial
(por ej. Chien, 1985; Fenner et al., 1985; Copp, 1989; Poff et al., 1997). El grado de
alteracion de las crecidas depende de las caracteristicas constructivas y operativas de la
presay de su capacidad de regulacidn, asi como de la forma y los usos particulares de cada
embalse. Ademads de cambiar el régimen de caudales, los embalses también son trampas
eficaces de sedimentos. Otro impacto destacado en el medio fluvial es el ocasionado
por las extracciones de sedimentos, generalmente con el objetivo de obtener dridos para
la construccién. Esta actividad tiene un efecto directo sobre la dindmica morfoldgica
y sedimentaria del rio (por €j. Rundquist L.A., 1980; Rivier y Seguier, 1985; Kondolf,
1994a,b; OWRRI, 1995a,b; Kondolf, 1997; Batalla y Vericat, 2011). Las extracciones
de aridos comportan cambios en la morfologia en planta del rio a multiples escalas
temporales. Sila magnitud de estas es considerable, existen numerosos ejemplos en los
que el rio pasa de una configuracién morfo-sedimentaria compleja (por €j. trenzada)
a rios de cauce unico y de menor sinuosidad; esta actividad facilita el acorazamiento
del lecho y produce incisién y, consecuentemente, elimina ademds hdbitats acuaticos
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y riparios de gran interés (por ej. Pi€gay et al., 2009; Rinaldi, 2003). El impacto no se
limita al tramo original de la extraccién sino que los efectos pueden desplazarse aguas
arriba y abajo (por ej. Pringle, 1997).

Desde finales de los afios 1950, el tramo medio del rio Segre (cuenca del Ebro)
estd sujeto a numerosos impactos antrépicos que han modificado sustancialmente su
equilibrio hidrosedimentario. Los impactos mas destacados estin relacionados con
la construccién de embalses y las extracciones de dridos. La primera actividad ha
modificado el régimen hidrolégico y de crecidas, y ambas han alterado el balance de
sedimentos y, consecuentemente, la dindmica morfo-sedimentaria del rio. El objetivo
de este articulo es analizar la evolucién del cauce del rio y la respuesta a los impactos
ocasionados por la regulacién hidrolégica y las actividades extractivas. El trabajo
presenta de una manera secuencial e integrada diferentes métodos de diagndstico
hidrolégico y sedimentario que a menudo se encuentran fragmentados o dispersos,
tanto en la literatura cientifica como en informes técnicos. Este trabajo contribuye asi
con una propuesta metodolégica para la evaluacion del estado morfo-sedimentario de
tramos fluviales regulados por presas y/o impactados por extracciones de dridos. La
premisa bdsica sobre la que se basa el analisis es el reconocimiento de que el dinamismo
de un rio y su integridad como ecosistema se fundamenta, entre otros aspectos, en
una relacién de equilibrio entre el flujo de agua (régimen fluvial e hidraulico), los
sedimentos circulantes, y la morfologia del cauce.

2. Area de estudio

La cuenca del rio Segre se sitia en el cuadrante NE de la Peninsula Ibérica, con
una superficie de 22 845 km? y una longitud del curso principal de 265 km. El Segre
es el principal afluente del Ebro, y, con su cabecera en el Pirineo Oriental, recorre el
extremo oriental de la Depresion del Ebro hasta que vierte sus aguas en el embalse de
Ribarroja (aguas abajo de la presa de Mequinenza). El clima de la cuenca del Segre es
primordialmente de cardcter mediterraneo, con rasgos alpinos en la cabecera y tendencia
a la continentalidad en su tramo final. La precipitacién y la temperatura media anual de
la cuenca son 576 mmy 12°C, respectivamente. En la cabecera del curso principal y en
sus principales afluentes (i.e. el Cinca, las Nogueras) predominan los materiales siliceos,
de cardcter dcido y de baja solubilidad, alternados, aguas abajo, con franjas de naturaleza
calcarea. Ya en la depresion y hasta su desembocadura, el rio circula sobre materiales
sedimentarios (conglomerados, areniscas, lutitas y, esporadicamente, yesos). El rio tiene
un régimen hidrolégico de tipo nivo-pluvial. Durante el invierno la pluviometria es
escasa y la mayor parte de la precipitacién se concentra en la montafa y se produce en
forma de nieve. En primavera las lluvias son mds abundantes y, junto con el deshielo,
hacen que los caudales del rio alcancen los valores maximos anuales. E1 minimo anual se
produce en verano. El caudal medio diario (Q,) en Ia parte baja de la cuenca es de 86 m’
s (en Seros, dltima estacién de aforo antes de la confluencia con el Cinca y el Ebro). Los
caudales maximos (Q,) estimados durante el siglo XX en Lleida se registraron en otofio,
alcanzando 5200 m’ s en 1907 y 3600 m’ s en 1937 y 1982 (Balasch ef al., 2006). El
indice de torrencialidad (expresado como Q_/Q ) es de 60.
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El tramo de estudio seleccionado se considera representativo del Segre medio (40
km, Fig. 1) y queda delimitado por los municipios de Ponts (aguas abajo de la presa de
Rialb) y Alods de Balaguer (aguas amriba de la confluencia con uno de sus principales
tributarios, el Noguera Pallaresa). Desde finales de los afios 1950 el tramo medio del rio
Segre ha experimentado una notable alteracién de su dindmica fluvial debido a diversas
actividades antrdpicas. Las presas de Oliana (construida en 1959) y Rialb (1998), con
una capacidad de 101 y de 403 hm’ respectivamente, han alterado el régimen natural de
caudales liquido (habituales y de crecida) y sélido del rio. Asimismo, desde los afios 1970,
el desequilibrio sedimentario se ha visto incrementado por continuadas extracciones de
aridos a lo largo del tramo de estudio.

(@) : N
B!, Organyd A
RiO SELLENT RIO PERLES
T
CUENCA DEL EBRO EMBALSE
0 170 340km - DE OLIANA

RIBERA SALADA

RIO NOGUERA
PALLARESA
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ALOS DE
BALAGUER

Est. Ponis
PONTS

e

CANAL DE URGELL A LIMITES DE LOS TRAMOS

. ESTACIONES DE AFORO
CANAL
T I NUCLEO URBANO
0 3 6 12 km B cvesses
~—————— RED FLUVIAL

Figura 1. (a) Localizacion de la cuenca del Segre en la Peninsula Ibérica. (b) Localizacion del
area de estudio con indicacion de los 4 sub-tramos analizados del sector medio del rio Segre.

3. Metodologia

El estudio analiza la evolucién morfoldgica del tramo medio del Segre en relacion
con el régimen de crecidas y la disponibilidad de sedimentos, haciendo hincapié en
la respuesta del sistema fluvial a los desajustes de origen antrépico (por ej. presas y
actividades extractivas). Para ello, se ha seguido una metodologia integrada y secuencial
sobre la base de cuatro criterios de evaluacidny estructuradaen cinco bloques (Fig. 2). Los
dos primeros bloques metodoldgicos estan relacionados con el analisis del impacto y se
centran en la cuantificacién de las entradas de energia (caudales) y de 1a disponibilidad de
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sedimentos que el sistema tiene para mantener su equilibrio morfoldgico y sedimentario:
1) caracterizacién de caudales habituales y de crecida y 2) cambios en el balance de
sedimentos. El tercer bloque (evolucidon morfolégica) analiza la respuesta del sistema
fluvial en relacién con los cambios de las cargas liquida y sélida, y la reduccién de las
areas fuente de sedimento en el propio cauce. El bloque cuatro esta relacionado con el
andlisis morfo-sedimentario actual y se centra en la modelizacién hidraulica y de inicio
de movimiento de las particulas del lecho (i.e. competencia del flujo) durante escenarios
de crecida actuales. El dltimo bloque (5, integracién de resultados) evalia la relaciéon
causa-efecto mediante el andlisis de la influencia de los cambios en el balance de agua y
de sedimentos en la evolucién morfoldgica, y plantea algunas propuestas de mejora de
acuerdo con el diagndstico y con la respuesta observada del sistema. A continuacién se
describen detalladamente cada uno de los bloques metodoldégicos.

CRITERIOS DE EVALUACION

BLOQUES

ANALISIS DEL IMPACTO

¢En qué momento y en qué cantidad el
disponibilidad de
sedimento y energia para ponerlo en

sistema ha perdido

movimiento?

B1. ALTERACION DEL REGIMEN
HIDROLOGICO Y DE CRECIDAS

« [NDICES DE ALTERACIONES HIDROLOGICA

—

B2. BALANCE SEDIMENTARIO

e CAPTURA DE SEDIMENTOS EN EMBALSES
e CALCULO DEL VOLUMEN DE ARIDOS
EXTRAIDOS

SENSIBILIDAD

¢Cudl es la respuesta morfologica del rio al

desajuste del patron hidro-sedimentario?

ANALISIS MORFO-

B3. EVOLUCION MORFOLOGICA

e CREACION DE UNA BASE DE DATOS
CARTOGRAFICA DE LAS UNIDADES
SEDIMENTARIAS

SEDIMENTARIO ACTUAL

¢Cudl es la dindmica morfo-sedimentaria
actual y que potencial de recuperacion ofrece

al rio?

RELACION CAUSA-EFECTO

B4.MODELIZACION HIDRAULICA DE LAS
CONDICIONES HIDRO-SEDIMENTARIAS

¢ INFORMACION DE CAMPO
¢ MODELIZACION

¢éCudl es la contribucion de los agentes
antrépicos sobre la respuesta del sistema

morfo-sedimentario?

B5. INTEGRACION DE RESULTADOS

e ANALISIS ESTADISTICO
¢ DIAGNOSTICO Y PROPUESTAS DE MEJORA

Figura 2. Esquema metodologico para el diagnostico de la dindmica morfo-sedimentaria
del tramo medio del rio Segre: Interrelacion entre criterios de evaluacion y bloques de
analisis de datos.
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3.1. Régimen hidrologico y de crecidas

La metodologia empleada para la caracterizacién del estado hidrolégico se ha hecho
de acuerdo con los trabajos de Batalla ef al. (2004) y Martinez-Santa y Fernandez-Yuste
(2006). A partir de estas referencias presentamos un conjunto de indices denominados de
Alteracién Hidroldgica (IAH) que permiten evaluar de manera cuantitativa los cambios
en el régimen de caudales, sobre todo de aquellos con mds interés geomorfolégico debido
a su competencia, los caudales de crecida.

La caracterizacién hidrolégica se estructura en dos bloques. El primer bloque analiza
el régimen natural de caudales (RNC) y el segundo el régimen modificado de caudales
(RMC). El andlisis del RNC se efectia a partir de los caudales anuales, mensuales y
diarios medios de las estaciones de Organya (tinico punto de control libre de regulacion),
Oliana y Ponts (Fig. 1; Tabla 1) con el objetivo de determinar las caracteristicas del
régimen hidrolégico natural.

Tabla 1. Registros de datos de las estaciones de aforo en el tramo medio del Segre.
Fuente: Confederacion Hidrogrdfica del Ebro.

Estaciéon® Inicio Serie Duracién de la serie Anos completos
Organya 1950 55 51
Oliana 1952 57 50
Ponts® 1946 68 45

! Los datos de caudal plantean en ocasiones problemas de homogeneidad de las series ya que las
estaciones de aforo sufren cambios a lo largo de su historia (por ej. cambios en la colocacion de la
escala, cambios ubicacion, etc.). El Servicio de Hidrometria de la CHE es el organismo encargado
de la supervision de estos aspectos (realizando anualmente una media de 1300 aforos directos para
ir ajustando las curvas de gasto de las 223 estaciones de aforo). En este trabajo hemos tomado
como correctos los datos suministrados una vez estos han sido validados por sus técnicos. En
algunas ocasiones cuando una de las estaciones queda afectada por una crecida, deja incluso de
estar en servicio durante un tiempo hasta que se ha reconstruido y recalibrado. El analisis detallado
de la historia de cada una de las estaciones queda fuera del alcance este trabajo.

* Serie hidroldgica de Ponts (1946-1982) completada con los registros de salida del embalse de
Rialb (2000-2014).

El régimen modificado de caudales (RMC) se analiza a partir de i) el régimen
modificado de los caudales habituales (RMCHb, entendidos como caudales no extremos)
y ii) el régimen modificado de crecidas (RMCC d). Al mismo tiempo, se ha calculado el
Indice de Regulacién (IR, de Batalla ef al., 2004) de la cuenca. Este indice se toma como
indicador de la capacidad de alteracion hidrolégica de los embalses sobre el RNC. El
IR es el cociente entre 1a capacidad del embalse y la aportacién media anual, expresado
como un valor adimensional, pero asimilables al tiempo de residencia del agua en el
embalse. Para evaluar los regimenes de caudales modificados (i.e. RMC, y RMC_,)
se identificaron dos puntos de control foronémicos para cada uno de los embalses,
uno ubicado aguas arriba y otro aguas abajo. Se han seleccionado estaciones con una
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disponibilidad de datos similar. En el caso del RMC_ , los pardmetros analizados (ver
Tabla 2) son la magnitud anual de la escorrentia, la estacionalidad y la variabilidad diaria
(Martinez-Santa y Ferndndez-Yuste, 2006, a partir de Puckridge et al., 1998; Growns
y Marsh, 2000). Adicionalmente, también se ha afadido la variabilidad mensual de la
escorrentia siguiendo la metodologia de Batalla et al., (2004). Las variables analizadas
para el estudio del RMC_, son la magnitud y frecuencia, 1a variabilidad, 1a estacionalidad
y la duracién de las crecidas. El estudio de 1a magnitud y frecuencia se realiza a partir de
i) 1a media de los maximos caudales diarios anuales (Q_C ) ¥, si se dispone, de la media de
los caudales maximos instantaneos anuales (Q_Ci), ii) el caudal bankfull (Q,_) vy, iii) el
caudal maximo ordinario o caudal de crecida (Q,) correspondiente al percentil 5 (por €j.
Clausen y Biggs, 2000; Baker et al., 2004; Batalla et al., 2004), tomado de una curva de
caudales clasificados. Para el calculo del caudal bankfull (Q,_ ) se ha seguido el calculo
propuesto por Villarroya y Xucld (2003):

=Qc 1
Quaa= (QC ) x (0,7 +0,6 x CVQC) 1)
donde
Q, . s €l caudal bankfull, de cauce lleno o formativo, en m’ s, (Q—c) ssia el dets

serie de caudales mdximos medios diarios anuales (m® s*) y CV o €8 el coeficiente de
variacion de la serie de maximos caudales medios diarios anuales.

Tabla 2. Aspectos del régimen natural (RNC) y modificado (RMC) analizados.

VALORES| ASPECTO PARAMETROS
Anualesy |Magnitud Media de las aportaciones anuales

mensuales 7 iabilidad | Diferencia entre Ia aportacion mensual maxima y minima en el
afo

Estacionalidad |Mes de maxima y minima aportacién del aiio

Diarios Variabilidad  |Diferencia entre los caudales medios correspondientes a los
percentiles de excedencia del 10% y 90%
Crecidas  |Magnitud Media de los maximos caudales diarios anuales (Q: )

(Extremos) |y frecuencia  |Caudal formativo o bankfull (Q,_,)
Caudal de la avenida habitual (Q,)

Variabilidad Coeficiente de variacion de caudales maximos anuales diarios
(CVy)

Coeficiente de variacion de 1a serie de avenidas habituales (CVQS)

Estacionalidad |Maximo nimero de dias consecutivos con un caudal medio
diario > Q,

Duracién Maximo numero de dias consecutivos al afio con Q> Q,
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Para el estudio de la variabilidad, tanto para las variables que se incluyen en el
RNC y en el RMC, se ha utilizado el coeficiente de variacion de los Q_y el de los Q..
Finalmente, para la estacionalidad y la duracién se han tomado el nimero de dias al mes
con caudales medios diarios superiores al Q, y el maximo niimero de dias consecutivos
con un caudal medio diario superior al Q,, respectivamente (Martinez-Santa y Fernandez-
Yuste, 2006; ver Tabla 2). Una vez calculados los pardametros indicados y su variabilidad
tanto para el régimen natural de crecidas (RNC) como para el modificado (RMC_), se
ha evaluado la distorsién originada calculando el cociente entre ellos. Estos cocientes
representan los Indices de Alteracién Hidrolégica (IAH). A continuacidn se describen los
distintos niveles de perturbacién en funcién a la magnitud de estos.

Con el objetivo de ofrecer una valoracién no sélo cuantitativa sino también cualitativa
del grado de alteracién hidrolégica del 1io, se proponen cinco estados hidrolégicos, definidos
seglin las recomendaciones de la EU Common Implementation Strategy (Communities
European, 2003) para la Directiva Marco del Agua en su epigrafe 2.6 sobre la clasificacion
del estado ecoldgico a partir de las Ecological Quality Ratios. Estas ratios atribuyen a
cada parametro del régimen hidrolégico analizado un estado de alteracién determinado
en funcién del resultado de los IAH. Los criterios de representacién y asignacién de cada
nivel de perturbacién son: Bajo 0,80<IAH<1; Moderado 0,60<IAH<0,80; Importante
0,40<IAH<0,60; Severo 0,20<IAH<0,40; Muy Severo 0<IAH<0,20.

La integracién de las variables alteradas en un solo andlisis se obtiene a partir del Indice
de Alteracién Global (IAG). La alteracién global se presenta en un grafico que integra todos
los indices en un plano con tantos ejes como indices haya, un heptidgono en este caso. La
linea que une los extremos exteriores del heptdgono, con un valor de 1, muestra el estado
RNC (i.e. régimen natural). Un segundo heptagono, situado en el interior del que representa
el RNC, cruza cada eje a una distancia del centro proporcional al valor de cada indice. Este
segundo heptdgono representa el régimen modificado (i.e. RMC). Si el valor de un indice
para RNC coincide con el obtenido para el RMC, ambos heptagonos comparten el vértice
que conforma dicho indice. Por el contrario, los vértices de los heptiagonos difieren a
medida que las diferencias entre los indices aumentan. Finalmente, el IAG se calcula como el
cociente entre el drea definida por el poligono de RNC y el drea de RMC (el grifico del IAG
se muestra en la Fig. 3 en la seccién de resultados):

e | 21 2
IAG = SRMC El'liaiai‘*lse“?_ i} (2{'=Iai) - 12;‘=1af @

SRNC [1 2[1} m(m-1)
nj|—-sen—
2 n

donde S, es la superficie definida por el poligono en RMC, S_ . 1a superficie definida por
el poligono en RNC, a, el valor resultante que toma cada indice de alteracién parcial y m el
nimero de indices que evaltian cada aspecto del régimen de caudales (en este caso siete).

Respecto a los Indices de Alteracién Global (IAG) se obtienen los criterios de
representacion y asignacion del estado de alteracién hidroldgica: Bajo 0,64<IAG<1;
Moderado 0,32<IAG<0,64; Importante 0,16<IAG=<0,32; Severo 0,04<IAG<0,16; Muy
Severo 0<IAG<0,04 (Martinez-Santa y Fernandez-Yuste, 2006).
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a) e RNC == RMC b) ——RNC ——RMC
IMF-1 IMF-1

IMF-3 IMF-3

-2 v-1 v-2 Iv-1

Figura 3. Indices de alteracion hidrolégica (IAH). Valoracion de la alteracion de los caudales
maximos de crecida correspondientes al andlisis de los efectos aguas abajo del embalse de a)
Oliana y b) Rialb. Cada indice se identifica con un codigo. Para mds detalles ver la seccion
4.1.3 y la tabla 5 del articulo. También se observa el estado de alteracion global (IAG) mediante
la comparacion de la superficie definida por el RNC (linea azul) con los indices parciales de
alteracion hidrologica (linea roja).

Finalmente, y atin dentro del apartado hidrolégico, se analiza la magnitud (i.e. pico
de caudal) de las crecidas de 50 afios de periodo de retorno (T, periodo similar a la
longitud de las series) y los hidrogramas de crecida disponibles aguas arriba y abajo de
los embalses. Para el primer andlisis se ha empleado la distribucién de valores extremos
de Gumbel (tipo 1) ajustando los valores de Q_y Q_ en las estaciones de Organya y de
Oliana (embalse de Oliana), y los valores de Q en la estacién de Oliana y en salida del
embalse de Rialb. El segundo andlisis tiene interés por la importancia de las crecidas
como principal factor generador de procesos morfo-sedimentarios. Para ello se han
examinado parejas de hidrogramas, registrados aguas arriba y abajo de los embalses
de Oliana y de Rialb. Los hidrogramas se han clasificado en dos grupos en funcién
de su efecto potencial sobre la dindmica morfoldgica y sedimentaria del rio. Por un
lado, se han seleccionado 1) las crecidas ordinarias con caudales superiores al Q5 en la
curva de caudales clasificados y, por otro, ii) se han tomado las crecidas extraordinarias,
consideradas aquellas con caudales superiores al caudal bankfull y con periodos de
retorno superior a 2 anos i.e. TX>T2 anos, donde x es el periodo en afios). El andlisis
se ha llevado a cabo a partir de los datos quinceminutales de caudal disponibles en las
estaciones de Organya y Oliana desde 1997, y también desde 2004 a la salida de la
presa de Rialb. En el caso de la crecida extraordinaria de noviembre de 1982 tan solo se
dispone de datos de caudal con una frecuencia horaria (Puigdefabregas, 1984).

3.2. Balance de sedimentos

La retencién de sedimentos en diques y presas se utiliza ampliamente como
estimacién global de la produccién de sedimentos de una cuenca (por ej. Batalla y
Vericat 2011; Diaz et al., 2014; Molina-Navarro ef al., 2014). En el caso del rio Segre,
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la retencién en los embalses se ha estimado inicialmente a partir de la curva de Brune
(1953) (en Oliana y Rialb), y también comparando las batimetrias disponibles (Oliana).
La curva de Brune estima la tasa de retencién de un embalse a partir de su capacidad
y de la aportacién hidrica anual afluente. La estimacién es aplicable al sedimento en
suspension, que es la parte de la carga sélida que habitualmente representa la mayoria del
transporte en medios aluviales y que es susceptible (en parte) de franquear la presa. En
cambio, 1a retencién de sedimentos derivada de batimetiias representa la totalidad de la
carga sedimentaria (material fino en suspensién y grueso como carga de fondo).

El volumen de sedimentos extraidos para dridos de construccién en el tramo medio
del Segre y su distribucién temporal se ha cuantificado a partir del registro de licencias
(agrupadas mediante labase municipal) de la Confederacién Hidrografica del Ebro (CHE,
1973-2009). Para ello se ha considerado que el volumen de concesién coincide con el
volumen extraido y que la extraccién se ha efectuado el mismo afio de 1a concesién. Con
esta informacién se ha calculado el volumen extraido para todo el periodo y también para
cada uno de los periodos analizados en el estudio morfo-sedimentario, tanto para todo el
tramo de estudio como en cada uno de los municipios por los que circula el rio.

3.3. Evolucion morfoldgica

El estudio evolutivo del cauce del medio del Segre se ha realizado a partir de las
fotografias aéreas histéricas, y de ortofotos actuales. La eleccién de las fotografias aéreas se
halla determinada por el nimero de periodos de andlisis y por su disponibilidad. En el caso de
que se disponga de mds de una serie fotografica para cada uno de los periodos considerados se
ha tenido en cuenta: (a) el régimen de crecidas, (b) la calidad de las fotografias, (c) 1a tipologia
(blanco y negro, color) y (d) el formato en el que se pueden adquirir (papel o digital). Una
vez seleccionadas las fotografias aéreas (contactos) se han escaneado en alta resolucién (600
dpi) para su geo-referenciacion y andlisis. La geo-referenciacion se ha realizado mediante la
extension Georeferencing de ArcMap 9.3%. La correccién de las imdgenes se ha llevado a
cabo utilizando puntos de control (GCP) de fécil identificacion en las fotografias, extraidos
del ortofotomapa del afio 2008 (Fuente: Institut Cartografic de Catalunya) con unaresolucién
de 5 m. El nimero de GCP oscila entre 22 y 87 por fotograma. Para la transformacién se han
utilizado métodos de transformacién no polinomiales del tipo Spline y Adjust. La calidad
de la transformacién se ha evaluado mediante el Error Medio Cuadritico (EMQ) de los
residuales de cada una de las coordenadas de los GCPs.

Una vez geo-referenciadas, las imagenes se han utilizado para la identificacién visual
de unidades morfoldgicas. Los criterios para la identificacion son forma, tamaiio, estructura,
textura, tonalidad y colores. Una vez identificadas las unidades, se han cartografiado en planta
con el objetivo de delimitarlas, calcular su extension, y crear una base de datos cartografica
digital y geo-referenciada. La cartografia se ha realizado a partir de una escala de trabajo
tnica (1:5000) para todos los contornos. Cada una de las unidades se ha clasificado de
acuerdo con la tipologia definida por Campy y Macaire (1989) y teniendo en cuenta los
objetivos especificos del trabajo y la calidad de la informacién de base. La tabla 3 presenta la
descripcion y nomenclatura de las unidades morfoldgicas utilizadas durante la identificacién
e interpretacion visual. La cartografia de la morfologia fluvial durante diferentes periodos
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temporales de un mismo tramo permite el andlisis de su evolucién. Para ello, se parte de la
serie fotografica de 1956 como base para la identificacién de unidades morfoldgicas en un
contexto considerado de minimo impacto. El limite del area cartografiada es la envolvente
del area activa del lecho en las fotografias aéreas de ese afo. La subsiguiente identificacién
de las unidades morfoldgicas para cada periodo se realiza dentro de dichos limites. Tanto
la cartograffa como el andlisis temporal posterior se ha realizado con ArcMap 9.3%. La
extensioén del drea cartografiada de las unidades y todos los cdlculos que se derivan estan
infiuenciados por las condiciones de caudal en el momento de 1a obtencién de las fotografias,
pudiendo obtener resultados erréneos al comparar la cartografia de periodos donde el caudal
circulante es significativamente diferente. Para identificar si habia diferencias significativas
se compararon los caudales medios diarios registrados el mismo dia del vuelo de la toma de
las fotografias aéreas. En todos los casos, las fotografias se obtuvieron en época de aguas
bajas, con caudales inferiores al nivel bankfull (i.e. entre el 10 y el 32%).

Tabla 3. Tipologia y descripcion de las unidades morfologicas utilizadas en el proceso de
interpretacion visual de las fotografias aéreas.

CODIGO| NOMENCLATURA DESCRIPCION

CAB Cauce de Aguas Bajas | Unidad que delimita el cauce de aguas bajas, el area
ocupada por el agua en condiciones de caudal medio.

BCA Barra Central Activa Barras (i.e. deposito sedimentario en condiciones de caudal
medio) situadas en el centro del cauce, rodeadas de dos Cau-
ces Activos y con presencia de sedimentos y poca vegetacion.
Se caracterizan por la presencia de materiales méviles duran-
te crecidas frecuentes y de magnitud moderada.

BCV Barra Central Vegetada |Barras centrales sin actividad sedimentaria, y colonizadas
por la vegetacion.

BLA Barra Lateral Activa Barras actualmente activas situadas en uno de los marge-
nes del cauce. Tan sélo hay un cauce activo en situacion
caudal medio. Estas barras pueden pasar a ser centrales en
situaciones de crecida.

CA Cauce Activo Superficie que queda inundada en caudales de recurrencia
frecuentes pero no extremos. De manera general se puede
decir que coincide en el caudal asociado a niveles de cauce
lleno (i.e. bankfull). Superficie que incluye el (los) cauce
(es) de aguas bajas y las barras activas.

CUL Cultivos Parte del cauce ocupada por cultivos sin modificar su
forma bésica. Esta perturbacion (impacto) reduce el area
activa previa a la ocupacion.

El drea analizada en 1956 se tomé como la superficie total sobre la que se estudi6 la
evolucién de las unidades morfoldgicas del cauce (con una superficie total de 5,7 km?).
Posteriormente, los cambios generados por la crecida de 1982 (crecida extraordinaria)
obligaron a ampliar el drea de analisis hasta una superficie de 7 km’. Los cinco periodos
de andlisis son 1956-1975, 1975-1982, 1982-1992, 1992-1999 y 1999-2008.
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3.4. Modelizacion hidrdulica y andlisis de competencia del régimen de caudales

El objetivo de este bloque metodolégico es examinar la dindmica actual del tramo
medio del Segre en funcién de la competencia de las crecidas liberadas desde la presa
de Rialb. Debido a 1a heterogeneidad del tramo se han identificado 4 sub-tramos (de una
longitud de 3 km los tres primeros y 1 km el dltimo) correspondientes a distintos patrones
morfo-sedimentarios (Fig. 1). Los sub-tramos se sitian entre la toma del Canal d"Urgell
y Alos de Balaguer (Fig. 1). En cada uno de estos tramos se ha seleccionado una seccién
representativa de las caracteristicas geomorfoldgicas observadas, y en ella se ha obtenido
informacién de campo (topografia, granulometria, nivel maximo inundado reciente)
para modelizar los diferentes caudales de crecida. El muestreo del material superficial
consistié en la realizacién de transectos lineales siguiendo el método de contaje o de
‘Wolman (Wolman, 1954; Church et al., 1987). En cada una de las secciones se midio el
eje b de un minimo de 100 particulas (453 en total). Asimismo, en cada seccidn se tomaron
fotografias en planta cercanas al lecho del rio (ca. 1 metro) para determinar, de manera
complementaria al contaje, la granulometria del material superficial. Estas fotografias se
trataron con el software Digital Gravelometer® para modificar su proyeccién, identificar
granos y elaborar las comrespondientes distribuciones granulométricas (Graham et al.,
2005; LUEL, 2005). La modelizacién hidraulica permite obtener los datos necesarios
para estimar el inicio de movimiento de las fracciones caracteristicas de la distribucién
granulométrica en las secciones de control y determinar asi la competencia de los
caudales. Adicionalmente, se ha determinado el caudal bankfull a partir de un método
hidraulico (i.e. cdlculo a partir del caudal medio capaz de rellenar el cauce principal
en cada tramo de estudio) y su competencia (i.e. extraida a partir de la modelizacién
hidraulica de este caudal). La modelizacion se ha realizado mediante HEC-RAS® V.4.1.
(USACE, 2010). Se trata de un programa de célculo de flujo hidrdulico unidimensional
en lamina libre. La determinacién de los coeficientes de rugosidad se ha realizado a
partir de la clasificacién del material del lecho y de las caracteristicas de los margenes
de acuerdo con a las observaciones de campo. La caracterizacién relativa a las zonas
adyacentes al cauce, se ha completado con el mapa de coberturas vegetales y usos del
suelo de Cataluiia del afio 2002 (DMAH, 2004) y con la informacién visual obtenida de
las ortofotos 1:2500 (afio 2009). El calculo de la rugosidad (n) del cauce activo se ha
realizado siguiendo la aproximacién de Manning-Strickler (Manning, 1891; Strickler,
1923):

n=0,015 D, )" ©)

donde el D corresponde al percentil 50 (en metros) de la distribucién granulométrica
superficial. Los valores de rugosidad asociados a las diferentes coberturas vegetales o
usos del suelo se han extraido a partir de tablas de referencia disponibles en manuales
de hidraulica (por €j. Martin Vide, 2002). El calculo de los caudales criticos para el
inicio de movimiento del material del lecho se ha realizado teniendo en cuenta el efecto
de proteccion superficial (hiding). Este fenémeno afecta a las condiciones de inicio de
movimiento de las fracciones granulométricas mas pequeias. Estas particulas tienden a
un no-movimiento (estabilidad) bajo tensiones de corte tedricas superiores a los valores
tedricos de inicio de movimiento (Egiazaroff, 1965). De la misma forma, las particulas
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con mayor exposicién al flujo, de mayor tamaifio, pueden ser movilizadas con tensiones
inferiores a las tedricas de inicio de movimiento. Los cdlculos de la competencia del flujo
se han realizado a partir de las siguientes ecuaciones:

t=D.g.Sp C))
T = (12D, - p)lg ©)
e,=0,4.(D/D )" +0.,6 ©)
Du=16D_ (D, /D, )" @)

donde D, es el didmetro de la particula (m) del percentil y correspondiente de la
distribucién granulométrica superficial, D_ es un factor de dispersion granulométrica que
determina la rugosidad del cauce (White y Day, 1982), d es 1a profundidad del agua (en
m), o es la densidad del agua (1000 kg m™), 0, es la densidad especifica del sedimento
(2650 kg m™), g es la constante gravitacional (9.81 m s?), S es la pendiente (m m™?), g,
la funcién de proteccion atribuida a una particulaD,y D, ,D. D, sonlos percentiles
respectivos (m) de la distribucién granulométrica superficial, T es la tensién que ejerce
el agua (N m?), t__ es la tension de corte critica (N m™) para la movilizacién de una
particula de material superficial de tamafio D, y T* es la tensién critica adimensional
de Shields (0.045) cuando D, del material superficial es D,y el resto de tamaifios se
mueven en un estrecho rango de t* (segin Church, 2006). El valor de ¢ _ se utiliza como
multiplicador de la tensién critica de inicio de movimiento, lo que reduce o incrementa
el valor tedrico critico a un valor considerado como efectivo segin Sutherland (1992).

Cuando el material del lecho estd expuesto a caudales no competentes para la
movilizacién de todas las fracciones que lo componen, el material superficial aumenta
progresivamente de tamano debido a este transporte selectivo y, consecuentemente, se
incrementa la diferencia respecto al material subyacente. Esta hipdtesis se puede verificar
mediante el indice de acorazamiento (Ia), calculado como el cociente entre el Dms yel DS(}ss
(Bunte y Abt, 2001). El coeficiente de acorazamiento presenta valores proximos a 1 en rios
donde no existe una diferencia substancial entre 1os materiales superficiales y subsuperficiales.
En cambio, en 1ios o periodos en los que los caudales no son competentes para transportar
todas las fracciones del lecho, 1a movilizacién es de tipo selectivo (i.e. movilizacién frecuente
de las mds pequeiias y largos tiempos de residencia de las més gruesas), hecho que provoca
un desequilibrio progresivo entre el suministro de sedimentos y la capacidad de transporte del
flujo; en estos cauces el acorazamiento es mds elevado y, normalmente, se sittia en valores de
I>2 (Bunte y Abt, 2001).

3.5. Andlisis estadistico: integracion de resultados

El objetivo del andlisis estadistico es examinar cudl es el peso de cada una de
las alteraciones descritas en los bloques relacionados con el andlisis de impacto y de
sensibilidad (bloques 1,2y 3). Para ello se ha efectuado un andlisis multivariante mediante
el paquete informadtico Statistica 7.0%. La regresion lineal multiple permite analizar la
relacién entre una variable dependiente y un conjunto de variables independientes (i.e.
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el peso de cada variable en el conjunto de la relacién). En este estudio se han hecho
diferentes andlisis tomado como variables dependientes los parametros morfoldgicos
del cauce identificados en la tabla 3 (i.e. superficie de aguas bajas, superficie del cauce
activo, superficie de barras activas de todo el tramo). Las variables independientes
seleccionadas han sido: 1) el Qci maximo de cada intervalo analizado como parametro
hidroldgico, ii) la extraccién media anual de dridos como parametro morfo-sedimentario,
y iii) 1a retencién anual media de sedimentos en los embalses para cada periodo también
como parametro morfo-sedimentario. E1 Q_ méximo de cada intervalo entre el 1956 y el
1999 corresponde a la estacién de Oliana, mientras que, para el periodo 1999-2008, se
han utilizado los datos de caudal de salida de la presa de Rialb debido a 1a disponibilidad
de datos en una nueva estaciéon de medida ubicada en dicha presa.

Los bajos valores de correlacion entre las variables independientes indican que no estin
directamenterelacionadas entre si. Paraajustarlaecuaciénque definela relaciénentre variables
se ha adoptado el andlisis stepwise (paso a paso), mientras que para la eliminacién inversa de
los predictores continuos ha sido aplicado el método de backward elimination. La tolerancia
para la matriz inversa es de F>5, valor que determina el grado de significacién de una variable
en el conjunto de la regresién. El umbral de aceptacién de dicho nivel de significacién (i.e.
valor p) se sitia en 0.05. A partir de este andlisis estadistico se obtienen los coeficientes
[ (coeficientes de regresién parcial estandarizados) y los coeficientes no estandarizados B
(entre otros). Los coeficientes [3 definen la ecuacién de regresién cuando ésta se obtiene
tras estandarizar las variables originales, es decir, tras convertir las puntuaciones directas en
tipicas. Este proceso permite comparar los coeficientes 3 entre si; estos coeficientes indican la
cantidad de cambio que se producird en la variable dependiente por cada cambio de una unidad
en la correspondiente variable independiente (manteniendo constantes el resto de variables
independientes). Dichos coeficientes proporcionan una idea fiable sobre la importancia
relativa de cada variable independiente en la ecuacién de regresién. En general, una
variable tiene tanto mas peso (importancia) en la ecuacién de regresién cuanto mayor
(en valor absoluto) es su coeficiente de regresion estandarizado. Los coeficientes de
regresion no estandarizados (o coeficientes B) representan la contribucién de cada
variable independiente en la prediccién de la variable dependiente. Sin embargo, sus
valores pueden no ser comparables entre las variables, ya que dependen de las unidades
de medida o rangos de las variables respectivas.

4. Resultados
4.1. Hidrologia

4.1.1. Régimen natural

Respecto al RNC, 1a estacion de aforos de Organya (inico punto de control libre de
regulacién en el conjunto del tramo) presenta una aportacién media anual de 879 hm’,
una variabilidad interanual moderada (i.e. o =246 hm’, n,=51,donde oesla desviacion
estandar y n_el nimero de anos disponibles) a 1o largo de la serie estudiada (1950-2005)
y una notable diferencia entre el valor maximo y minimo de la serie (1417 hm?® y 418 hm’,
respectivamente). La aportacién hidrica aumenta a medida que nos desplazamos aguas
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abajo, llegando a los 982 hm’ en Ponts (i.e. estacién de Ponts, Fig. 1). Este aumento estd
atribuido sobre todo a las aportaciones laterales de la Ribera Salada y el rio Rialb. En
Ponts (aguas arriba del tramo de estudio) el caudal medio es de 27.8 m’ s* (0= 7.6 m’ s/,
n_= 51), equivalente a un caudal especifico de 8.41 s km™, a una escorrentia anual de
265 mm y aun coeficiente de escorrentia de 0.46. La variabilidad de los caudales medios
diarios, considerada como el cociente entre la diferencia del percentil 10 y 90 del caudal
(ie. Qy ¥ Q,, respectivamente) y la mediana (i.e. Q,,), presenta un valor de 2.7. Este
valor aumenta a medida que la amplitud del régimen diario de caudales se incrementa
y/o cuando la frecuencia de los periodos de caudales bajos aumenta (caracteristica propia
del régimen hidroldgico mediterraneo, Alcazar y Palau, 2010).

Elrégimen natural de caudales (RNC) en Organya presenta un doble pico, uno entre
mayo y junio, debido a la combinacién del deshielo y las lluvias de primavera, y otro
menor en noviembre. Las crecidas de primavera duran una media de 10 dias, pudiéndose
prolongarse hasta seis semanas. En otofio las crecidas son de menor duracién y magnitud,
aunque los mayores eventos hidrolégicos del siglo XX se produjeron precisamente
durante esta estacion (i.e. octubre de 1907, octubre de 1937 y noviembre de 1982). Por su
parte, el rio no tiene estiajes debido a las altas aportaciones hidricas de origen pirenaico
que moderan la influencia mediterranea en la cuenca.

4.1.2. Alteracion del régimen hidrologico

Los embalses de Oliana y Rialb (Fig. 1) regulan el caudal del Segre, alterando su RNC. El
andlisis del RMC,, indica que el embalse de Oliana, a pesar del bajo IR (0.1 ie. el embalse tiene
un 10% de capacidad de regulacién de la aportacién media anual), produce alteraciones en la
estacionalidad, en la variabilidad mensual de las aportaciones y en la variabilidad de los caudales
diarios durante la temporada de riego (i.e. de abril a septiembre). El abastecimiento del Canal
d’Urgell (Fig. 1) condiciona el almacenamiento de agua con la llegada del deshielo, agua que no es
liberada hasta finales de verano (i.e. agostoy septiembre). Esta gestién de los caudales tiene como
resultado que la diferencia entre 1a aportaciéon mensual maxima y minima se haya reducidoun 23%
y que la variabilidad de los caudales diarios haya disminuido un 11% (Tabla 4). El incremento de
la frecuencia de los caudales diarios similares al Q, aumenta la homogenizacién de valores de
la serie. Aguas abajo del embalse de Rialb (IR = 0.5), la magnitud, la variabilidad mensual, 1a
estacionalidad y 1a variabilidad diaria de las aportaciones también se ven afectadas por la gestién
del embalse. La demanda asociada al riego, 1a situacién climtica del afio en curso y las reservas
del afo anterior marcan el patrén del régimen de caudales salientes o liberados. De octubre a
mayo, el embalse retiene hasta un volumen medio de 125 hm’ de agua de los caudales entrantes.
Durante los meses con mayor aportacion, abril y mayo, el embalse llega a retener hasta 82 hny’,
un 30% de la escorrentia entrante. En junio, las demandas de riego y el menor caudal propician
1a liberacién de recursos hasta finales de septiembre. Durante esta segunda fase el caudal medio
de salida es muy superior al esperado en régimen natural, sobre todo a partir de julio y agosto
(ie. 66 y 48%, respectivamente). Todo ello, suaviza la magnitud de las crecidas de primavera
y la severidad del estiaje, atenuando la variabilidad mensual de las aportaciones (i.e. diferencia
entre los minimos y médximos mensuales) de 150 hm’ a 110 hm® (Tabla 4). La estacionalidad
media de 1a serie de caudales maximos se produce en mayo y no varia entre el RNC y el RMC.
En cambio, debido a las demandas de 1a actividad agricola la estacionalidad media de minimos se
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retrasa de agosto a septiembre y de septiembre a octubre a su paso por el embalse de Oliana y de
Rialb, respectivamente (Tabla 4). La variabilidad de los caudales diarios disminuye aguas abajo
del embalse a casi 1a mitad (ie. 3.2 a 1.8; Tabla 4) debido a i) la homogenizacién de la frecuencia
de caudales salientes entre 1 y 40 m'/s, ii) la eliminacion de caudales superiores a los 200 m’ s (i.e.
4 casos con un maximo de 407 nY’ s) y iii) 1a reduccién a la mitad de los caudales entre 100 y 200
Y’ s (ie. de 35 a 19 casos). Se trata pues de una alteracién importante de la variabilidad mensual
y diaria, que seincrementa en periodos de intensa sequia (i.e. de 2004 a mediados de 2007) durante
los cuales la presa libera reservas que recupera en anos himedos posteriores, por ejemplo entre
mediados de 2007 y 2008.

Tabla 4. Caracterizacion de la magnitud, de la variabilidad mensual y diaria y de la
estacionalidad del régimen natural y modificado de caudales habituales (i.e. RNC y RMC,,)
aguas arriba y abajo del embalse de Oliana y la presa de Rialb entre los afios 1958-2005 y
2000-2014, respectivamente.

1958-2005 2000-2014
Organya Oliana Oliana Rialb
VALORES VARTABLE RNC) | RMC,) | ®RNO) | RMC,)
Magnitud (hm?) 909 964 889 938
Anuvales ¥ |variabilidad mensual (hm?) 127 98 150 110
mensuales Fo i onalidad Mayo- Mayo- Mayo-

(mes de maxima - minima) IVIaY0-20510 Setiembre | Setiembre | Octubre

Diarios Variabilidad 2.75 24 3:2 1.8

4.1.3. Alteracion de las crecidas

Para el andlisis del régimen modificado de caudales maximos (RMC_) utilizamos
como valores de referencia i) 1a media del caudal maximo anual (Q—C ), ii) el caudal bankfull
(Q,,,) calculado tal y como se indica a la metodologia y, iii) el caudal medio de las crecidas
habituales (Q,) de la seccién de control situado aguas arriba del punto de impacto. La
influencia del embalse de Oliana se estudia a partir a dos series de 40 afios de datos completos
y temporalmente coincidentes (desde 1958 hasta 2005) entre las estaciones de Organya y
Oliana (Fig. 1) Para este periodo los caudales Q, Q, . v Q. de la estacién de Organya son
de 161 m’ s (equivalente aunQE =59.61s"km?), 168 m3 st (6221 st km?)y 753 m’
s! (27.8 1 s*-knr?) respectivamente. Los resultados de los Indices de Alteracién Hidroldgica
(TAH; ver Tabla 5) muestran un estado Bajo de alteracién de la magnitud y frecuencia IMF),
de 1a estacionalidad (IE) y de la duracién (ID) de las crecidas. El estado de modificacién de la
variabilidad interanual (IV) de las crecidas mdximas diarias y las habituales es Moderado. El
Q. yel Q,_, medio presentan un incremento del 8.5% y del 20% respectivamente entre los dos
puntos de control, mientras que la magnitud de las Q, no ha experimentado ningtin cambio.
El citado incremento es sorprendente; una posible explicacién radica en el estado de llenado
del embalse cuando llega una crecida determinada. Cuando el vaso del embalse esta lleno y
hay indicios de 1a llegada de una crecida, la presa empieza a desembalsar caudales superiores
alos entrantes. La modificacién de los caudales de crecida ha comportado a su vez una mayor
alteracion de la variabilidad interanual de los (Q_C )y de los (Q,), produciendo un incremento
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en los indices respectivos del 35% y del 30%. Los indices de variabilidad se muestran como
un indicador interesante para caracterizar este tipo de cambios. En €l caso de Rialb se ha
trabajado con la estacion de aforos de Oliana y los datos de la salida del embalse de Rialb
(Fig. 1), con dos series de 11 afios de datos completos y temporalmente coincidentes (2000-
2014). Son distintos los indices que determinan el IAH. El indice de alteracién de las crecidas
méximas anuales y el indice del caudal bankfull IMF__y IMF,_ , respectivamente) indican
un estado de alteracién Moderado (Tabla 5). El andlisis del impacto sobre la variabilidad de las
crecidas maximas diarias anuales y de las crecidas habituales (IV_y IV, respectivamente)
determina un estado Moderado de alteracién (Tabla 5). El IR (0.5) del embalse de Rialb, la
reciente puesta en marcha (1998-99) y el efecto de una importante acequia durante varios afnos
ha incrementado la capacidad de alteracién del RNC por parte de la presa. Como ya se indica
enlatabla 5, la variabilidad de las crecidas habituales y su estacionalidad son los aspectos mas
afectados por la regulacién del embalse de Rialb, que en el caso de la variabilidad es debido a
caudales mas homogéneos y de menor rangomedio (R ) anual (por €j. Oliana: R =333 mr’ s7,
o =42; Rialb: Rm =128 m’ s, 0 = 24). La magnitud de los QC se redujo una media del 35%,
implicando una disminuci6n del caudal bankfull al depender del Q_(ver Eq. 1).

Tabla 5. Indices de Magnitud y Frecuencia (IMF), de Variabilidad (IV), de Estacionalidad (IE)
v de Duracion (ID) correspondientes al embalse de Oliana (1958 a 2005) y al embalse de Rialb
(2000-2009). Determinacion del estado hidrologico correspondiente a cada indice de alteracion

para el embalse de Oliana y el embalse de Rialb. Todo el conjunto conforman los Indices de
Alteracion Hidrologica.

ESTADO DE
; . VALOR P
CODIGO INDICE ALTERACION
Oliana | Rialb Oliana Rialb

IMF Ind. Crecidas Max.! 0.92! 0.65 Bajo Moderado
IMF, Ind. Caudal bankful * 0.91* 0.76 Bajo Moderado
IMF Ind. Crecidas Habituales 1.00 0.88 Bajo Bajo

i 7. . g . .
IWe  |Ind. Variabilidad Crecidas Max. 0.74' | 072 | Moderado | Moderado

diarias anuales’
| Ind. Variabilidad Crecidas Habituales! | 0.77! 0.67 | Moderado | Moderado
IE_, Ind. Estacionalidad Crecidas 1.00 0.67 Bajo Moderado
ID_, Ind. Duracién Crecidas® 091 | 0.85! Bajo Bajo

! Cuando el indice obtiene un valor mayor que 1 (i.e. la magnitud es superior aguas abajo que aguas
arriba) se sustituye el valor calculado por su inverso debido al requerimiento para el calculo del

TAG donde es necesario que los indices parciales (i.e. IAH) sean menores que 1.

Para completar el analisis del RMC_, se analiz6 la magnitud (i.e. pico de caudal) de
las crecidas de 50 anos de periodo de retorno (T,,) aguas arriba y abajo de los embalses
y se caracterizaron diversos hidrogramas de crecida entre 1982 y 2010. El ajuste para
50 anos de los caudales maximos instantdneos (Q_) aguas abajo de Oliana indica
una reduccién del 10%; en cambio, el ajuste con los Q. no indica ninguna alteracion
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significativa. Por el contrario, Rialb causa una importante alteracion de la magnitud y de
la frecuencia de los caudales anuales maximos (i.e. de crecida), reduciendo de media un
41% la magnitud de los caudales estimados para un mismo periodo de retorno.

La representacion de la valoracién del estado de alteracion global TAG) se muestra
en las Figs. 3ay 3b (ver seccién metodolégica para mas detalles). En ellas se recogen los
cambios en los caudales de crecida. La alteracién resultante de Oliana es baja (IAG = 0.66)
con tendencia a moderada segun la clasificacién adoptada. En el caso de Rialb 1a alteracién
es moderada (IAG = 0.46). En comparacién con Oliana y teniendo en cuenta la mayor
capacidad de regulacién de esta presa la calificacién parece razonable. No obstante, hay que
recordar que la evaluacién del impacto de este embalse se ha realizado con una serie de datos
de once afios, hecho que podria llevar a una cierta distorsion en el indice obtenido.

La segunda fase del analisis incluye la caracterizacién de 17 hidrogramas de crecida (i.e.
10 de ordinarias y 7 de extraordinarias). Las Figs. 4 y 5 muestran dos ejemplos representativos.
Estas crecidas presentan repetidamente un patrén de alteracién de la forma de los hidrogramas
salientes de cada embalse respecto de los entrantes en funcién de la capacidad y el llenado del
vaso en cada momento, asi como de las necesidades operativas de las presas. El embalse de
Oliana es relativamente pequenio (IR = 0.1), lo que altera poco los caudales extraordinarios
pero si los ordinarios, sobre todo en otofio y al principio de la primavera cuando se encuentra
mas vacio. Esta situacién implica una laminacién parcial e incluso total del evento ordinario
(Fig. 4). En tiempo de deshielo, si el vaso estd casi lleno se produce un tercer patrén basado
en el retraso de la crecida y la eliminacién de las fluctuaciones entre el dia y 1a noche tipicas
de un régimen pluvio-nival (Fig. 5). Con la campaia de riego, a mediados de primavera y
principio de verano, se intenta retener la maxima cantidad de recursos posibles, originando
caudales muy modestos aguas abajo con continuas fluctuaciones (i.e. dientes de sierra)
para dar respuesta a las demandas hidricas de los canales. La inauguracién en 1999 de la
presa de Rialb implica una gestién de los embalses en serie, hecho que acenttia el patrén de
modificacién de caudales ya descrito (Figs. 4 y 5).
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Figura 4. Crecida extraordinaria registrada en las estaciones de aforo de Organya (linea azul) y de
Oliana (linea roja) y en la salida del embalse de Rialb (linea verde) durante noviembre de 2008.
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Figura 5. Crecida extraordinaria registrada en las estaciones de aforo de Organya (linea azul) y
de Oliana (linea roja) y en la salida del embalse de Rialb (linea verde) durante mayo y junio de
2008. El embalse de Oliana se encuentra casi lleno y desembalsa agua para reducir el riesgo de

sobrepasar el nivel maximo de almacenamiento. Esta situacion conlleva un incremento del cau-
dal natural mdaximo observado en Organya.

4.2. Alteracion morfo-sedimentaria

4.2.1. Sedimentacion en embalses

La capacidad de retencién media de sedimentos en el embalse de Oliana estimada
a partir de la curva Brune (1953) es del 87% (sobre una aportacién hidrica media anual
de 879 hm’ y una capacidad de almacenamiento inicial de 101 hm?); si se utilizan los
extremos de la curva (i.e. seguin el autor corresponderia a sedimentos en suspensién mas
gruesos y mds finos, donde el primero se encuentra altamente floculado y el segundo
contiene una alta dispersion coloidal), 1a capacidad de retencién oscilaria entre el 95
y el 80%. En el caso del embalse de Rialb (403 hm®) entre el 92 y el 99% de la carga
transportada en suspension es retenida por el embalse. El error medio del método al no
considerar que no siempre el embalse esta lleno oscila entre €l 2 y el 4% en el caso del
embalse de Oliana.

La tabla 6 muestra valores de aterramiento del embalse de Oliana entre 1985 y
2007 (datos del Centro de Estudios y Experimentaciéon de Obras Publicas extraidos de
Batalla y Vericat, 2011). Los resultados muestran una reduccién del 22% entre ambos
afos lo que equivale a 23 hm® de sedimentos; a partir de Brune estimamos que alrededor
de un 13% de sedimentos finos escapan de esta la presa, y con ello la carga sélida anual
del Segre aguas abajo seria de ca. 460 000 m’. A partir del rango de densidades de
los sedimentos retenidos en diferentes embalses de la cuenca del rio Ebro (1.1 t m” y
1.56 t m*; para mas informacion ver Batalla y Vericat, 2011), y de la pérdida anual de
almacenamiento estimada para Oliana, se calcula que llegarian cada afio entre 510 000
y 720 000 toneladas de sedimentos al embalse de Rialb desde aguas arriba, con lo que
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la transferencia tedrica aguas abajo (i.e. al tramo de estudio) oscilaria entre 65 000 y 93
000 toneladas anualmente (segtn la capacidad de retencién de Rialb y sin considerar
las aportaciones de tributarios que son relativamente minimas). No se dispone de datos
batimétricos del embalse de Rialb que permitan corroborar estas estimaciones.

Tabla 6. Cambios en la capacidad de almacenamiento del embalse de Oliana desde su
construccion; pérdida de capacidad y retencion de sedimentos.

PERIODO DATOS BATIMETRICOS

1958 Volumen inicial (hm?) 101.1

1958-1985 Volumen final (hm?) 85.8
Pérdida capacidad (%) 16.0
Acumulacion anual (hm?®) 0.57

1985-2007 Volumen final (hm?) 78.4
Pérdida capacidad (%) 8.0
Acumulacién anual (hm?) 0.34

1958-2007 Volumen final (hm?®) 78.4
Pérdida capacidad (%) 22.0
Acumulacion anual (hm?®) 046

4.2.2. Extraccion de dridos

Segtin los datos disponibles y teniendo en cuenta las consideraciones indicadas en
el apartado metodoldgico, durante el periodo 1973-2009 se calcula que se han extraido
mas de 2.5 millones de m* de sedimentos desde aguas abajo del embalse de Oliana a
Alos de Balaguer. Este valor equivale al 33% del material extraido en todo el Segre,
y corresponde a una extraccién media de 72 600 toneladas anuales. Las extracciones
producidas aguas arriba del embalse de Rialb después de su construccién no se han
incluido en el andlisis morfo-sedimentario del tramo de estudio al no influir de manera
directa en el estado geomorfoldgico del rio aguas abajo. Tal y como muestra la Fig.
6, las extracciones aguas abajo del embalse de Rialb se concentraron en la zona del
tramo #2. E1 material extraido corresponde normalmente a fracciones granulométricas
gruesas (gravas y cantos) que son transportadas como carga de fondo y determinan
la morfologia del cauce (Church, 2006). La proporcién de la carga de fondo sobre la
carga total varia a lo largo del tiempo en relacién con la magnitud de las crecidas y
la disponibilidad y suministro de sedimentos desde aguas arriba. De la misma forma,
el estado morfo-sedimentario del cauce también condiciona la disponibilidad de
materiales gruesos (i.e. acorazamiento). Segin Vericat y Batalla (2010), en el caso
de la Ribera Salada (principal afluente de la intercuenca Oliana-Rialb, Fig. 1), la
proporcién de la carga de fondo sobre el total de la aportacion sedimentaria anual es
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del 4% (i.e. afios hidrolégicos medios). Aplicando este valor a la sedimentacién en el
embalse de Oliana se estima que la retencién de material grueso seria de 18 400 m?; 1a
comparacién de este valor con el volumen extraido indica que la actividad extractiva
representa el 395% de la produccién media anual de material grueso de la cuenca.
Pese a la incertidumbre asociada a los cdlculos, los resultados indican que la mineria
de dridos habria excedido de manera muy notable la aportacién sedimentaria media
anual de la cuenca, contribuyendo de esta manera al déficit estructural de sedimentos
de la cuenca por parte de las dos grandes presas. La Fig. 7 muestra que la mayoria
de las extracciones de dridos se ejecutaron tras la crecida de 1982 (i.e. el periodo
1983-2008 concentra el 80% del total de las extracciones). En el periodo 1993-1999
se extrajo el 48% del total del volumen (i.e. mds de 1.2 millones de m’), siendo el
periodo en el que se extrae la maxima cantidad del total del material extraido. Tal y
como se muestra en el estudio morfolégico (seccién 4.3.), la riada de 1982 generd
una alta movilidad, lo que aumenté considerablemente la superficie activa del cauce
reduciendo la extension de la vegetacion de ribera que ya estabilizaba unidades morfo-
sedimentarias identificadas en 1956 (ano de referencia). La principal consecuencia de
esta reactivacion fluvial momentdnea fue el aumento de la superficie expuesta (libre de
vegetacion) ofreciendo materiales mds atractivos desde el punto de vista extractivo y
comercial; aun asi, conviene tener en cuenta que las extracciones se realizaron en un
tramo de rio que ya experimentaba los efectos del desequilibrio sedimentario inducidos
por el cierre del embalse de Oliana en 1959.

EMBALSE

ARIDOS (m3) - LIMITES DE LOS TRAMOS DE OLIANA
S 0 - 12000 CANAL
12000 - 60000 B NUCLEO URBANO
| 60000 - 300000 I eMBALSES

I 300000 - 1500000 RED FLUVIAL

N

A

RIO RIALE

EMBALSE
DE RIALB

RIO SEGRE

ALOS DE
BALAGUER

T#2

CANAL DE URGELL.

Figura 6. Volumen total de dridos extraidos en el rio Segre desde Oliana a Alos de Balaguer
para el periodo 1973-2009. Los voliimenes han sido clasificados a escala municipal. La cuantifi-
cacion se ha hecho a partir del registro de licencias de la Confederacion Hidrogrdfica del Ebro,
donde se especifica el aiio de la concesion, el volumen y la localizacion (municipio).

44 CIG 41 (1), 2015, p. 23-62, ISSN 0211-6820

347



- Annex C. Publicacions -

Evolucién morfo-sedimentaria del tramo medio del rio Segre

5,7 km? 7,1km?

0 14 1%
[ ,‘. ’ ‘ ‘

1400 -
E
£ 1200 4
°
£ 1000
E
-
‘g 800
k]
e 600
e
M
2 0l
2
S
g - .
-
1950-1957 1957-1975 1975-1982 1982-1992 1992-1999 1999-2008
W Extracciones Aridos W AnchuraCauce Activo W Vegetacién M Cultivos

Figura 7. Evolucion cronologica de la anchura del cauce activo y de la superficie vegetada (vegetacion

de riberay barras centrales vegetadas) y de cultivo enrelacion a las extracciones de dridos en el tramo

medio del Segre entre los aiios 1956 y 2008. La extension del drea de andlisis pasa de 5.7 km* a 7.1 kn?®

después de la crecida del noviembre de 1982. La magnitud del caudal mdximo instantdaneo anual indica
la competenciade los caudales entre cada intervalo de estudio.

4.3. Evolucion morfologica

La cartografia de las diferentes formas fluviales permite comparar su evolucién
de manera cuantitativa (Tabla 7). La Fig. 8 muestra un ejemplo de cambio en un tramo
ubicado 32.5 km aguas abajo de la presa de Rialb. La evolucién de este sector ilustra la
dindmica observada en el conjunto del drea de estudio.

Tabla 7. Evolucion temporal de la extension superficial de las unidades sedimentarias y
morfologicas del tramo medio del Segre entre los aitos 1956 y 2008.

2 3 7

CODIGO DENOMINACION 1956EX;1‘95? SI(I);;:N :”;Lm‘:gggn ) 2008
CAB Cauce de Aguas Bajas 102 | 152 | 1.82 | 1.46 | 134 | 1.21
BCA Barra Central Activa 0.14 | 005 | 0.19 | 0.02 | 0.01 | 0.01
BCV Barra Central Vegetada 0.01 | 0.00 | 0.00 | 0.01 | 0.00 | 0.06
BLA Barra Lateral Activa 226 | 091 | 4.04* [ 0.64 | 0.71 | 0.26
CA Cauce Activo 341 | 248 | 605 | 2.12 | 2.06 | 1.48
CUL Cultivos 0.00 | 0.58 | 0.11 | 1.95 | 212 | 245
IDF = CA/AB |Indice de dinamica fluvial> | 3.36 | 1.63 | 3.32 | 1.46 | 1.54 | 1.22

! Incluye todo el cauce activo mds la zona afectada por la deposicion de sedimentos movilizados
durante la crecida del noviembre del 1982.
2 Estos indices podrian estar influenciados por las condiciones de caudal en el momento que se

adquiri6 la fotografia aunque las tendencias se mantendrian.
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Figura 8. Evolucion morfologica entre los aiios 1956 y 2008 de un tramo representativo del rio
Segre situado a 800 metros aguas arriba de la poblacion de Alos de Balaguer (Figura 1). En
(a) 1956 se parte de una situacion de inestabilidad en la que los depdsitos sedimentarios son
activos. En el aiio 1975 (b) hay una reduccion de las unidades sedimentarias activas. Con la

riada del noviembre de 1982 (c) se genera una nueva situacion moirfo-sedimentaria (i.e. reinicio)
con muchos cambios en el patron y la forma del cauce, al igual que en el niimero y extension de

las unidades morfologicas activas (ver Tabla 7). Las imdgenes del (d) 1992, (e) 1999 y (f) 2008

muestran la desaparicion progresiva de la mayoria de las unidades sedimentarias activas y una

continua contraccion del cauce producido por el aumento de la regulacion del régimen de creci-
das, asi como la extraccion de sedimentos. La direccion del flujo es SE-NO.
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En 1956 los depdsitos sedimentarios de todo el tramo se muestran muy activos y
con una minima presencia de vegetacion, hecho que muestra que la dindmica fluvial es
notable. Laactividad sedimentaria era frecuente, lo que limitabala presencia de vegetacién
en las barras. Los depdsitos sedimentarios activos se habian reducido notablemente en
1975 mientras que la presencia de la vegetacion habia aumentado considerablemente. La
crecida de noviembre de 1982, 1a segunda mds importante de todo el siglo XX, regenerd
el sistema debido a su elevada competencia. La magnitud de este evento provocd
cambios notables en el patrén de drenaje y 1a forma del cauce, al igual que en el nimero
y la extensién de las unidades activas (Figs. 7 y 8). De la misma forma, se observa una
clara reduccién de la vegetacion de ribera. Posteriormente, el cauce tendié de nuevo a
la estabilizacién, hecho que favorecié su ocupacién por vegetacién en zonas que hasta
hacia poco habian sido activas. Se observa también un incremento de las superficies
de cultivos en dreas cercanas al rio anteriormente inundables (Fig. 7). En este periodo
(1982-1992) 1a superficie ocupada por la vegetacion en el cauce activo se triplica (de 1 a
3 km?). En la década de 1990 se observa un repunte de la actividad geomorfolégica como
consecuencia de crecidas de cierta magnitud (hasta T ) entre 1994 y 1996. Esta actividad
se traduce en un nuevo incremento de las barras activas (10%) y una cierta reduccién de
la vegetacion (i.e. hasta un 5% segtn el tramo). Esto favorece de nuevo el incremento de
las actividades extractivas (mds disponibilidad sedimentos) a finales de los afios noventa.

La relacién entre la superficie del cauce activo (definido como seccién fluvial
formada por las unidades sedimentarias activas mds el cauce de aguas bajas y que es
capaz de drenar avenidas ordinarias) y del cauce de aguas bajas (parte del cauce que
ocupan los caudales de base), permite determinar el grado de libertad que el rio dispone
para modificar su curso en periodos de elevada competencia. El cociente entre ambos,
expresado de forma adimensional (Tabla 7), indica la movilidad potencial del cauce
en cada momento histérico. Este cociente o Indice de Dindmica Fluvial (IDF) sera
cercano a 1 cuando el cauce de aguas bajas ocupa la mayor parte de la zona activa;
mientras que los valores >1 corresponden a tramos en los que el rio cambia de patrén
de drenaje con cierta frecuencia (i.e. mas movilidad potencial). La movilidad observada
en 1956 muestra que 1/3 de la superficie activa estaba ocupada por el cauce de aguas
bajas (IDF = 3.4). La estabilizacién morfo-sedimentaria posterior (atribuida a una menor
disponibilidad de sedimentos y a la reduccién de energia disponible para el transporte
por el efecto del embalse de Oliana) generd una reduccién del IDF a valores préximos
a 1 (i.e. practicamente la totalidad de la superficie activa estd ocupada por el cauce de
aguas bajas) y, con ello, los caudales liberados por la presa activan tan sélo una superficie
minima del cauce. Asi, en esta situacién la mayoria de los procesos de erosion y transporte
ocurren en el propio cauce de aguas bajas. Por el contrario, en situaciones extremas
como la crecida de 1982 el caudal inunda de nuevo toda el drea activa descrita en la
situacién de referencia (1956, Fig. 8), los procesos de erosién lateral son importantes, y
el indice recupera valores iniciales (i.e. IDF = 3.3). El resultado es un reajuste puntual del
sistema con unas nuevas condiciones morfoldgicas y sedimentarias. Posteriormente, el
IDF se reduce hasta 1.2 en el afio 2008, lo que indica una pérdida de movilidad del cauce
(i.e. cauce colonizado por vegetacién de ribera y ocupado por campos de cultivo) y un
aumento de la estabilidad del sistema. La reduccién de la competencia de los caudales

CIG 41 (1), 2015, p. 23-62, ISSN 0211-6820 47

350



- Annex C. Publicacions -

Tuset et al.

liberados provoca una dindmica asociada a la incisién y acorazamiento del cauce
principal; ambos fenémenos se observan actualmente a lo largo de todo el tramo de
estudio. La incisién en todo el tramo es del orden de 0.5-1 m, llegando en diversos puntos
a aflorar la roca madre. Por otra parte, el tamafio del D, . en zonas todavia aluviales es
de 43 mm. No hay datos del material subsuperficial del Segre medio. Las observaciones
de campo indican que el material subsuperficial es claramente mas fino que el superficial.
Asi, con el objetivo de estimar el indice de acorazamiento potencial del medio Segre, se
ha utilizado un percentil 50 subsuperficial caracteristico de la Ribera Salada. La Ribera
Salada es el principal tributario aguas arriba del area de estudio (Fig. 1). Comparte
factores morfométricos, geoldgicos y climdticos con el Segre. Alli, el D, es de 19.5
mm (Crozzoli y Batalla, 2003; Vericat y Batalla, 2010). Mediante los percentiles 50 para
el material superficial y subsuperficial se ha calculado el indice de acorazamiento (I).
El Ia en el Segre medio es importante (Ia = 2.2) pero variable entre tramos (i.e. #1, 1.25;
#2,3.5; #3, 1.7 y #4, 2.5). Esta variabilidad puede deberse a la entrada de tributarios
(por ej. Llobregds) que aportan material mas fino (gravas finas, arena) que puntualmente
reducen el acorazamiento y confieren mds movilidad al lecho, y a un menor volumen de

extraccién de aridos por longitud de rio (por ej. el tramo #1, Fig. 6).

4.4. Competencia hidrdulica

La progresiva estabilizacién del cauce va acompaiiada generalmente de un aumento
del tamano medio de los materiales superficiales (por el lavado de finos aguas abajo y/o
por su percolacién entre las gravas i.e. winnowing, Rice y Church, 1998); por esta razén,
la competencia de los caudales circulantes deber ser cada vez mayor para movilizar los
materiales del lecho y producir transporte de fondo. Este proceso de retroalimentacién
entre forma y proceso (i.e. reajuste en el perfil longitudinal del rio) se interrumpe por
i) 1a ocurrencia de crecidas de elevada magnitud, que ponen en movimiento la coraza
detritica superficial y los materiales subsuperficiales atrapados debajo de ella. Bajo tales
condiciones se renueva la granulometria del lecho, inicidndose un periodo de mayor
inestabilidad, como el observado después de 1982. Otro proceso que puede interrumpir
este comportamiento es ii) la incisién del lecho hasta llegar a la roca madre. En este
trabajo planteamos un andlisis de competencia en base a la modelizacién hidraulica de
caudales de crecida en cuatro sub-tramos seleccionados (Fig. 1), cuyas caracteristicas se
sintetizan a continuacién:

Tramo #1: Tramo meandriforme (i.e. Indice de Sinuosidad [IS] = 1.83; segin
Schumm, 1963) con amplia barra lateral (point bar), cubierta por vegetacién arbustiva
y arbérea, depdsitos aluviales residuales y rio circulando sobre roca madre en la parte
concava del meandro (Ial =1.3):

Tramo #2: Tramo ligeramente sinuoso (IS = 1.6) con barra central cubierta
parcialmente por vegetacion (BCV) arbustiva y arbérea, I = 3.5 y cauce de aguas bajas
sobre roca madre.

Tramo #3: Tramo rectilineo (IS = 1.2) con barras laterales abiertas y sin vegetacion,
y acumulaciones superficiales de arena y gravas finas (I = 1.7).
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Tramo #4: Tramo encajado y rectilineo (IS = 1.2), con depdsitos aluviales en altura
desconectados del cauce actual, presencia de grandes bloques (i.e. didmetro métrico),
parcheados por materiales finos de frecuente movilizacién (I = 2.5).

En cada uno de los tramos se ha calculado la tension critica efectiva (t_ ) requerida
para movilizar los percentiles caracteristicos (D) de las distribuciones granulométricas
superficiales (Tabla 8). Los resultados indican que las condiciones hidraulicas necesarias
para generar inestabilidad en el tramo #1 son inferiores a las obtenidas para €l resto de
tramos. Los tramos 2, 3 y 4, a pesar de tener una pendiente semejante al tramo 1 (0.2-
0.3%), presentan una granulometria superficial mds gruesa que genera mds estabilidad en
el lecho y hace que las tensiones criticas requeridas para movilizar los sedimentos sean
alcanzadas, tedéricamente, con menos frecuencia. Los caudales competentes tedricos se
han comparado con los periodos de retorno de la serie de Oliana (Tabla 8). Se observa
que durante crecidas de baja magnitud y alta frecuencia (por €j. periodos de retorno 2
anos, TZ), buena parte (i.e. SD90.5) del material superficial del tramo #1 tedricamente se
moviliza. En el tramo #2, bajo estas mismas condiciones, sélo las fracciones mas finas
(i.e. <D, () experimentan transporte, asi como las fracciones medias (i.e. <D, y <D, )
en el caso de los tramos 2 y 3, respectivamente. Las crecidas de menor frecuencia, con un
caudal circulante igual o superior a Q,, consiguen movilizar la totalidad de las fracciones
granulométricas del material superficial del lecho en el tramo 1. Por el contrario, en el
tramo #2, incluso bajo condiciones hidraulicas de muy alta magnitud (i.e. Q. ), el caudal
s6lo consigue movilizar el material con tamafio inferior al D, , dando muestra de gran
estabilidad del lecho. El menor calibre de las fracciones granulométricas medias y altas
(ie.D,, yD,, ), junto a una mayor competencia hidraulica del sistema para caudales de
una frecuencia igual o superior a T, en los tramos 3 y 4, inducen a la movilizacién total
del material superficial del lecho.

La regulacién por presas genera una reduccion importante de la frecuencia y de la
magnitud de las crecidas y, por consiguiente, de los caudales efectivos, y las condiciones
hidraulicas resultantes son muy inferiores a las producidas en condiciones naturales. En
condiciones de baja movilidad, el intercambio de materiales entre las capas superficial
y subsuperficial del cauce es minimo. No se disponen series de datos suficientemente
largas (por ejemplo series de fotografias aéreas) para analizar el impacto del embalse
de Rialb con la misma precisién que se ha hecho con el de Oliana. No obstante, se
puede aproximar la frecuencia de inestabilidad mediante el Q_ (i.e. caudal medio diario)
registrado en la salida de 1a presa de Rialb para el periodo 2001-2007 y los umbrales de
movilidad que dichos caudales potencialmente generarian en cada uno de los tramos.
Se observa que tan sélo en el mejor de los casos y de forma puntual (1 vez en 7 afios)
se darfan las condiciones para movilizar el D, = del tramo mds dindmico (#1). Antes
de 1a puesta en funcionamiento de la presa de Rialb, el régimen hidrosedimentario del
Segre medio estaba controlado tnicamente por Oliana, lo que, explica por qué ain
existen zonas con depdsitos activos, por ejemplo en el tramo #1. La hipdtesis es que
estos tramos vayan desapareciendo cuando el rio llegue a un nuevo ajuste hidrodindmico
como consecuencia de larevegetacion, el acorazamiento y la incisién del lecho. Modelos
evolutivos similares han sido descritos por ejemplo en el tramo bajo del rio Ebro (Vericat
et al., 2006).
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Tabla 8. Condiciones de inicio de movimiento para diferentes percentiles granulométricos de referencia (D) de los tramos de estudio del Segre

medio (para localizacion ver Fig. 1); D, particula de un tamaiio i (mm) especifico de cada percentil de referencia en cada tramo; t

c-Di

es la tension

de corte critica (N m*) para poner en movimiento una particula determinada del material superficial (i.e. tension efectiva); O * caudal critico
(m s7) capaz de movilizar las particulas de referencia en cada tramo; T es el periodo de retorno (aiios) correspondiente a cada caudal critico

estimado.
Tramo #1 Tramo #2 Tramo #3 Tramo #4
D, T O i Di T .. Q* i Di T Q, 31 Di T Q> T
Dx mm | Nm? | m’s? o | mm | Nm? | m’s? anio | mm ([ Nm?| m’s? | ano | mm | Nm?| m's? ano
D, . 16 133 28 <2 30 27.1 110 <2 18 154 69 <2 35 26.5 111 <2
D.. 24 18.6 36 <2 68 50.7 235+ <5 34 254 | 116 <5 51 37:1 163 <5
D, 41 284 53 <2 115 | 77.5 | >1000* | >50 60 40.1 | 185+ | <10 77 52.0 | >1000* | >50

Nota: En negrita se identifican los caudales iguales o superiores al caudal bankfull (i.e. 168 m* s).
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4.5. Alteracion hidromorfologica: relacion causa-efecto

Las alteraciones hidromorfolégicas del tramo medio del Segre se han analizado a partir
de un modelo de regresién multivariante que tiene como variables independientes el caudal
maximo instanténeo (Q, datos de la estacién de Oliana primero y a partir del 1999 de la
presa de Rialb), el volumen anual de aridos extraidos del sistema fluvial y los sedimentos
capturados en el embalse de Oliana para cada uno de los seis periodos estudiados. En la
tabla 9 se muestran las variables independientes que mejor explican la varianza de cada
variable dependiente analizada: Cauce de Aguas Bajas (CAB), Barra Lateral Activa (BLA),
Barra Central Activa (BCA) y Cauce Activo (CA). También se presentan los coeficientes
de regresién parciales estandarizados (3, ver seccién metodoldgica para mas detalles). El
Q_, méximo de cada periodo se presenta como la variable que mayor influencia ejerce en
la evolucién de las unidades morfoldgicas. Esta variable controla la anchura activa del
cauce y su disminucién contribuye a la estabilizacién de las barras, tal como se aprecia en la
evolucién temporal de su extension (Tabla 10). El Q_, es un claro indicador de la intensidad
de energia maxima que se libera anualmente en el cauce, de modo que puede considerarse
responsable de la movilizacién de los sedimentos y de la configuracién de la morfologia
fluvial en términos globales. Ademads, al incorporar al andlisis la extraccién de sedimentos, el
modelo nos permite resaltar 1a importancia de la disponibilidad de sedimentos en 1a dindmica
del cauce (de manera complementaria al régimen de crecidas). La continua reduccioén en la
disponibilidad de sedimentos debido alas actividades extractivas (en un medio ya fuertemente
afectado por un déficit estructural asociado a la retencién de materiales en los embalses) ha
reducido ano tras afio la presencia de unidades sedimentarias activas, sobre todo las barras
centrales (Tabla 10). El cauce de aguas bajas, igual que el resto de unidades morfoldgicas, se
contrae conla pérdida de energia (i.e. magnitud) que conlleva la regulacion de las crecidas por
parte de los embalses de Oliana y Rialb. Aun asi, 1a disminucién de la dindmica sedimentaria
induce a la expansion del cauce de aguas bajas, efecto contrario al observado en las otras
unidades morfolégicas que componen el cauce activo.

Tabla 9. Coeficientes B de las relaciones entre las variables independientes (Q_, _, retencion
de en embalses y extracciones de dridos) y las unidades morfologicas (AB, BLA, BCAy CA)
después de la aplicacion de la regresion miiltiple (ver Tabla 2 para las abreviaturas). La ultima

columna muestra el coeficiente de determinacion del modelo de regresion.

B
UNIDAD .
MORFOLOGICA Q, Retencion sedimentos Extracciones (r?)
(m® s (m® ano™?) (m® ano?)
CAB 0,64 0,85 0.4 0,99
BLA 0,97 - -0,23® 0,99
BCA 0,88 -0,11® -0,36 0,98
CA 0,98 0,122 -0.22 0,99

Nota: En todos los casos el p-valor es inferior a 0.05 menos en los casos (1) que es 0.062 y (2) que
es 0.08.
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Tabla 10. Evolucion temporal de la extension superficial (km?) y proporcion en el cauce de las unidades sedimentarias del tramo medio del Segre

entre los anios 1956 y 2008.

5 1956 1975 1982 1992 1999 2008
UNIDAD MORFOLOGICA b B B 5 B 5
kKm*| %9 |km*| % |km*| % km* % km* % km* %
Cauce de Aguas Bajas (CAB) 10 30 1.5 61 1.8 30 1.5 69 1.3 65 142 82
Barra Lateral Activa (BLA) 23 66 | 09 37 40 67 0.6 30 0.7 34 0.3 18
Barra Central Activa (BCA) 0.1 4 0.1 2 02 3 <0.1 1 |<001| 04 |<001| 0,3
Cauce Activo (CA) 34 | 100 | 25 | 100 | 60 | 100 2.1 100 2.1 100 1:5 100
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5. Discusion

Elrégimen hidroldgico del Segre medio ha experimentado una serie de alteraciones
desde finales de los afos 1950, especialmente en relacién con la magnitud y la frecuencia
de las crecidas, y la variabilidad de sus caudales. La alteracién del régimen fluvial debida
alos embalses, junto con el déficit sedimentario causado por la retencién en las presas y
las extracciones de dridos, explican la baja intensidad de los procesos geomorfoldgicos
actuales y la estabilidad que se observa en el cauce del rio. Ademds de las grandes
presas, la detraccidén de agua por parte del Canal d’Urgell afecta también de manera muy
importante a la aportacién anual de agua del rio (los usos asociados al Canal superan los
450 hm’ anuales), y por lo tanto a su caudal medioy a la variabilidad temporal, y con ello
al régimen de crecidas (como minimo a las ordinarias), que es el elemento central que
controla la dindmica geomorfoldgica del cauce.

El cauce activo (Tabla 3), es la unidad morfoldgica que incluye el cauce de aguas
bajas y las barras activas del rio. La reduccién observada en su extension es producto de
la pérdida de competencia de los caudales de crecida, asi como de la falta de suministro
de sedimentos desde la cuenca. Los resultados de la tabla 10 indican que desde 1975
el rio presenta cada vez menos depdsitos sedimentarios activos, algunos de los cuales
incluso desaparecen colonizados por la vegetacién de ribera u ocupados por cultivos. En
esta situacién de desequilibrio sedimentario, tan sélo la ocurrencia de eventos extremos,
como la crecida de 1982, genera una nueva situacion de inestabilidad, con un aumento
considerable del cauce activo y de las unidades sedimentarias asociadas. Después de
esta crecida, las unidades morfoldgicas vuelven a tener una extensién semejante a la
de 1956. Esto se explica no solo por la elevada magnitud del evento sino también por
la reactivacién del sistema sedimentario, que libera material anteriormente retenido
por la vegetacién y por la coraza del lecho (diferencia entre el material superficial y
el subyacente). Esta reactivacién del sistema morfo-sedimentario no aporté grandes
cantidades de material granular nuevo al tramo de estudio, sino que removilizé
sedimentos que habian permanecido in situ (i.e. estables) durante las crecidas habituales.
Las observaciones de campo en el tramo de estudio muestran evidencias de incisién de
orden submétrico. En cualquier caso, y, seglin muestran las fotografias aéreas, después
de 1982, el cauce entré rdpidamente en un nuevo proceso de estabilizacién por la
vegetacion y sufrié numerosos impactos por la accién antrépica (extracciones de aridos
y aumento de cultivos), alcanzando una situacién de estabilidad similar a los anteriores
a 1982. El ligero aumento en la frecuencia y la magnitud de las crecidas durante el
periodo 1992-1999 no se ve refiejado en un gran incremento de la extensién del cauce
activo. La entrada en funcionamiento del embalse de Rialb a finales de la década de 1990
incrementa la regulacion fluvial y contribuye a una mayor retencién de sedimentos, que
hace aumentar la estabilidad del lecho hasta la situacién de baja actividad sedimentaria
que se observa en la actualidad. El impacto de las captaciones de agua del Canal d’Urgell
sobre el régimen de caudales se hace manifiesto sobre todo entre abril y septiembre,
alterando la magnitud de las crecidas habituales aguas abajo de la toma del canal. En
algunos casos, las crecidas habituales quedan absorbidas por 1a toma de agua, alterando la
energia y la frecuencia de las mismas. Las barras centrales son las unidades morfolégicas
que mas se han visto afectadas por la pérdida de carga sélida. Cabe indicar que en el caso
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del tramo de estudio en el Segre aguas abajo de los embalses, existen varios afluentes que
tienen una cuenca considerable (por ej. rio Llobregds). Aun asi, son tributarios de poca
entidad hidroldgica, hidraulica y geomorfoldgica, y no se les puede atribuir la capacidad
suficiente para esperar de ellos una importante restauracién del régimen sélido y liquido.
Aguas abajo del embalse de Rialb el clima de la cuenca pasa de un clima mediterraneo de
montafa (y alpino en la cabecera) a mediterrdneo continental-seco. Este hecho hace que
en muchos casos los rios sean efimeros y su contribucién hidrosedimentaria se considera
irrelevante.

Son numerosos los trabajos que analizan tramos fluviales afectados por actividades
antrépicas. Por ejemplo, entre otros, Kondolf (1997), Liébault y Piégay (2002), Surian
y Rinaldi (2003), Piégay et al. (2004), Batalla ef al. (2006), Gregory (2006), Hooke
(2006), Boix-Fayos et al. (2007), Surian et al. (2009), Magdaleno (2011) y Conesa y
Pérez (2014) revisan y evaldan los efectos derivados de presas y mineria de gravas,
y presentan estrategias de restauraciéon (Rinaldi ef al., 2009). En este contexto, los
principales efectos de la presencia de embalses (incisién, acorazamiento del lecho,
erosion en los mdrgenes y contraccién del cauce) y de la actividad extractiva (incisidn,
acorazamiento e inestabilidad lateral del cauce) estan en concordancia con lo observado
en nuestro trabajo. Segiin Surian y Rinaldi (2003), estos cambios acostumbran a producir
una variacién en el patrén morfoldgico del cauce, que por lo general pasa de trenzado a
sinuoso, mostrando estrechamientos del cauce superiores al 50% en estos ambientes. El
Segre es un claro ejemplo de cambios de sinuosidad (por €j. el SI del tramo #2 pasa de
1.66 a 1.55 entre 1956 y 2008, siendo el mayor cambio de sinuosidad de los 4 sub-tramos
analizados). Los efectos tienden a ser intensos en los primeros anos de la construccion
de cada embalse (i.e. entre 10 y 20 aflos) para luego prolongarse en €l tiempo de manera
mds atenuada hasta llegar a un nuevo equilibrio, tal y como indican los trabajos cldsicos
de Petts (1984) y Williams y Wolman (1984).

En la cuenca del Ebro se han hecho también algunos estudios de este tipo, 1a mayor
parte en el tramo del bajo Ebro (ver la revision de esos trabajos en Batalla et al., 2014)
y en algunos puntos del Pirineo. Por ejemplo, la regulacién hidrolégica junto con el
dragado del tramo bajo del Ebro durante la dltima década (Batalla, 2003) ha causado
cambios morfoldgicos con pérdidas de anchura del cauce activo del orden del 20 y el 25%
(Vericat y Batalla, 2004; Batalla ef al., 2006), algo menor que la observada en el Segre
medio (i.e. 38% con el embalse de Oliana y 56% después de la construccién de la presa
de Rialb). Ambos rios se encuentran en el mencionado proceso de reequilibrio (Vericat
et al., 2006), cuya magnitud y extensién en el tiempo dependen fundamentalmente
del cambio en la magnitud y frecuencia de las crecidas y de la magnitud del déficit
sedimentario en relacién con la antigua aportacién natural de la cuenca. En los casos del
Ebro y del Segre, los caudales de baja frecuencia (i.e. cercanos al bankfull, responsables
del mantenimiento morfo-sedimentario del cauce) son los caudales mds afectados por la
regulacién hidroldgica, hecho que explicaria la pérdida de actividad geomorfoldgica y
el desarrollo de la vegetacion de ribera madura. Cabe recordar también que, debido a la
retencién de sedimentos, las presas liberan agua limpia (hungry water segin Kondolf,
1997). Esta situacion conlleva un exceso de energia que el sistema utilizaba anteriormente
en el transporte de sedimentos provenientes de la cuenca y que ahora disipa erosionando
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el cauce, fenémeno que disminuye aguas abajo, a medida que el lecho del rio se va
acorazando y va apareciendo la roca madre (Kondolf, 1997). En cuanto a la retencién de
sedimentos, los estudios llevados a cabo en rios pirenaicos (Gémez-Villar y Martinez-
Castroviejo, 1991; Garcia-Ruiz ef al., 1997, 2010) muestran que los diques de retencién
pueden llegar a causar una incisién de hasta 3 m en 30 afios. La incisién observada en la
Ribera Salada, después de las extracciones entre 1987 y 2007, llega a los 3 m, dejando
expuesta la roca madre en numerosos tramos. En el bajo Gdllego, igualmente afectado
por extracciones de dridos durante los afos 1970 y 1980, y también por grandes presas
aguas arriba, la incisién documentada llega a los 6 m (Martin-Vide ef al., 2010). En todos
estos rios la incisién modifico el patrén del cauce pasando de trenzado a sinuoso, como
consecuencia del desajuste entre la energia de los caudales y la carga sélida disponible
en el cauce. La tabla 9 sintetiza numéricamente los principales cambios observados en el
Segre y descritos por primera vez en relacion a las alteraciones. La consecucién de estos
resultados ha sido posible gracias a la integracién de diferentes métodos de diagndstico
hidroldgico y sedimentario que a menudo se encuentran fragmentados o dispersos.
Ademas, la metodologia también integra trabajo de campo y un simple ejercicio de
modelizacion para interaccionar los valores de caudal con la granulometria del cauce
y asi estimar la movilidad potencial del tramo del rio Segre. Aunque existen diversos
métodos para el estudio del estado hidro-sedimentario en sistemas fluviales (por ;.
Richter et al., 1996; Raven et al., 1997; Mathews y Richter, 2007; Ollero et al., 2008;
Alber y Piégay, 2011; Rinaldi et al., 2013; Lobera et al., 2015), 1a integracién que se ha
realizado en este articulo se considera como novedosa y de gran interés en el campo de
la geomorfologia fluvial.

6. Conclusiones

Este estudio propone una metodologia, que a vista de los resultados, se considera
adecuada para evaluar el estado morfo-sedimentario de tramos fluviales regulados por
presas y/o impactados por extracciones de dridos. El andlisis presenta dos conclusiones
principales de acuerdo con las relaciones entre la magnitud-frecuencia de las crecidas y
lareduccion del drea activa del cauce, asi como entre la desaparicién de unidades morfo-
sedimentarias y la pérdida de disponibilidad de carga de fondo:

1. El régimen de caudales aguas abajo de la presa de Oliana es moderada, siendo el
cambio mds evidente el que afecta a la magnitud y frecuencia de las avenidas, fenémeno
que se ha incrementado después de la construccion de la presa de Rialb. Dicha reduccidn,
conjuntamente con el desequilibrio sedimentario estructural causado por las presas y local
debido a las extracciones de dridos, explica la baja actividad sedimentaria actual del rio.
La intensidad de la actividad extractiva excedié ampliamente la carga media sedimentaria
del 1io, hecho que, junto con los efectos de las presas, refuerza el déficit sedimentario y
el desequilibrio morfodindmico del cauce actual (evidente a partir de las observaciones de
acorazamiento y de incisién del lecho hasta la roca madre en algunos tramos).

2. La evolucién morfoldgica del rio muestra una tendencia a la estabilizacién por
intrusién de vegetacion de ribera, posterior al cierre del embalse de Oliana en 1959.
Esta tendencia fue alterada en 1982 como consecuencia de una de las avenidas mas
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importantes del siglo XX en la cuenca. El dinamismo fluvial aparente después del evento
se ha reducido paulatinamente hasta la actualidad, pese a un ligero repunte de 1a actividad
sedimentaria durante la década de 1990. La movilidad del cauce se ha reducido en su
conjunto y la intrusién de la vegetacién de ribera hace que el cauce de aguas bajas tienda
a ocupar practicamente la totalidad del cauce activo. Las principales unidades morfo-
sedimentarias (barras laterales y centrales) han desaparecido.

En general, las crecidas controlan la expansién/contraccién del cauce activo y el
dinamismo de las unidades morfoldgicas y sedimentarias que lo conforman. Una menor
disipacién de energia provoca que el intercambio de materiales entre las capas superficial y
subsuperficial del lecho sea menos frecuente y de menor intensidad (por ejemplo, tal y como
indica el acorazamiento observado en el Segre), reduciendo a su vez la calidad del habitat
asociado y en su conjunto del ecosistema fluvial. Este trabajo pone de manifiesto, ademds,
la necesidad de abordar los cambios en la dindamica fluvial a partir del andlisis conjunto,
hidrolégico, hidrdulico, sedimentario y de actividades antrépicas. Ademads, también se pone
en evidencia la importancia de los datos de campo y ejercicios simples de modelizacién
que permiten analizar la hidraulica del flujo relacionada con las caracteristicas morfo-
sedimentarias del cauce, y los posibles escenarios de movilidad de los sedimentos del lecho.

Los resultados aportan informacién para el disefio de programas de restauracion
hidrosedimentaria que incluyan précticas tales como crecidas de mantenimiento que
reactiven el cauce, y el bypass de sedimentos a través de las presas para reducir el
desequilibrio energético y de masas, junto con inyeccién de gravas para minimizar la
incisién y regenerar habitats y unidades morfo-sedimentarias.
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Notaciones

#1 Correspondiente al Sub-Tramo 1

#2 Correspondiente al Sub-Tramo 2

#3 Correspondiente al Sub-Tramo 3

#1 Correspondiente al Sub-Tramo 4
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a Valor resultante que toma cada indice de alteracion parcial
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Media de los caudales maximos instantdneos anuales (en m*s™)

Coeficientes no estandarizados, representando las contribuciones independientes de
cada variable independiente a la prediccion de la variable dependiente

Barra Central Activa (en km?)

Barra Central Vegetada (en km?)

Barra Lateral Activa (en km?)

Cauce Activo (en km?)

Confederacion Hidrografica del Ebro

Cultivos (en km?)

Coeficiente de variacion de la serie de maximos caudales medios diarios anuales
Coeficiente de variacion de la serie de avenidas habituales

Calado (en m)

Percentil 16 de la distribucion granulométrica del sedimento superficial (en m)
Percentil 50 de la distribucion granulométrica del sedimento superficial (en m)
Percentil 50 de la distribucion granulométrica del sedimento sub-superficial (en m)
Percentil 60 de la distribucion granulométrica del sedimento superficial (en m)
Percentil 84 de la distribucion granulométrica del sedimento superficial (en m)
Percentil 90 de la distribucion granulométrica del sedimento superficial (en m)

Didmetro de la particula del percentil (i) correspondiente de la distribucion
granulométrica superficial (en m)

Tamaiio representativo de la particula superficial basado en el trabajo de White y Day
(1982) formulado, D_ .=1.6.D_ _(D,, /D, )-0.28 (en m)

Percentil de la distribucién granulométrica del sedimento superficial de referencia (en
m)

Error Medio Cuadratico (en m)

Distribucién F de Fisher-Snedecor

Constante gravitacional (en m s?)

Puntos de control en el terreno

HEC-RAS Hydrologic Engineering Centers River Analysis System (Software)

Ia Indice de acorazamiento (adimensional), se define como el cociente entre D yDis.

IAG Indice de Alteracion Global (adimensional)

IAH Indices de Alteracién Hidroldgica, formados por los IMF__ . eIV o IE,eID,,
(adimensional)

D, Indice de Duracién de Crecidas

IE_, Indice de Estacionalidad de Crecidas

CIG 41 (1), 2015, p. 23-62, ISSN 0211-6820 61

364



- Annex C. Publicacions -

Tuset et al.

COOOLOF

E

CPLP

m
L]

B

11

)

v wn
V7%

2]

bl

NC

[
o

w
=}

A

]

o

< amp o,

)

Indice de Dinamica Fluvial (adimensional)

Indice de Crecidas Méaximas

Indice de Caudal Bankfull

Indice de Crecidas Habituales
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Simbolo representativo de las variables independientes de la regresién muiltiple
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Coeficientes de regresion parciales estandarizados, definen la ecuacion de regresion
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Funcién de proteccion atribuida a una particula D, (hiding)

Densidad del agua (en kg m?)
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This paper assesses annual and seasonal trends in runoff and sediment load resulting from climate variability and
afforestation in an upland Mediterranean basin, the Ribera Salada (NE Iberian Peninsula). We implemented a hy-
drological and sediment transport distributed model ( TETIS) with a daily time-step, using continuous discharge
and sediment transport data collected at a monitoring station during the period 2009-2013. Once calibrated and
validated, the model was used to simulate the hydrosedimentary response of the basin for the period 1971-2014
using historical climate and land use data. Simulated series were further used to (i) detect sediment transport
and hydrologic trends at different temporal scales (annual, seasonal); (ii) assess changes in the contribution of
extreme events (i.e. low and high flows) and (ii) assess the relative effect of forest expansion and climate variabil-
ity on trends observed by applying a scenario of constant land use. The non-parametric Mann-Kendall test indi-
cated upward trends for temperature and decreasing trends (although non-significant) for precipitation.
Downward trends occurred for annual runoff, and less significantly for sediment yield. Reductions in runoff
were less intense when afforestation was not considered in the model, while trends in sediment yield were re-
versed. Results also indicated that an increase in the river's torrential behaviour may have occurred throughout

* Corresponding author at: Catalan Institute for Water Research — ICRA, Scientific and Technological Park of the University of Girona, Emili Grahit 101, 17003 Girona, Catalonia, Spain.
E-mail address: cbuendia@icra.cat (C. Buendia).

http://dx.doi.org,/10.1016/j.scitotenv.2015.07.005
0048-9697/© 2015 Elsevier BV. All rights reserved.

366



- Annex C. Publicacions -

C. Buendia et al. / Science of the Total Environment 540 (2016) 144-157 145

TETIS, the studied period, with low and high flow events gaining importance with respect to the annual contribution,
Ribera Salada although its magnitude was reduced over time.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction in experimental plots or at the hillslope scale and few studies are done

Mountain areas are of major importance since water availability in
downstream regions largely depends on runoff generation in high-
altitude areas (Viviroli and Weingartner, 2004). Their role as source of
freshwater is related to their higher specific runoff as a result of higher
precipitation coupled with lower evapotranspiration rates (Vanham
and Rauch, 2009). These areas are considered particularly vulnerable
to temperature and precipitation changes, notably in arid and semi-
arid regions, where there is already a great dependence on water from
mountains (Lépez-Moreno et al., 2008).

Climate change and population growth are expected to intensify the
water scarcity and seasonal variability characteristic of the Mediterra-
nean area (IPCC, 2013). However, along with varying temperatures and
precipitation patterns, other factors should be taken into account when
assessing observed hydrological and sediment transport trends. Particu-
larly, land use has been largely reported to affect the hydrosedimentary
response of basins due to the alteration of overland runoff (Zhang
et al, 2001) and the balance between evaporation, groundwater
recharge and stream discharge (Chase et al., 2000; Benyon et al., 2006;
Piao et al., 2007). However, the relationship between land use and hy-
drology is complex, with linkages at a variety of spatial and temporal
scales which largely depend on the direction of the land-use change:
conversion to irrigated land, deforestation, afforestation, and urban
development (Calder, 1993; Gessesse et al., 2014).

Increasing urban and industrial development during the second half
of the 20th century led to a depopulation of Mediterranean mountain
areas such as the Spanish Pyrenees. The abandonment of agricultural
fields constituted the main cause of change in vegetation cover in the
headwaters of most Pyrenean basins (Lasanta and Garcia-Ruiz, 1996).
This vegetation growth, along with management strategies thought
to improve environmental forest services (e.g. MIMAM, 2000;
Marey-Pérez and Rodriguez-Vicente, 2008), favoured the shift from
crop fields and meadows to shrub and forested covers. Percentages of
forest increase during this period can reach values above 40%. For exam-
ple, Amdez et al. (2008) found an increase of 44% in the Cameros area
(west of the Iberian Peninsula) for a period of 45 years (1956-2001)
and Gallart and Llorens (2004) estimated an increase of 17% in
21 years (1970-1991) in the headwaters of the Ebro basin (NE of Spain).

Forest expansion has been acknowledged to be an important driver
of the runoff reductions observed in the Iberian Peninsula (e.g.
Lopez-Moreno et al., 2008; Moran-Tejeda et al., 2010). Decreasing
trends in river flow have been detected in most of the streams of the
southern Pyrenees (Delgado et al., 2010). For example, the mean annual
flow of the river Ebro has decreased ca. 40% in 50 years due to increased
irrigation, climate shift and forest expansion. Each cause was estimated
to contribute at a similar proportion (ca. 33%) to the streamflow de-
crease (Gallart and Llorens, 2003). Similarly, Buendia et al. (2015)
recently reported that afforestation explained up to 37% of the flow
decrease observed in the Noguera Pallaresa, one of the River Ebro's
main sub-catchments.

The interest in the assessment of the relative contribution of climate
and forest growth mainly stems from the vulnerability of water
resources in the Mediterranean and its dependence on impounded
water bodies, whose life span has been severely reduced due to siltation
problems (e.g. Navas et al., 2004, 2009, 2011; Palaz6n and Navas, 2014).
The major concern when assessing the relative magnitude of the impact
of land-use change and climate variability on river runoff and sediment
load is enhanced by the few long-term records of flow and sediment
transport in river basins. Therefore, most of the studies are undertaken

at the meso- and macro-scales. Results from these studies provide
evidence of the sensitivity of erosion to land use and human activity
(e.g. Garcia-Ruiz et al, 2008). However, their results need to be
interpreted with caution since they are only comparable within other
data from the same experimental stations.

Such lack of long-term sediment transport data in river basins
requires modelling tools to assess the effects of land-use changes on
the hydrological response and sediment transport. In this study, we
combined continuous flow measurements and sediment transport
data with a modelling approach with the aim of understanding the
effects of increased forested area and climate variability on the hydro-
sedimentary response of a meso-scale Mediterranean basin (the Ribera
Salada, NE Iberian Peninsula). This work follows previous modelling
efforts undertaken in the basin (i.e. Miieller et al., 2009). However, the
modelling approach here presented is based on a larger and more
detailed dataset consisting of a daily register of flow and suspended
sediment concentration, which was used to calibrate and validate
the model used in this study (TETIS, Francés et al., 2007; Bussi et al.,
2013). Furthermore, land-use change and climatic variations were
analysed jointly in an effort to quantify the impact of global change
on the water and sediment yields. The specific objectives were:
(i) Simulate water discharge and sediment transport data for the period
1971-2014; (ii) detect temporal trends in runoff and sediment yield at
the annual and seasonal time scales; (iii) assess the relative effect of for-
est expansion and climate variability on annual runoff and sediment
yield and (iv) determine changes in the frequency, distribution and
magnitude of low and high flow events.

2. Materials and methods
2.1. Study area

The hydrosedimentary response to increased forest cover was ex-
amined for the Ribera Salada at the Canalda sub-basin (65 km? basin
area). The Ribera Salada s a typical Pre-Pyrenean mountainous basin lo-
cated in the NE of the Iberian Peninsula, which flows into the River
Segre (in turn one of the main tributaries of the River Ebro) at the
Rialb Reservoir (Fig. 1). The altitude in the basin ranges from 420 m
a.s.lin the southwest to 2385 m a.s.l. in the northeast. The mean annual
temperature is 11 °C, with minimum temperatures reaching values
below —10 °C in winter (e.g. —21 °C registered at the summits) and
temperatures above 30 °C in the summer (e.g. 38 °C in the lowlands).
Mean annual precipitation is 620 mm, with minimum values observed
in winter (ie. a total of 160 mm for the whole season) and maximum
values registered in the summits during the spring and autumn seasons
(Le.up to 1200 mm).

Soils in Canalda are shallow (soil depth varies between 30 and
70 cm) calcareous and stony (Estruch, 2001; Poch et al., 2002). Typic
eutrodept and Lithic Ustorthents prevail throughout the basin (SSS,
1993, 2006; Ubalde et al., 1999) and are characterised by a low water re-
tention capacity and moderately high infiltration rates (Poch et al.,
2002). Mean basin slope in Canalda is 40%, with nearly a 53% of the
total basin area showing a slope value above 35% ( Estruch, 2001). Forest
areas occupy the major part of the basin (ca. 70%) and consist mainly of
pine (Pinus sylvestris and Pinus uncinata) and deciduous oak forest.
Agricultural areas occupy less than 4% and are mainly located in the
middle part of the basin. According to Ubalde et al. (1999), the steep
relief, together with the torrential character of the river and the deeply
incised river network, hinders the development of an alluvial plain in
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Fig. 1. Location of the Ribera Salada basin within the Iberian Peninsula and the Ebro basin, and the Canalda basin within the Ribera Salada. The location of the meteorological stations used

in the TETIS model and the monitoring station and the basin outlet are also shown.

the lower-most parts of the Canalda basin and hence the establishment
of agricultural fields in this part. Pastures and grassland occupies ca. 20%
of the area and are mainly located in the upper-most part, above 1600 m
a.s.l. The rest of the basin area (ca. 8%) consists of bare soil and rocky
outcrops.

2.2. Field measurements: discharge and suspended sediment transport data

Water discharge was continuously measured at the Canalda section
for the period January 2009-December 2013. Water depth was mea-
sured by means of a pressure transmitter (Druck® 1730-PDCR) at 5
minute intervals and subsequently converted to a discharge ratio
using a rating curve (h/Q relation). In May 2012 an Ultrasonic Doppler
Instrument (Starflow® 6526, range 21 mm/s to 4500 mm/s) was
installed and was used for measuring continuous flow and velocity.
The discharge ratio associated with the different water stages was
modelled using HEC-RAS® V.4.1. (USACE, 2010). The results have
been validated with data from starflow metre and periodic manual
gaugings using an electromagnetic flow metre (Valeport® 801) during
base and high flows.

Water turbidity measurements started later, in June 2011, when a
turbidimeter (ANALITE® NEP9350; range: 0-3000 NTU) was set up at
the monitoring station. In addition, an automatic water sampler
(ISCO-3700) was installed close to the turbidity metre. Automatic
water samples were collected during flood events, while periodic man-
ual samples were collected during low flow conditions. A total of 308
water samples (0.5 1) were collected during the study period. Water
samples were filtered dried and weighted to derive suspended
sediment concentrations (SSC, mg 1~ ). SSC data was then used to
convert turbidity data (NTU) by means of a lineal relation between
NTU and SSC.

2.3. Modelling approach

2.3.1. TETIS: model description

The TETIS hydrological and sediment distributed model (Francés
et al., 2007; Bussi et al., 2013, 2014a) was used to evaluate the effect
of climate variability and land-use change on runoff and sediment
yield at the Canalda sub-basin (Fig. 1). This model was chosen because
of the type of available data for the Ribera Salada in relation to the
objectives of the paper, and also because it has been largely used in

similar systems (e.g. Vélez et al., 2009; Andrés-Doménech et al., 2010;
Cowpertwait et al,, 2013; Salazar et al., 2013). In addition, previous
applications were developed for a catchment located in the Eastern
Pyreneanarea (River Esera, Bussi et al., 2014b), proving the applicability
of the model for the region of study. The TETIS model is a spatially-
distributed model, and thus allows the reproduction of land-use
variability in space.

The TETIS is structured in two main sub-models: the hydrological
and the sediment transport. The hydrological sub-model is based on a
tank structure, where each of the tanks represents a relevant process
in the hydrological cycle, such as snow melt, canopy interception, soil
static storage, soil gravitational storage and aquifer storage. The precip-
itation is divided into rainfall and snowfall, depending on a temperature
threshold. The rainfall first fills the canopy interception and soil static
storage tanks, which can only be emptied by evapotranspiration. Then,
the remaining flow is divided into overland flow and infiltration, de-
pending on the soil infiltration capacity. The infiltrated water is divided
into interflow and aquifer flow (or base flow) depending on the soil and
aquifer properties. The total flow to the drainage network is calculated
by the sum of the overland flow, the interflow and the base flow. The
total flow is routed downstream using the geomorphological kinematic
wave methodology, which is based on the hydraulic geometry of the
drainage network (following the equations initially developed by
Leopold and Maddock, 1953).

The sediment sub-model is based on the concept of balance between
sediment transport capacity and sediment availability. The sediment
transport capacity of overland flow is computed by means of the modi-
fied Kilinc-Richardson equation (Julien, 2010) while the total stream
network transport capacity is computed through the Engelund and
Hansen (1967) equation. The transported material is divided into
three textural classes (sand, silt and clay), and the maximum transport
capacity is used to transport all the available material downstream.
Then, the particle settling velocity is used to divide all the particles
into suspended and deposited material. The split-structure of its param-
eters (Francés et al., 2007) allows its calibration without altering the
spatial structure of the parameter maps, including the land cover. In
particular, this structure describes the model parameter as the product
of the observed or measured value of the parameter (the “real” param-
eter value) and a correction factor, which is adjusted in order to take
into account model structure errors, parameter errors and any other
type of uncertainty. The model calibration can be carried out by
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adjusting up to twelve correction factors for the hydrological sub-model
(i.e. soil static storage, evapotranspiration, infiltration capacity, over-
land flow velocity, percolation capacity, interflow velocity, deep aquifer
percolation capacity, base flow velocity and river flow velocity, plus
three parameter for the snow melt sub-model), and three for the
sediment sub-model (i.e. sediment transport capacity for overland
flow, gully flow and river channel flow).

2.3.2. Model parameterisation and implementation

2.3.2.1. Model parameterisation. Four main types of data variables were
used to parameterise the model: climate data, soil properties, land
cover and catchment morphometry. Model parameters at Canalda
were estimated based on a 100 x 100 m mesh. The mesh size is funda-
mental in numerical modelling in general and in hydrological modelling
in particular, as described for example by Bloschl and Sivapalan (1995).
The spatial scale effect on model parameter has also been discussed for
the TETIS model (Barrios and Francés, 2012). Taken into account these
previous works, the choice of a 100 x 100 m mesh was dictated by a
compromise between model accuracy, resolution of the available
information and computational burden. In this case, even if a digital
elevation model with higher resolution was available, the resolution of
the soil and geological characteristics, as well as of the land use map,
suggested that any cell size smaller than 100 x 100 m was unreason-
able. This, together with previous modelling studies (Bussi et al., 2013,
2014b) justifies the mesh resolution used in this study.

Data from a total of five meteorological stations located near-by the
Canalda basin were used in this study (Fig. 1). Three of these meteoro-
logical stations belong to public institutions (Ebro Water Authorities
and the Meteorological Service of Catalonia) and measure precipitation,
temperature and evapotranspiration at 15-min intervals. This meteoro-
logical network is complemented by two rain-gauges set up in the basin
by the Forest Sciences Centre of Catalonia, where only precipitation
measures are recorded. Daily values were calculated for modelling
purposes.

Input variables (precipitation, temperature and evapotranspiration)
from the meteorological stations (Fig. 1) were interpolated following
the Thiessen polygon approach in order to derive spatially distributed
data (i.e. 100 x 100 m cells). Special attention was paid for the temper-
ature. In this case the orographic effect was taken into account by
decreasing the temperature with the altitude using a decreasing rate
of —6.5 °C/1000 m. No variation of the precipitation with the altitude
was explicitly considered, as one of the stations is located in the
highlands and already takes into account the increase of precipitation
with the altitude.

The Digital Elevation Model (DEM) and the subsequent DEM-
derived parameters were obtained from the 1:5000 topographic map
available at the Cartographic and Geological Institute of Catalonia
(ICGC). Soil parameters (texture, infiltration rate, hydraulic conductivi-
ty) were obtained from previous studies on soil hydrology undertaken
in the basin (Ubalde, 1997; Ubalde et al., 1999; Estruch, 2001; Poch
et al, 2002; Loaiza, 2007; Loaiza and Pauwels, 2008) and the soil types
map elaborated by Orozco (2003). The soil static storage was estimated
as the sum of the capillary retention capacity and the superficial stor-
ages due to ponds and superficial roughness. The retention capacity
was computed as the difference between the soil water content at satu-
ration and at the wilting point. Both these properties were calculated
depending on soil texture, organic content, soil structure and salinity
following Saxton and Rawls (2006) pedo-transfer functions. The specific
retention capacity was the multiplied by the soil depth. The superficial
storage was determined by means of an empirical formula depending
on slope and land use. Interflow velocity was calculated depending on
soil texture, organic content, soil structure and salinity following
Saxton and Rawls (2006) pedotransfer functions. The percolation ca-
pacity and the aquifer flow velocity were estimated based on literature
values for the geological formation found in this catchment, depending

on their lithology and degree of fracture and macroporosity. The USLE
K-factor, used by the sediment sub-model, was estimated depending
on soil texture and soil structure, based on the formula provided by
Almorox et al. (1994).

Vegetation cover in the basin was represented by four different land-
use maps, which reproduced the historical forest expansion occurred in
the basin since 1957. Maps from 1957 were obtained from Ubalde et al.
(1999), who used aerial photographs from the American flight of 56
(made by the Photogrammetric Service of the American army between
1956 and 1957). These authors already studied land-use changes
between 1957 and 1993 for the Canalda basin and reported a reduction
in agriculture accompanied by land abandonment and subsequent affor-
estation during these years. In this study, we used maps from 1993 to-
gether with more recent ones (from 2005 and 2009) derived from the
Land Cover Maps of Catalonia, elaborated by the Centre for Ecological
Research and Forestry Applications (CREAF). All legends were homoge-
nized to a simplified one with four main cover classes: forest, agriculture,
grassland and non-productive (ie. bare soil, scarce vegetation and rocky
outcrops).

The hydrological sub-model uses vegetation cover to consider
rainfall interception and intra-annual variability in evapotranspiration
(ie. crop factor, Allen et al.,, 1998). For the sediment sub-model, vegeta-
tion cover was used to derive the USLE C-factor, which was obtained
from Alatorre et al. (2010). We assigned to each of the four categories
considered the value of the considered parameter corresponding to
the dominant vegetation within it. This is likely to introduce a bias in
the modelling results since some categories contained a range of land
covers that differed in their erosional properties (e.g. non-productive
land contains bare soil and scarce vegetation).

2.32.2. Model implementation and validation. Mean annual precipitation
varied between 730 mm and 1230 mm for the uppermost station (Port
del Comte, located at 2332 m a.s.l.) and between 450 and 930 for the
lowermost station (Lladurs, located at 785 m as.l.). The average temper-
ature was between 2.9 °C and 4.2 °C in Port del Comte, and between
11 °Cand 13 °C in Lladurs. Winter minima reached —10 °C in Port del
Comte and —5 °C in Lladurs, while summer maxima were around
20 °C for Port del Comte and 40 °C for Lladurs. The total reference
evapotranspiration was estimated to be 680 mm year— ' for Port del
Comte and 980 mm year ' for Lladurs.

Mean discharge (Q) for the monitoring period (2009-2013) was
0.41 m* s~ !, which can be considered an average value for the basin
(Vericat and Batalla, 2010). Discharge values ranged from 0.04 m* s~!
(inMarch2012) to9.7 m*s~ ! (in April 2013). Water yield varied mark-
edly between the studied period, with a minimum of 6.5 hm® year ™' in
2012 toa maximum of 14.6 hm® year ' in 2010. Mean runoffequates to
272 mm year ' and a runoff coefficient of 0.25, a value above the mean
of the whole Ebro basin (Vericat and Batalla, 2010).

Mean Suspended Sediment Concentration (SSC) for the monitoring
period (in this case 2011-2013) was 8 mg 1~ ', a relatively low value
that suggests the low-intensity erosion processes in the basin, and
thus the low sediment availability. A high variability between years
was observed in terms of sediment yield. For example total sediment
yield in 2012 was 106 t year !, while in 2013 sediment yield reached
values above 300 t year~'. Mean annual sediment yield for the
whole period was 212 t year™ ', which corresponds to a specific yield
of 3.3 t year' km™, a value that can be considered very low in the
European context (e.g. Inman and Jekins, 1999; Batalla et al., 2005;
Batalla and Vericat, 2010; Vanmaercke et al., 2011).

Given the different time periods available for discharge and
sediment transport data, hydrological and sediment sub-model were
validated using different time intervals. First, the hydrological submodel
was calibrated using data from January 2013 to December 2013. The
validation period covered the interval from January 2009-December
2012. Second, the sediment sub-model was calibrated with data from
January 2013 to December 2013 and validated using the period from
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June 2011 to December 2012. The sediment sub-model validation
period falls within the validation time windows of the hydrological
sub-model.

The TETIS model was calibrated by adjusting its correction factors
(12 for the hydrological sub-model and 3 for the sediment sub-model,
Table 1). A local sensitivity analysis was carried out prior to the calibra-
tion stage in order to identify uninfluential parameters (such as the
overland flow velocity) and discard them for calibration. The hydrolog-
ical sub-model was first calibrated, and then the sediment sub-model
was also calibrated. The possible ranges of correction factor values and
their resulting calibrated values are shown in Table 1.

The implementation of the TETIS model at the Canalda basin intends
to simulate runoff and sediment transport trends resulting from histor-
ical land-use changes. However, meteorological records at the selected
stations started between 1996 and 2003, which provides a relatively
short time window to assess historical trends. Given this limitation,
the dataset Spain02 v4 developed by the Santander Meteorology
Group (Herrera et al,, 2012; Herrera et al,, in review) was employed to
reproduce past meteorological conditions. This dataset is a series of
high-resolution daily precipitation and temperature data on a 12 km
resolution mesh containing meteorological data from 1971 to 2008.
Unfortunately, the Spain02 dataset ends in 2008, while the water dis-
charge records begin in 2009. For this reason, the model calibration
and validation was carried out using point data from the meteorological
stations showed in Fig. 1 as input, while the historical analysis was
carried out using Spain02 as model input.

In order to combine both meteorological datasets (Spain02 and data
from the meteorological stations) a bias correction factor was estimat-
ed. The linear bias correction (i.e. linear g-q plot, Déqué, 2007) was
determined by comparing precipitation and temperature data from
the meteorological stations showed in Fig. 1 and from the spatially
distributed Spain02 dataset from 2005 to 2008, and then applied to
the whole series of Spain02 precipitation and temperature data. The
corrected temperature series were used to compute reference
evapotranspiration following the Allen et al. (1998) equation.

Once the corresponding corrections were applied to the Spain02
dataset, we applied TETIS for the whole 1971-2014 period to obtain
the historical hydrological and sediment transport record, using the
bias-corrected Spain02 series as model input from January 1971 to
March 2008 and the data from the meteorological stations (resulting
from the Thiessen Polygons) from April 2008 to September 2014. We di-
vided the 43-year period into four sub-periods and applied the TETIS
model in each using a different land-use map in order to account for
temporal changes in the territory between these periods. Thus, each
land-use map is representative of the vegetation cover for that period.
Therefore, the first period (1971-1985) was modelled using the land

Table 1
Correction factors, range of possible values and calibrated values for the TETIS model of the
Ribera Salada at Canalda.

Correction factor Range of Final
values value
Soil static storage (—)" 0.1-5 2.75
Evapotranspiration (—) 0.8-1.2 1.06
Infiltration capacity (—) 0.0001-2 0.25
Overland flow velocity (—) 0.1-10 1.0
Percolation capacity (—) 0.0001-10 0.12
Interflow velocity (—) 10-1500 190
Deep aquifer percolation capacity (—) 0-10 0.004
Base flow velocity (—) 1-1000 90
River flow velocity (—) 0.1-1 0.16
Snow melting coefficient (mm C-1 day) 1-10 14
Snow melting by rain coefficient (mm C-1 day) 1-10 9.2
Snow melting base temperature (C) -2-2 -0.29
Sediment transport capacity for overland flow (—) 1x107%-10 0.7
Sediment transport capacity for gully flow (—) 1x107%10 6x10°°
Sediment transport capacity for river channel flow (—=) 1x107%-10 6x107°

* (—): Unitless factors.

use map from 1957. The second period (1986-2000) was modelled
using the land use map from 1993. The third period (2001-2008)
used the map from 2005. The fourth and last period (2009-2014) was
modelled using the land use map from 2009. In the case of the first
period (1971-1985) the meteorological record started later than the
first land-use map available (1957). Therefore we assumed this map
to be the starting point of our data series given the lack of prior meteo-
rological data. However, the most important changes in the Pyrenees
started during the 1960s and 1970s (Garcia-Ruiz and Lana-Renault,
2011) and hence agriculture and forest area probably remained the
same (or forest growth was still limited) during the 1957-1971 period.

The relative effects of afforestation and climate change on annual
runoff and sediment yield was estimated by comparing the TETIS
model for the 1971-2014, while keeping the land use constant over
time, and equal to the 1957 map. In this way, we analysed a hypothetical
scenario in which the land use did not change, and therefore we could
isolate the effects of climate changes. The modelled data obtained
using the sequence of different land-use maps (i.e. obtained changing
the land use over time) is referred to as actual dataset, while the
hypothetical data is referred to as constant scenario.

2.3.3. Model performance

Model calibration and validation was performed at a daily time-step.
The hydrological sub-model calibration returned good results, as shown
in Fig. 3a. For the calibration period, the model obtained a Nash and
Sutcliffe (1970) efficiency (NSE) of 0.70 and a volume error of +22%.
For the validation period, the NSE value was 0.61 and the volume
error — 9%. According to Moriasi et al. (2007), values between 0.5 and
1.0 are generally viewed as acceptable levels of performance (values
<0 indicate that the mean observed value is a better predictor than
the simulated value). Overall, the adjustment between observed
and modelled water discharge values was good for calibration and
satisfactory for validation. Nevertheless, the model seems to be
underestimating some of the major water discharge peaks (e.g. the
flood event in April 2013, Fig. 3a).

The hydrological sub-model estimated that, overland flow was
virtually absent (less than 1%). The total flow was composed by 19%
interflow and 80% base flow. The high proportion of infiltration
contrasting with a small amount of overland flow was corroborated
by Poch et al. (2002), who reported very low runoff coefficients in the
basin (e.g. lower than 5%). According to these authors, low runoff values
in the basin are the result of two main processes: high interception and
evapotranspiration losses (which may account up to 50% of losses,
Llorenset al,, 1997) and the intense fracturing of the underlying calcar-
eous conglomerates. This is likely to affect soil erosion and so sediment
export from hillslopes to the channel network, which are mainly driven
by surface runoff.

The sediment sub-model was calibrated by adjusting its correction
factors in order to reproduce the observed suspended sediment flow.
The calibration obtained a NSE value of 0.33 and a volume error of
+12%. Model validation also obtained a NSE value of 0.33 and a volume
error of +5%. Again, according to Moriasi et al. (2007), these results are
considered acceptable for a sediment transport model.

Results from the sediment transport model are shown in Fig. 3b. The
adjustment is particularly good for almost all the series, especially
during peak flows, which is particularly relevant because of the role
that these events play in soil erosion and sediment transport processes
(Gonzalez-Hidalgo et al,, 2010). Despite the acceptable performance of
the model, a certain underestimation is observed (for example during
the event in April 2013).

This error is coincident with that observed for the hydrological
model, since the two are related, and so, an underestimation in
water discharge results in an underestimation of the total load. Also,
suspended sediment concentrations during low flows were in general
overestimated for the period from June 2011 to June 2012, although
the magnitude of the error is relatively small (Fig. 3b). Overall, the
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Fig. 2. Land cover changes in the Canalda sub-basin between 1957 and 2009. Blue lines indicate the river network. Note that no changes are noticeable between 2005 and 2009. Map from
1957 was used to model the period from 1971-1985. Map from 1993 was used to model the 1986-2000 period. Last, 2005 and 2009 maps were used to model the periods 2001-2005 and

2006-2014, respectively.

performance of the sediment transport model was lower than that of
the hydrological model, most likely due to the non-linear relationship
between water and sediment transport (Julien and Simons, 1985).
This has been already reported in the particular case of the Ribera Salada
(Batalla et al., 2005; Vericat and Batalla, 2010).

In order to validate further the model, a visual comparison of the
observed and simulated sediment discharge versus water discharge
scatter plots is shown in Fig. 4. The model is capable of describing the
general behaviour of the sediment cycle, being particularly accurate
for water discharges greater than 1 m?/s. The overestimation of low
suspended sediment flows is also visible in this plot, as for discharges
between 0.1 and 1 m® s~ ' the model is unable to reproduce the ex-
tremely low suspended sediment concentrations observed (i.e. concen-
trations in the range of 0.1-2 mg 1~ !). Nevertheless, it can be stated that
the performance of the model is in general satisfactory.

24. Data analysis

24.1. Trend analysis

The non-parametric Mann-Kendall trend test was used to identify
the statistical significance of climate (temperature and precipitation),
runoff and sediment yield trends. This test detects monotonic increases
or decreasing trends in a dataset by comparing differences between
successive values (Mann, 1945; Kendall, 1975). The Mann-Kendall's

tau statistic (Tyy) indicates the strength and direction of the trend de-
tected. It has been widely used to investigate trends in hydro-
climatological signals to assess randomness against linear trend since
it is less sensitive to outliers than parametric statistics such as Pearson's
correlation coefficients (Douglas et al., 2000; Kahya and Kalaci, 2004;
Taoetal, 2011; Burnet al., 2012; Wanget al., 2013). The Mann-Kendall
test was applied to climate data (total annual precipitation and mean
temperature) as well as total annual runoff (hm® year ') and sediment
yields (tyear—'). A seasonal Mann-Kendall test was also performed to
analyse trends at the seasonal scale. For this, runoff and sediment yield
was computed for each season and year. Then, the trend test was per-
formed on each season independently to identify temporal trends. All
statistical analyses were performed within the R environment (R
Development Core Team, 2014).

2.4.2. Contribution of extreme events

In order to assess the temporal changes in the contribution of differ-
ent event magnitude ranges to the total annual for rainfall, runoff and
sediment yield, we followed the methodology used in Osborn et al.
(2000) and Lopez-Moreno et al. (2006). All days for each year for the
studied period (1971-2014) were sorted in ascending order for dis-
charge and cumulative frequencies were computed. We divided the
ranked series into five main categories following US-EPA (2011):
(i) low magnitude events, containing up to 20% of the total annual
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Fig. 3. Calibration and validation results for (a) the hydrological (discharge, Q, m* s~') and (b) sediment transport sub-model (Suspended Sediment Concentration, SSC; mg-1~") at the

Canalda monitoring station. Left hand diagrams show observed vs. simulated values for each variable, while the diagrams on the right show boxplots for observed and simulated values.
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Fig. 4. Observed and simulated relationships between discharge (Q) and suspended sedi-
ment concentrations (SSC).

accumulated (category C1); (ii) dry conditions (from 20 to 40% of the
total accumulated; category (2); (iii) mid-range conditions (from 40
to 60%; category C3); (iv) moist conditions (from 60 to 80%; category
C4); and (v) high-magnitude events (from 80 to 100%; ie. values
equalled or exceeded less than 20% of the time; category C5).

The resulting time series containing the contribution of each magni-
tude class to the annual runoff, rainfall and sediment yield was tested
for temporal trends using the non-parametric Mann-Kendall test. This
provided a first approach into the evolution of high and low magnitude
events,and hence allowed to determine whether the contribution of the
largest and lowest annual values for each variable shows any temporal
trend or remains stationary.

2.4.3. Effects of climate and land use on annual runoff and sediment yield

Simulating runoff and sediment yield data driven exclusively by ob-
served climate variability permits the assessment of the dissimilarity
between the observed and the simulated data series. Such differences
can be then used as a surrogate of the changes occurred in the basin,
and hence allow the evaluation of the streamflow and sediment yield
trends caused by both climatic and non-climatic effects for the period
1971-2014. First, a Mann-Kendall trend test was applied to the constant
scenario dataset to determine the presence and direction of the hypo-
thetical trends if afforestation had not occurred (i.e. resulting from cli-
mate variability alone). A linear regression was then applied to annual
runoff and sediment yield for the actual and constant scenario datasets.
Analysis of Covariance (ANCOVA) was used to test whether the slopes
of linear regressions fitted on both datasets (actual and scenario) for
runoff and sediment yield differed. Then, in order to determine the
changes driven exclusively by land use, trends in the residual values
(differences between the actual and constant scenario datasets) were
also assessed. Significance in residual trends indicates the change in
the studied variables resulting from afforestation alone (as per Gallart
and Llorens, 2004).

3. Results
3.1. Land-use changes

Fig. 2 and Table 2 show the main changes occurred in the Canalda
basin between 1957 and 2009. Results showed that forest and grassland
have been the main land use in the basin over the years, together ac-
counting for more than more 50% of the total basin area. A decrease in
farmland was observed, particularly between 1957 and 1993, when

Table 2

Area (A) occupied by each land use in the Canalda basin over the study period (in km? and
in relation to the total area — %). The percentage of change (¥A!) is also shown with
respect to the previous land use map as well as with respect to 1957 (as indicated by
the superscript ‘i'). Note that land uses in 2009 have not changed in relation to the
previous map from 2005 and so percentages are kept the same. The Modelling period indi-
cates the time interval for which each land use map was used for modelling purposes.

1957 1993 2005 2009
Modelling period  1971-1985  1986-2000 2001-2008 2008-2014
Land use A(%) A(%) %A A% %A A(%)
Agriculture 14 6 -57 4 -71 4
Forest 49 59 +20 68 +39 68
Grassland 27 24 -11 20 —-26 20
Non-productive 10 11 +10 8 -20 8

the area dedicated to agriculture dropped from 9.1 to 3.9 km?
(corresponding to a decrease of ca. 60%). A decrease was also detected
in grassland area, with an overall decrease of 4.6 km? for the 43-year
period (26% in relation to 1956 values). On the other hand, forested
areas increased from 32 km? in 1956 to 44 km? in 2009. Major changes
in land use appear to have occurred between 1957 and 1993. This peri-
od encompasses the start of the process of field abandonment and so the
early and quick forest growth (e.g. Lasanta et al., 2000; Cerda and
Lasanta, 2005), which seems to slow down and show a more steady in-
crease over the following decades. Note that no changes are observed
between 2005 and 2009, although it is unknown whether this pause is
due to the short time lag or to the start of the stabilization in forest
growth.

3.2, Annual trends

3.2.1. Overadll trends in climate, runoff and sediment yield

Fig. 5 shows mean annual values for hydroclimatic variables consid-
ered between 1971 and 2014. A high inter-annual variability in the
basin can be noted, with dry periods (below mean long-term value)
followed by relatively wet years (above the long-term mean line).
Low precipitation periods coincide with drought episodes that occurred
in the Iberian Peninsula (e.g. 1980, 1983-1986, 1988-1992, 1998-1999
and 2005-2007) which largely affected rivers in the Central Pyrenees
(Lorenzo-Lacruz et al., 2013).

In spite of the inter-annual fluctuations, precipitation records
followed a subtle decreasing tendency, while temperature shows the
opposite trends. Results of the Mann-Kendall test for the whole period
(1971-2014) are shown in Table 3a. The test suggested a downward
trend for precipitation, although it did not prove to be significant at a re-
liable confidence level (i.e. p-value = 0.5). Conversely, positive trends in
temperature proved to be very strong, with results being significant at
the 95% confidence level. TETIS model results for snowpack were also
analysed, since it is an important driver of the hydrosedimentary
response in this basin. Results indicated a significant decrease in this
variable at the 95% confidence level.

Long-term mean annual values (for the 43 year period) runoff and
sediment yield in the Canalda basin were 5.2 hm® year~ ' and
276 t year ! respectively. Annual runoff series showed a significant
negative trend at the 90% confidence level (p-value = 0.06). In
contrast, results for the sediment yield were not as clear, and despite
showing a decreasing trend, results did not prove to be significant
(i.e. p-value >0.5).

3.2.2. Trends in extreme events

Results indicated that most of the days contributed very little to the
total amount of annual precipitation, runoff and sediment yield
(i.e. events corresponding to C1), while a high percentage was concen-
trated in very few events (corresponding to C5; Fig. 6). The number of
events in each class decreased progressively. For example in the case
of runoff, 40% of the time is required on average to accumulate 20% of
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Fig. 5. Annual series for (a) Precipitation (Prec; mm/year), (b) Temperature (Temp; °C); (c) Runoff (R; hm? year~') and Sediment Yield (SY, t year ). Red line indicated the smoothed
series for each variable (using LOESS with a time span of 0.2 — i.e. 8.6 years); horizontal dotted line indicate the long-term mean for each variable.

the total annual runoff; while the final 20% ( corresponding to high mag-
nitude events) is transported during 6% of the time. Results indicating
the observed temporal trend in the contribution of each category to
the total annual are shown in Table 4. Contrasting trends for each
category were obtained, although most of them did not provide ade-
quate statistical evidence (i.e.large p-values) to reach solid conclusions
on trends in the data. Small decreases in mid-range magnitude events
(categories C2, C3, C4) were observed in precipitation and runoff,
although such trends showed a low level of statistical significance.
However, in the case of runoff, the contribution of category C3 appeared
to show the largest reductions over time. Contrary to such downward
trends, categories corresponding to low and high magnitude events
(C1 and C5 respectively) showed a slight increasing trend, although
again results did not prove to be significant. All categories but the
low-magnitude one (C1) showed increasing trends for annual sediment
yield, with C2 (mid-range magnitude) and C5 (high magnitude) show-
ing a relatively high statistical significance. C1 was the only category for
this variable that followed a fairly strong downward trend. The cumula-
tive frequency curve for both variables during three consecutive periods
(Fig. 7) allowed to further stress the temporal changes in the sediment
transport and annual runoff. These three periods were determined ac-
cording to the different land-use maps used in the modelling approach:
1971-1985; 1986-2000 and last 2001-2014 (since land-use changes in
2005 and 2009 were negligible, time intervals for these maps were ag-
gregated). These curves indicated changes in the frequency distribution
of discharge series over time. Runoff proved to be more constant
through time than sediment yield, which indicates that sediment is
transported during relatively few events. Overall, runoff cumulative

Table 3

curves appeared to shift leftwards over time, suggesting that the same
amount of runoff is generated during shorter periods. For example,
while for the period 1971-1985 50% of the runoff is generated
during approximately 20% of the time, for the most recent period
(2001-2014) the same amount of runoff is generated during 10% of
the time.

Moreover, a high load of sediment transport is observed during lim-
ited periods of time, highlighting the relevance of high magnitude
events for sediment transport. Curves also seemed to move leftwards,
although this pattern does not follow a consecutive (chronological)
order as clear as for runoff (i.e. the 1971-1985 curve sits between the
other two curves). This could be related to the fact that two of the
largest flood events that occurred in the basin during the whole study
period (i.e. events in 1982 and 2008). These events were responsible
for the majority of the sediment load transported during their respec-
tive time intervals.

A trend test was also performed in order to determine temporal
changes in the mean value of each magnitude category. Results indicat-
ed a decreasing trend in the mean value of all runoff and rainfall catego-
ries as well as for sediment yield (Table 5). Nevertheless, while changes
in the magnitude of runoff categories proved to be strong, trends in
precipitation and sediment yield were not significant.

Together, these observations may be suggesting an increase in the
river's torrential behaviour, with an increase in the annual contribution
of both, low flows and high flows, while the contribution of mid-range
flows appear to decrease. Sediment yield decreased moderately over
time, particularly during low-magnitude events, although results were
not strong enough to reach firm conclusions. Last, a generalised

Mean annual values and standard deviation for the studied variables and results from the Mann-Kendall trend test (Kendall's T and p-value) for (a) the actual dataset (induding climate
variability and land use changes) and (b) the constant scenario (which considers a constant land use over time ). Note that climate variables are the same for both datasets. %A indicates the
percentage of change in mean annual values of runoff and sediment yield in the constant scenario in relation to the values obtained in the actual dataset.

Variable (a) Actual dataset (b) Constant scenario

X +0 TMK p-Value X +0 %A TMK p-Value
Precipitation (mm) 602 + 134 -0.07 - - - -
Temperature (°C) 88 +1.8 045 <0.001 - - - -
Snowpack (mm) 92 +113 —-048 <0.001 - - - -
Runoff (hm® year~ ') 52 +35 -0.11 0.06 64 + 45 +24% —-0.01 0.77
Sediment yield (t year™') 276 £ 371 - 0.06 0.57 506 + 719 + 80% 0.17 0.46
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Fig. 6. Boxplots showing the number of days (in %) for each class and variable for the
whole study period (1971-2014). P: Precipitation (blue); R: Runoff (green) and SY: Sedi-
ment Yield (grey). C1: 0-20% of the total annual accumulated; C2: 20-40%; (3: 40-60%
C4: 60-80% and C5: 80-100%.

reduction in runoff magnitude for all categories was detected, although
it could not be explained by changes in precipitation, since no signifi-
cant trends were found.

3.3. Seasonal trends

Results showing seasonal trends are shown in Table 6. Overall,
positive significant trends were detected for temperature and for all
seasons. Results for precipitation were less clear and seemed to follow
a diverging seasonal behaviour: summer showed a strong significant
trend at the 90% confidence interval. Spring also showed a decreasing
trend, although at a lower confidence level (p-value = 0.11). In con-
trast, decreasing trends in winter were weaker and not significant,
while autumn showed and upward tendency at a very low confidence
level (i.e. p-value > 0.6).

Seasonal runoff trends mimicked the direction of annual changes for
this variable. A strong decrease was detected throughout the year at a
relatively reliable confidence level (between 90-95%) except for
autumn, when decreasing trends did not prove significant. In the case
of sediment yield, only spring showed a significant decrease at the
90% confidence level. Summer also showed a downward trend, while
results suggested an increase during autumn and winter. However,
trends for these three seasons were very weak and the test yielded
results with a very low level of confidence (i.e. p-values > 0.3, Table 6).

3.4. Effects of climate change and afforestation

Results from the model using the constant scenario (considering that
no afforestation has occurred and agricultural land has remained con-
stant over time) are shown in Table 3b. When runoff and sediment
yield values of the actual and constant scenario datasets are compared,
an increase in both variables is observed when no afforestation is
taken into account (Fig. 8). The non-parametric Kruskal-Wallis test
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Fig. 7. Cumulative runoff and sediment yield (%) for each of the three periods considered.
Solid lines indicate runoff values while dotted lines refer to sediment yield.

was performed to test differences between values from the scenario
and actual datasets. Results indicated a significant difference for runoff
and sediment yield values for both datasets (H = 63.5 and
p-value < 0.001 for runoff and H = 5.6 and p-value = 0.01 for sediment
yield). In the case of runoff, mean annual values for the whole period
(1971-2014) in the constant scenario dataset were 24% larger than the
actual dataset: from a mean annual runoff of 5.2 hm® year ' in the ac-
tual dataset to 6.4 hm® year ™' in the constant scenario. The increase in
mean annual sediment yield was also notable, with annual sediment
yield values in the constant scenario nearly 80% larger than the actual
dataset (from 276 t year— ! in the actual dataset to 506 t year— ' in the
constant scenario).

Also, when no afforestation was considered, the decreasing temporal
trend in runoff was weaker and became non-significant at the 95% con-
fidence level. Results regarding annual sediment yield showed a reverse
in trend direction: instead of decreasing values over time, results from
the constant scenario yielded positive trends, although they did not
appear to be significant. Overall, the afforestation seemed to intensify
runoff reductions as well as preventing any increase in sediment load.

ANCOVA results indicated that regression slopes between the
actual and constant scenario differed for both variables (F = 197,
p-value <0.001 for runoff; and F = 75, p-value <0.001 for sediment
yield). This confirmed the diverging tendencies for runoff and sediment
yield when afforestation is not considered in the model. The relative ef-
fects of increased forested area were assessed by assessing trends in the
residuals (i.e. year-to-year differences between the actual and the con-
stant scenario). Results confirmed previous results on the significant ef-
fect of afforestation, since values for both runoff and sediment yield
showing significant decreasing trends (Tyx = —0.95 and p-
value < 0.001 for runoff, and Ty = —0.41 and p-value < 0.001 for sed-
iment yield).

Overall, areduction in runoff of ca. 20%in comparison with 1971 was
observed in the actual dataset (including climate and land-use changes).
However, such decrease can be almost attributed only to increased for-
ested area: a reduction of around 1% is observed in the constant scenario,

Table 4
Temporal trends in the contribution of each class to the total annual precipitation, runoff and sediment yield.
Magnitude Category’ % Accumulated’ Precipitation Runoff (hm?) Sediment yield (t)
i p-Value i p-Value vk p-Value
Low C1 0-20% 0.004 0.97 0.06 0.61 -0.16 0.14
Mid-range c2 20-40% —0.04 0.71 ~0.04 0.59 0.19 0.07
[ 40-60% —0.002 0.99 -0.17 0.12 0.13 0.26
Cc4 60-80% 0.06 0.59 -0.03 0.82 0.11 0.33
High () 80-100% 0.06 0.46 0.06 0.49 0.17 0.11

! Categories: C1: Low magnitude events; C2: Dry conditions; C3: mid-range conditions; C4: moist conditions; C5: high-magnitude events.
2 The % Accumulated indicates the percentage of the total annual accumulated contained in each category.
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Table 5
Temporal trends in the precipitation, runoff and sediment yield of each magnitude category.
Magnitude Category' % Accumulated® Precipitation Runoff (hm?) Sediment yield (t)
TMK p-Value TMK p-Value TMK p-Value
Low C1 0-20% —-0.03 0.81 -0.28 0.009 -02 0.11
Mid-range 2 20-40% —-0.04 0.66 -0.15 0.16 -037 0.23
[} 40-60% - 0.07 0.48 —-0.26 0.01 -027 0.38
Cc4 60-80% ~0.04 0.66 -0.21 0.04 -029 0.45
High (&} 80-100% -0.07 0.48 -0.22 0.03 —-0.28 0.16

! Categories: C1: Low magnitude events; C2: Dry conditions; C3: mid-range conditions; C4: moist conditions; C5: high-magnitude events.
2 The % Accumulated indicates the percentage of the total annual accumulated contained in each category.

and also such reduction did not prove to be significant. Thus, changesin
runoff observed may be mainly attributed to the increased forested
cover, which has led to a decrease of around 1.5 mm per unit of forest
increase (in km?) for the period 1971-2014.

In the case of the sediment yield, a mean reduction of around 8% was
observed in the actual dataset in comparison with 1971 values. The
sediment yield values from the constant scenario at the end of the
study period almost doubled the values in 1971 (Fig. 8), which
corresponds to an increase of almost 98%. However, such values should
be interpreted with care, since none of these increasing trends showed
statistical significance. Despite this, trends appear to reflect the role of
forest in protecting soil and hence preventing or reducing its erosion.

4. Discussion
4.1. Climate trends

Increasing trends were particularly strong for temperature at both
time scales (i.e. annual and seasonal), as has been already reported in
previous studies in the Iberian Peninsula (e.g. Castro De et al, 2005).
In contrast, diverging results were found for precipitation. Total annual
values did not seem to decrease significantly for our study period.
Lépez-Moreno et al. (2011) also found similar results across the Ebro
basin, where precipitation seemed to be relatively stable over time
and only a few small areas showed a statistically significant decrease.
At the seasonal scale, significant decreasing trends were found for
spring and summer. The decrease in summer precipitation and the
risk of summer drought has been already reported for central Europe
and the Mediterranean area (IPCC, 2013; Meehl et al., 2007; Schneider
et al,, 2013) and Climate models project substantial summer precipita-
tion reductions in the Mediterranean region (Bladé et al., 2011).

Results on the varying contribution of low and high magnitude
rainfall events did not provide a clear evidence of the change of their
contribution to the total annual rainfall. A slight decrease in the frequen-
cy of high-magnitude rainfall events was detected, although such trend
was not significant in our case of study. The mean value of each rainfall
magnitude category also seemed to decrease, although trends were not
significant for any of them. Despite the torrential behaviour and the
spatio-temporal variability in rainfall is an intrinsic characteristic of
Mediterranean weather, some projections from global scenarios have
indicated an increase of high intensity rainfall episodes (Stojkovic
et al,, 2014). For example, Alpert et al. (2009) also indicated that the

Table 6
Mann Kendall results for the analysis of seasonal trends for the period 1971-2014.

rainfall categories at both distribution extremes (i.e. light and heavy/
torrential events) increased their contributions to the total annual
rainfall.

Overall, precipitation trends were controversial, since annual values
did not show a decreasing significant trend, although such trends were
relatively marked for spring and summer. In the Iberian Peninsula,
Gonzdlez-Hidalgo et al. (2011) found important differences in the mag-
nitude and direction of precipitation trends, mainly driven by the length
of the study period and the geographical location studied (Llasat and
Quintas, 2004). However, a spatially generalised decreasing trend was
reported for March and June in these studies. Such pattern was found
to lead to a redistribution of precipitation throughout the year, reducing
the wet season length (resulting from the negative tendency in March)
and concentrating the precipitation at the beginning of the wet season
in October.

4.2. Trends in streamflow

Ourresults indicated an overall decrease in annual streamflow in the
Canalda basin of around 20%, which agrees with earlier studies in
the Pyrenees (Gallart and Llorens, 2004; Garcia-Ruiz et al., 2008;
Lorenzo-Lacruzetal,, 2012). For example, Begueria et al. (2006) report-
ed a runoff reduction of around 30% for the past 50 years in the Pre-
Pyrenean region. Gallart and Llorens (2002) also reported for the
whole River Ebro a decrease in discharge of around 40% for the last 50
years. Recently, Buendia et al. (2015) studied streamflow decreases in
three sub-basins of a Pyrenean catchment (the Noguera Pallaresa) and
found reductions to range between 10 and 37%. Despite results found
in the literature indicate a generalised reduction in streamflow in the
Pyrenean region, the magnitude of such reductions differs among
basins. Such divergences are likely to arise mainly from the different cli-
mate, geological and physiographical characteristics of the catchments,
as well as the magnitude of the forest expansion. For example, high al-
titude basins, where there is a domain of steep slopes and an important
snow accumulations forest expansion will be limited, which will lessen
the effect of afforestation to the overall flow reduction. This is the case
for example of the northern most part of the Noguera Palleresa basin,
where flow reductions were less notable (Buendia et al., 2015).

Decreasing trends were observed at the annual time scale and were
also particularly strong for spring and summer. To some extent, such re-
ductions could be attributed to the reduced rainfall also detected for
these seasons as well as to the increased evaporative demand during

Season Precipitation Temperature Runoff (hm?) Sediment yield (t)

X+0 TMK p-Value X+0 TMK p-Value X+ 0 TMK p-Value X+0 TMK p-Value
Spring 206 + 76 -0.18 0.11 1142 0.46 <0.001 15+1 -0.24 0.03 88 + 125 -021 0.06
Summer 147 + 77 -0.11 0.10 17+2 028 0.008 0.8 + 0.6 -025 0.02 27 + 36 -0.09 0.41
Autumn 194 + 63 0.09 0.42 4+2 051 <0.001 13+18 -0.13 0.26 110 + 307 0.05 0.66
Winter 73+ 42 - 0.05 0.67 242 045 <0.001 12+13 -0.19 0.09 67.7 + 1374 0.11 0.32
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Fig. 8. Annual runoff (R; hm® year— ') and sediment yield (SY, t year ") for the actual
(grey) and constant scenario (red) datasets. Lines show the smoothed values using
LOESS (time span: 0.2).

summer (Kundzewig et al., 2007). In addition, reductions in the snow-
pack observed in the basin may also be influencing the observed
decrease in spring. Several studies have already reported a reduction
in the snowpack in the Pyrenees during the second half of the 20th
century due to increased winter temperatures (e.g. Lopez-Moreno,
2005), which subsequently results in less snowmelt during this season.

The study of changes in the contribution of high flows suggested
increasing trends in the contribution of high and low flows to the total
annual runoff, while the frequency of mid-range flows seemed to de-
crease. Despite such results yielded a low significance level, frequency
curves seemed to confirm this observation. This could be indicating a
possible increase in the torrential behaviour of the river, with a large
proportion of the total annual flow accumulated during shorter periods
of time. Such pattern could be the result of the increase in the frequency
of torrential storms and an increase of occurrence of low-flow periods.

Some studies predict that river flows in the Mediterranean region
will likely become more intermittent in the future, with several
consequences for their functioning (e.g. Schneider et al,, 2013; Acufia
etal, 2014). If this proves true, most of the runoff will be compressed
to a few events. The decrease in the contribution of moderate events
may be influenced by the increase in forest cover: while vegetation
may not have relevant effects in terms of interception during very in-
tense rainfall events, it might notably reduce the intensity of events
with moderate intensity (e.g. Roo de et al., 2003).

However, some discrepancies with other studies regarding high flow
events exist (Lopez-Moreno et al., 2006), probably related to the
different area studied. Previous in the northern part of the Pyrenees,
with a wetter climate, differ from the Ribera Salada basin, which has a
greater Mediterranean component. In addition, Lopez-Moreno et al.
(2006), acknowledge some uncertainties at the catchment level: peak
flow occurrence may also be affected by other factors such as catchment
size, forested area or lithology, which have not been considered and may
be influencing the different response of the basins to extreme events.

The reduction of the magnitude of all flow categories was evident,
particularly for low and high flows. Such decrease cannot be explained
by precipitation, since categories for these variables did not show such
a marked trend. Therefore, changes in the magnitude of flows shall be
attributed to the growth of forest occurred during the second half of
the 20th century. This has led to an increased importance of intercep-
tion and transpiration, as already suggested in Lopez-Moreno et al.
(2006). The reduction of peak flows has resulted in a stabilization and

confirmed by field observations in the Canalda basin.
4.3. Trends in sediment yield

In spite of the large scatter resulting from seasonal causes and hys-
teretic patterns, discharge and suspended sediment concentrations
showed a significant relationship in the Canalda sub-basin (Batalla et al,,
2005). Therefore, overall reductions in streamflow will consequently result
in a decrease in the amount of sediment transport. The temporal decrease
in sediment load in Canalda was quite subtle. However, results from
sediment transport models usually show controversial results due the
number of drivers influencing soil erosion and sediment transport as
well as deposition in the channel and the flood plain. Also, low geomor-
phic activity, along with the wide variability in the annual sediment
yield reported in the basin (e.g. from 16 to 41,800 t year ' according
to Batalla et al., 2005) may also be influencing the identification of
marked trends. Soil erosion rates of the Ribera Salada catchment are
very low compared to other Pyrenean and Mediterranean catchments
(i.e. Gonzdlez-Hidalgo et al., 2007), due to the high infiltration
rates observed within the catchment. Specific sediment loads have
also been reported to be relatively low when compared with similar
Mediterranean counterparts (i.e. 12 t km~2; Vericat and Batalla,
2010). Other studies have also indicated a reduction in sediment
resulting from the revegetation and stabilization of fluvial channels
(Begueria et al., 2006), which have also been observed along the
mainstem of the Ribera Salada. Decreases in the annual sediment
yield found in our study are in line with results from other studies
indicating a reduction in the sediment transport, which has resulted
in a decrease in siltation rates in the Pyrenean reservoirs (e.g. Lopez-
Moreno et al., 2003).

Miieller et al. (2009) applied the hydrological and sediment model
WASA-SED (Mamede, 2008) in the Canalda basin for the years
1999-2000 with the aim of assessing the relative effects of climate
and land use change. Due to the limited amount of information available
when their study was carried out, the model was not calibrated, al-
though its results were considered plausible. In terms of water dis-
charge, both models obtained similar results. For example, the two
largest events of the years 1999 and 2000 (12/11/1999 and 10/6/
2000) were estimated to have peak discharges of 4.2 and 2.1 m® s~
respectively by TETIS, while for WASA-SED they had a peak discharge
of slightly above and slightly below 4 m® s~ ! respectively. Concerning
sediment transport, Miieller et al. (2009) provided values of suspended
sediment yield of 0.315t ha' year ' and 0.370 t ha— ! year™ ! for the
years 1999 and 2000 respectively, while the TETIS model returned
valuesof 0.130 5 tonha™ ' year ' and 0.136tha~ ' year ™! respectively.
Also these authors detected an increase in sediment yield of up to 76%
when no changes in land use were considered in the analysis (i.e. no af-
forestation), a percentage of the same order of magnitude that the one
found in this study. It is difficult to establish which model obtained
the most accurate results without knowing the observed value, but
the two models returned values of the same order of magnitude. This
is a satisfactory result, given the large uncertainty affecting this kind of
processes. The present study employed more accurate daily suspended
sediment data to calibrate and validate the TETIS model, in order to pro-
vide a more reliable tool for land-use change impact analysis.

The frequency analysis indicated the same trends as in the case of
runoff, with most of the sediment transport concentrated in few events.
However, in this case, low magnitude events seemed to decrease its
contribution to the total annual sediment load, which may be the result
of the reduced transport capacity of declining low flows. The amount of
sediment transported by large events also followed a decreasing
pattern, potentially driven by the decrease in peak flows and hence
the flow competence of large events (i.e. stream's ability to transport
sediment). Altogether, results might be suggesting that, apart from
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showing an overall decrease, sediment transport becomes more com-
pressed over time, and hence shows an increasing dependence on
flood events. For example, Batalla et al. (2005) reported that the major
part of the annual load is transported by discharges equalled or
exceeded less than 10% of the time. Bussi et al. (2014b) also reported
a trend towards a dependence on large events under different scenarios
of climate change. These results highlight the increasing importance of
floods in the long-term sediment load of Mediterranean basins.

The relative role of forest areas in annual sediment yield was evident
when trends were compared with a hypothetical scenario of no
afforestation, under which annual sediment loads increased markedly.
Despite the low significance detected in temporal trends, the forest
cover prevents the erosion in the basin and drives the observed
reduction in sediment load. The way in which afforestation has occurred
may have also influenced the sediment patterns observed. Ubalde et al.
(1999) observed that most of the changes from agricultural to forest
areas were taking place in north-facing and high slopes, while agricul-
ture was concentrated in low-lands. This may be suggesting that those
areas more prone to erosion due to its increased slope have been
covered by forest, potentially leading to a decreased in soil erosion.

5. Final Remarks

Increased forest cover in mountainous basins play a major role in the
hydrosedimentary response observed and hence determine the
availability of water resources as well as the amount of sediment load.
Overall, results evidence the sensitivity of erosion and sediment
transport processes to changing climate and hydrological behaviour of
basins.

The identification of trends will strongly depend on the geographical
location of the basin, as well as the characteristics of the basin and the
length of the series analysed. Also, the scale at which the studies are
undertaken may influence greatly the observed trends. Rainfall and sed-
iment yields in arid and semi-arid areas are highly scale-dependent,
(e.g. Kirkby et al., 1996; Mayor et al., 2011). This dependency, along
with the diverging results found, arises the question of which scale is
the most appropriate to assess changes in the hydrosedimentary
response of basins. Such scale should be able to show the observed trends
without being masked by a large intra- and inter-annual variability.

In this paper we have provided an insight into the effects that con-
temporaneous forest growth and current climate change have exerted
on the hydrological and sediment transport regime in the headwaters
of the Ribera Salada, a mountainous Mediterranean basin representative
of the physical characteristics and land-use changes that southern Pyr-
enean basins have experienced in the last half of a century. Overall, re-
sults have indicated that increased forest areas are the major driver of
reduced streamflows and the magnitude of peak floods. Precipitation
appears to have remained constant over time, although redistribution
throughout the year may be occurring, with reduced rainfall mainly in
spring and summer. Results regarding sediment loads were not signifi-
cant, although decreases were detected over the studied period. These
results contribute to shed light on the potential hydrosedimentary
tendencies occurring in these areas under the present global change
scenario.
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OBIJECTIU GENERAL

L’objectiu general d'aquest treball és exposar d’una manera seqiiencial i integrada métodes de
diagnosi hidrologic i sedimentari que sovint es troben fragmentats o dispersos i que permetin
avancar en l'avaluacié de I'estat morfosedimentari de trams fluvials regulats per preses i
extraccions d’arids. La premissa basica del treball és el reconeixement que la relacio
fonamental entre aigua, sediments i morfologia conforma la base de la dinamica fluvial.

Amb aquest objectiu es presenta el treball d’avaluacié de I'estat morfosedimentari de trams
representatius del curs mig del Segre a partir d’observacions de camp, dades hidrologiques,
topografia, mostreigs granulomeétrics, modelitzacio i analisi de fotografia aéria antiga i actual.
El tram mig del riu Segre s'ha escollit com a cas d’estudi per a la presentacid dels diferents
métodes d’analisi, i s’ha definit entre Ponts i Alos de Balaguer. Ponts identifica I'inici del tram
aigiies avall de I'embassament de Rialb i Alés de Balaguer s’ha pres com a punt final abans
d’entrar al congost que porta a la confluencia amb la Noguera Pallaresa (Estret de Mur). No
s’ha analitzat el tram fins a Lleida perqué es tracta d’un sector molt alterat per I’entrada
d’altres rius regulats, canalitzacions i trams urbans que és complicat fer un seguiment
hidromorfologic del riu seguint els criteris establerts. L’estudi analitza els diferents elements
responsables de l'estat hidrosedimentari del tram mig del Segre i del seu grau d’alteracio
actual: (a) caracteritzacid del régim hidrologic i de crescudes, i (b) caracteritzacid morfologica i
morfosedimentaria. Al final de cada major apartat s’han afegit una série d’idees forgca que
resumeixen el contingut vist fins aquell moment i serveixen de guia als lectors sobre els
aspectes essencials del document. Aquestes idees forga es presenten dins de requadres de
color gris.
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RESUM

El Régim Natural de Cabals (i.e. RNC) d’un riu, respon al rang complet de variacid intra- i
interanual del seu régim hidrologic, amb les seves caracteristiques associades a una
determinada magnitud, estacionalitat, durada i frequiéncia dels cabals; aquests elements son
critics per a mantenir la dinamica fluvial i amb ella la del funcionament de I'ecosistema. Des
d’un punt de vista fisic les crescudes aporten al sistema fluvial I’energia indispensable per a
que es produeixi erosid i transport de sediments a la llera, mantenint activa, d’aquesta
manera, la dinamica morfosedimentaria del riu. Tot i aixi, les crescudes son un dels elements
que acostumen a experimentar més modificacions amb la regulacidé del cabal a través dels
embassaments; si la seva energia queda alterada per una disminucié sostinguda en la
magnitud i la freqliéncia, el sistema fluvial reacciona amb una reduccié de la llera activa i
permet a la vegetacid perenne colonitzar un espai anteriorment actiu des del punt de vista
morfosedimentari. L’alteracid del régim de cabals de crescuda és I'element que directament
més relacio té amb la dinamica sedimentaria. L'impacte sobre la morfodinamica és variable
pero pot arribar a ser important depenent de I'emplacament i del grau de regulacid, aixi com
de la gestid de les descarregues de cabal des de les preses. En molts casos, una gestid més
lligada a la dinamica del riu aiglies avall podria contribuir a minimitzar alguns dels seus efectes.

El tram mig del Segre té tres infraestructures que modifiquen el seu RNC i la seva dinamica
morfosedimentaria, i.e. 'embassament d’Oliana, 'embassament de Rialb i el canal d’Urgell,
que regulen i/o detrauen directament cabals del riu i alteren el transport solid. En aquest cas
examinem l'impacte de les infraestructures sobre la hidrologia i la morfologia mitjangant tres
fases de treball:

a) Caracteritzacié hidrologica general, basada en dues etapes, encaminades a la
caracteritzacid del régim natural, com a estat de referéncia i a l'avaluacid de l'alteracio
hidrologica dels cabals maxims, gracies als index d’alteracié de crescudes. El resultat final ha
estat la valoracid del régim de crescudes del tram en estudi, a partir d’una metodologia
adaptada del treball ‘Indices de Alteracion Hidroldgica en Rios’ de Martinez i Fernandez (2006)
i completada amb el treball de Batalla et al. (2004).

b) Analisi d’hidrogrames de crescuda, basada en I'estudi de la forma i estacionalitat de
diferents hidrogrames representatius registrats a les diferents estacions d’aforament, que
permeten analitzar les alteracions produides pels embassaments d’Oliana i Rialb.

c) Analisi de I'evolucié morfologica, basada en I'estudi dels canvis morfologics a partir de
fotografies aéries de diferents periodes. L'estudi s’inicia I'any 1956, periode considerat de
referéncia. A partir d’aquest periode s’estudien els canvis en |'extensid i tipologia de les unitats
morfologiques en base a I'aparicié d’infraestructures de regulacid i el corresponent canvi en la
frequéncia i magnitud de les riuades.
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1 INTRODUCCIO

1.1 Hidrologia i Régim Crescudes

El Régim Natural de Cabals d’un riu (i.e. RNC) és el resultat de la integracio de tots els factors i
processos a la conca de drenatge i.e. clima, topografia, geologia, sols, vegetacid, mida i forma
de la conca, tipologia de la xarxa de drenatge, usos del sol, etc. Alguns d’aquests factors es
caracteritzen per la seva estabilitat en el temps, com el cas de la geologia. Els usos del sol, pel
contrari, poden experimentar canvis notables en periodes breus, com a conseqiéncia
d’incendis, desforestacio, reforestacio i/o urbanitzacio del terreny. Aquests canvis afecten el
régim hidrologic, alterant les pautes d’infiltracid i d’escolament a la conca i traduint-se en
modificacions en els cabals de crescudes, en els temps de concentracid, etc. Hi ha estudis que
analitzen la tendéncia temporal del fluxos hidrologics en relacid als canvis dels usos del sol, per
exemple a la conca de I'Ebre (e.g. Gallart et al., 2003 i 2004). En aquest context entenem el
régim natural de cabals tal com s’ha descrit anteriorment, en contraposicié al régim alterat
(Régim Modificat de Cabals - RMC), per la regulacié i/o detracci6 directa de cabals des de la
llera. S’han fet estudis que analitzen aquestes alteracions, per exemple també al conjunt de la
conca de 'Ebre (e.g. Batalla et al., 2004). Cal tenir present que les crescudes extraordinaries i
ordinaries, i també els cabals mitjans del régim natural son els que més controlen directament
el funcionament de I'ecosistema fluvial i la seva morfologia. Més concretament la morfologia
del riu representa la resposta del mateix a les entrades de massa tan liquida com solida i a
I’energia definida pel pendent de la vall per la que discorre el riu (Williams i Wolman, 1984).

El tram escollit com a exemple per aquest estudi és del riu Segre en el seu tram mig, que té
tres infraestructures que alteren el seu RNC, i.e. la presa d’Oliana, la presa de Rialb i el canal
d’Urgell. L'embassament d’Oliana fou construit per les Forces Hidroeléctriques del Segre,
aprofitant el grau d'Oliana, amb una capacitat d’emmagatzematge de 101 hm?
L’embassament es va dissenyar per a regular els cabals del riu, per a produir electricitat i
assegurar el reg d'estiu dels canals d'Urgell. El canal d’Urgell deriva I'aigua aiglies avall de
Ponts, el seu tronc principal té 144 km de longitud i va iniciar la seva activitat el 1862.
Finalment, 'embassament de Rialb té una capacitat de 403 hm?i va ser inaugurat I'any 2000;
capta les aigiies dels rius Segre, Rialb i Ribera Salada. Els seus principals destinataris sén els
canals d'Urgell i el Segarra-Garrigues, aquest darrer en fase de construccid, a més de proveir
d'aigua a vuitanta nuclis de poblacié. En aquest context els objectius del treball son:

- L’analisi de I'evolucid del régim hidrologic al tram mig del Segre
- L’analisi de l'alteraci¢ al régim hidrologic en relacio als embassaments d’Oliana i Rialb

En el treball es dedica un interés preferent als episodis de crescuda ja que son un component
important en el manteniment i en la dinamica hidrosedimentaria. La caracteritzacio del régim
natural de cabals s’ha desenvolupat en dos fases de treball, cadascuna progressivament més
centrada en les crescudes:

a) Caracteritzacio hidrologica general

i.  Valors habituals

ii.  Valors maxims: Régim de crescudes
b) Caracteritzacio dels hidrogrames de crescuda
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Per assolir aquests objectius s’ha creat una base de dades hidrologiques actuals i historiques
del tram mig del riu Segre en base a la informacid existent a la base de dades “Anuario de
Aforos 2008-2009” de la pagina web del CEDEX (CEDEX, 2010). Els registres estan disponibles
per a una mostra raonable de punts de control. En alguns casos les séries es troben
incompletes en anys amb episodis d’alta magnitud que son d’interés en el camp de la dinamica
fluvial; aquest fet limita el coneixement exacte de les crescudes, reduint parcialment la
longitud de les séries Utils dels registres d’aforament. Tot i aixi, sén suficients per avaluar
I’alteracio del regim hidrologic en relacio als embassaments.

1.2 Dinamica Fluvial

Els rius son sistemes complexes que transfereixen aigua i sediments des de les zones de
capgalera fins les zones de sedimentacié (Schumm, 1977). La interaccié entre la dinamica
hidrologica i sedimentaria determina no tan sols I'equilibri entre els processos fisics (Lane,
1955) sind també l'estat ecologic i la disponibilitat i caracteristiques de I'habitat (e.g.
Sambrook-Smith, 2007). De manera general, les caracteristiques morfologiques i sedimentaries
d'un riu son el resultat de la interaccio entre la competéncia del flux (magnitud i freqiencia de
riuades), el subministrament de sediments (proper i d'aigies amunt) i les
alteracions/modificacions antropiques (canvis usos del sol, extraccions arids, etc.) (Leopold et
al., 1964). Totes aquelles alteracions que generin canvis en el régim hidrologic i sedimentari
produiran una ruptura en |'equilibri dels processos morfo-sedimentaris. El riu buscara un nou
equilibri en base a la nova situacio. L'assoliment d'un nou equilibri no és immediat i, despreés
d'un periode de relaxacio en el que els efectes a |'alteracid poden ser minims (as per Petts i
Gurnell, 2005), la cerca del nou equilibri pot generar efectes sobre la morfologia,
sedimentologia i ecologia fluvial (e.g. Vericat i Batalla 2006; Batalla et al., 2006; Rinaldi et dl.,
2005; Wyzga et al., 2011).

El tram mig del riu Segre ha sofert nombroses alteracions antropiques que han modificat
I'equilibri entre els processos fisics i I'estat ecologic. Entre aquetes alteracions cal destacar les
extraccions d'arids i la construccid d'embassaments. Les extraccions d'arids generen un
impacte puntual amb efectes que es propaguen aiglies amunt i avall degut al propi punt de
ruptura topografic que I’extraccié genera. Les extraccions d’arids també redueixen la
disponibilitat de sediments a la llera, de la mateixa manera que modifiquen l'estructura
sedimentaria i morfologica. Aquestes alteracions poden generar efectes sobre la disponibilitat
dels recursos hidrics (e.g. sobredrenatge d'aqtiifers) i sobre I'habitat fluvial (e.g. pérdua de
d'idoneitat sedimentaria per a la fresa dels peixos). Els embassaments alteren el régim
hidrologic i especificament el de crescudes, al mateix temps que redueixen l'aportacié de
sediments. Aquestes alteracions generen, principalment, canvis morfologics (e.g. reduccié
amplada llera activa) i sedimentaris (e.g. cuirassament de la llera), que a la vegada poden
afectar en I'ecologia fluvial. L'estudi morfologic abans i després de les alteracions mitjangant la
comparacio de fotografies aéries, conjuntament amb la caracteritzacié del régim de crescudes
per cadascun d'aquests periodes, permet analitzar la direccid i magnitud dels efectes, la
distribucio espacial, i la relacid d'aquests amb el régim de crescudes.

En aquest context un dels objectius principals d'aquest treball és I'avaluacié de la dinamica
morfologica del curs mig del Segre a partir de I'analisi de fotografies aéries historiques, actuals
7
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i d’ortofotomapes. Es presenta un disseny metodologic integrat per a I'estudi de I’evolucio
morfologica de trams fluvial. L'estudi es composa de les seglients tasques:

a) Adquisicio de fotografies aéries i ortofotomapes de diferents vols representatius de
I'evolucio morfologica del tram mig del Segre.

b) Tractament de les imatges per a la seva georeferenciacio i posterior analisis
mitjangant un Sistema d'Informacio Geografic.

c) Identificacid, delimitacid i digitalitzacié d’unitats sedimentaries al llarg del tram del
Segre.

d) Creacid d’una base de dades cartografica digital i georeferenciada.

e) Analisi evolutiu de les diferents unitats sedimentaries.

De tots els components del régim natural de cabals, els cabals maxims i.e. les crescudes son
els que tenen un major significat geomorfologic. Les crescudes son critiques en la formacio i
I’estabilitat de la llera, mantenint-la en un equilibri dinamic, tan en seccié com en planta. La
magnitud, la freqiiéncia, la variabilitat i la duracio de les crescudes tenen implicacions en la
granulometria dels materials transportats i sedimentats al llarg del corredor fluvial i en la
remobilitzaciod (i.e. grau de dinamisme) del llit fluvial. L’avaluacié de la dinamica morfologica
a partir de I'analisi de fotografies aéries historiques permet arribar a una diagnosi de la
dinamica actual del riu.
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2 METODOLOGIA

2.1 Hidrologia i Régim de Crescudes
2.1.1 Dades i Punts de Control (i.e. valors ordinaris i maxims)

De manera prévia a I'analisi, s’han identificat els punts de control hidrométric que permetin
analitzar tan I’'RNC com I'RMC, en relacio a la seva ubicacid i als seus anys de funcionament. En
el cas del Segre aquests punts son quatre estacions d’aforament, dos embasaments i un canal,
tots ells localitzats en el seu tram mig, entre Organya i la confluéncia amb la Noguera Pallaresa
(figura 1itaula 1).

(a) : ?:?p

Organya
(EA9111) A

I Tam del Segre Mig
250 D Conca de I'Ebre
[C—IKildometres Conques de la Peninsula Ibénca Oliana

(EA9083)

(b)

RIBERA SALADA

Alos de Balaguer RIU SEGRE

(EA9104) Ponts

(EA9114)

Camarasa
(EA9103)

e ESTACIO D'AFORAMENT
f T T T T T T T 1 - EMBASSAMENT
0 5 10 20 Kilometres ——— XARXA FLUVIAL

Figura 1: Mapa del tram mig del Segre amb la localitzacié de les estacions d’aforament, els embassaments i el canal
d’Urgell. Les estacions d’aforament s’identifiquen amb un punt.

Malgrat disposar de forga punts de control hidrométric (taula 1), cal seleccionar aquells que
proporcionin registres amb prou anys disponibles per garantir una bona representacié del
comportament hidrologic del tram; en aquest sentit resultara més eficient per a I’analisi si els
anys de les séries completes de les diferents estacions seleccionades coincideixen el maxim
possible. En el cas del Segre mig s’han estudiat diversos components de I'RNC i.e. quatre
relacionats amb valors habituals i quatre en relacid a valors maxims. L'objectiu és determinar
els efectes dels embassaments sobre la dinamica hidrologica (magnitud, freqiéncia,

9
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estacionalitat, variabilitat i duracid de les aportacions generals i de les crescudes). Per a cada

component son necessaries les variables recollides a la taula 2.

Punt de control Any d’inici | Estat actual

9111 | Organya Estacié aforament | 1949 Operativa

9083 | Oliana Estacié aforament | 1952 Operativa

9114 | Ponts Estaci6 aforament | 1946 No operativa des de 1982
9104 | Alos de Balaguer | Estacio aforament | 1944 No operativa des de 1982
9862 | Oliana Embassament 1958 Operatiu

9876 | Rialp Embassament 1998 Operatiu

9411 | Canal d’Urgell Canal 1907 Operatiu

“Codi de les Estacions d’ Aforament (EA) de la Confederacié Hidrografica de I'Ebre

Taula 1. Punts de control hidrométrics utilitzats per a estudiar els RNC i RMC del tram mig del riu Segre (veure
localitzacié a la figura 1).

Si és possible, cal fer un reompliment de les séries de cabal per a millorar-ne el seu abast
temporal. En el cas del mig Segre s’ha intentat aprofitar les séries de cabal mig diari de les
estacions d’aforament de Ponts i d’Alos de Balaguer. La série de Ponts s’ha completat amb els
registres de cabal mig diari de la sortida de la presa de Rialb, donada la seva proximitat. Pel
contrari, I'estacio d’Alos de Balaguer s’ha descartat ja que no ofereix resultats prou solids.

Etapes

Cabals Habituals

7Components

Anuals i mensuals

Aspecte Dades de partida
Magnitud Aportacions anuals o cabal mig diari (Q,,)
Variabilitat Aportacions mensuals o cabal mig diari (Qp)

Estacionalitat

Aportacions mensuals o cabal mig diari (Qp)

Diaris Variabilitat Cabal mig diari (Qp)
Magnitud i Maxim Cabal instantani anual (Qg)
freqiencia Maxim Cabal mig diari (Q()
Cabals Maxims | Crescudes Variabilitat Maxim Cabal mig diari (Q/)

Estacionalitat

Maxim Cabal mig diari anual (Q.)

Durada

Maxim Cabal mig diari anual (Qc)

Taula 2. Dades necessaries per a la caracteritzacio hidrologica dels valors habituals i maxims d’un tram de riu.

A la taula 3 s’especifica el nombre d’anys complerts, I'any d’inici i 'any final de la série de
dades utilitzades per cada interval. Com es pot observar cada estacié té un registre d’anys
diferent, fet que s’ha de tenir present a I’hora de treballar les dades conjuntament.
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Anys ' Organya
nys Disponibles [ 51 7 50 . 42 !
Any inicial 1950 1952 1946
Any final 2005 2009 2009

! Serie hidrologica de Ponts (1946-1982) completada amb les sortides de Rialb (2000-2009)

Taula 3. Registres de dades en els punts de control hidrometric al tram mig del Segre.

2.1.2 Caracteritzaci6 Hidrologica General

La metodologia emprada en la caracteritzacié de I'estat hidrologic es basa en el treball ‘/ndices
de Alteracion Hidroldgica en Rios (IAHRIS)’ de Martinez i Fernandez (2006)* i completat amb el
treball de Batalla et al. (2004). D’aquesta manera aquest treball proposa un conjunt d'indexs
denominats d’Alteracié Hidrologica (IAH) que permeten avaluar de manera objectiva els canvis
dels principals elements el régim de cabals, sobretot d’aquells amb més transcendéncia
geomorfologica. El procés consta de dues fases encaminades a i) la caracteritzacié del régim
natural de cabals (RNC) i.e. com ha situacid de referéncia, i ii) I'avaluacié de l'alteracid
hidrologica (RMC) en base als IAH. El resultat final és la valoracio de I'estat hidrologic del tram
en estudi, en aquest d’un riu regulat. L'IAHRIS troba com a una aplicacié informatica gratuita,
que permet obtenir:

- Parametres per a la caracteritzacio del régim hidrologic d'un riu.
- Indexs que valoren el grau d'alteracié del régim hidrologic.

- Criteris per assignar la condicid d’alteracié d’'una massa d'aigua (Directiva Marc de
I'Aigua).

- Escenaris de régims ambientals de cabals es poden generar a partir dels patrons de
I’'RNC.

La caracteritzacid hidrologica s’estructura en dos blocs (veure la figura 2 i la figura
metodologica de 'annex A), un primer (RNC), que analitza el régim de cabals, en el cas del
Segre a partir del registre de I'estacid d’Organya (com a Unic punt de control lliure de regulacio
en el conjunt del tram; i un segon bloc (RMC), on s’ha avaluat I'alteracid de I'RNC per les
diverses infraestructures dels valors dels cabals habituals i dels valors dels cabals maxims.
Posteriorment s’analitza de manera particular el régim de crescudes donat el seu significat
geomorfologic.

* Des de I'abril del 2010 I'IAHRIS és la referéncia metodoldgica de la Direccién General del Agua del Ministerio de Medio Ambiente.
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Punt control aiglies amunt Embassament Punt de control aigiies avall
(EA9111, Organya) (Oliana) (EA9083, Oliana)

RIU (e.g. Segre)

TRACTAMENT DE DADES TRACTAMENT DE DADES
REGIM NATURAL DE CABALS (RNC) REGIM MODIFICAT DE CABALS (RMC)
Cabals Habituals Cabals Habituals
Cabals Maxims Cabals Maxims

CARACTERITZACIO DEL (RNC) CARACTERITZACIO DEL (RMC)
Cabals Habituals (CHY) i (CH?) Cabals Habituals (CH?)
Cabals Maxims (CM) Cabals Maxims (CM)

*Registres de tota la série completa *Resgistres des de la construccié de I'embassament
*Reseistres des de fa construccit de Fembassament

CALCUL DELS INDICADORS PARCIALS (RNC vs RMC)
Cabals Maxims (IAL)

CALCUL DE L’iNDEX D’ALTERACIO GLOBAL (IALG)

AVALUACIO DE L’ESTAT HIDROLOGIC |

Figura 2. Diagrama per a I'avaluacio de I’Alteracié Hidrologica del RNC produida per un embassament.

A tall de resum la figura 2 mostra el diagrama complet pero per a I'avaluacio de I'alteracio de
I'RNC en un tram de riu afectat per una infraestructura. Com a exemple es presenta el cas de la
d’Oliana al tram mig del riu Segre.

2.1.2.1 Régim Natural de Cabals (RNC)

En aquest bloc es caracteritza el régim natural de cabals a partir de tota la série de registres
disponibles dels cabals mitjans diaris de I'estacié d’Organya, Unic punt de control lliure de
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d’alteracions hidrologiques. S’efectua una analisi dels valors anuals, mensuals i diaris amb
I'objectiu de determinar les caracteristiques basiques del régim hidrologic (i.e. magnitud,
frequiéncia, estacionalitat, variabilitat i duracio de les aportacions hidriques).

a. Magnitud, variabilitat i estacionalitat de les aportacions anuals i mensuals

Les aportacions anuals i mensuals no s’associen generalment de manera directa a processos
geomorfologic, pero aporten informacio en el cas de rius regulats de I'efecte de les preses
sobre les aportacions globals de I’any hidrologic. Els parametres que es tenen en compte son:

- CH1.1.Magnitud de I'escolament. S’analitza a partir de les aportacions mitjanes anuals
i mensuals, calculant per a cada any la mitjana de les aportacions de la série completa
d’anys disponibles, i per a cada mes la mitjana de les aportacions mensuals de la série
completa d’anys disponibles sense realitzar cap diferenciacid entre anys secs, normals i
humits.

- CH1.2.Variabilitat intranual de I'escolament. S’analitza a partir de la diferéncia entre
I'aportacid mensual maxima i la minima de l'any. Aquest valor respon al
comportament del sistema fluvial sotmés al régim climatic de la conca aiglies amunt
de 'embassament, i reflecteix I'amplitud hidrologica del riu (forga alta en el cas del
Segre). La variabilitat és important per als processos fisics a la llera. La geometria de la
llera del riu respon a I’energia dels cabals circulants i a la seva distribucio en el temps,
principalment durant crescudes i cabals alts.

- CH1.3.Estacionalitat. Fa referéncia als mesos de maxima i minima aportacié al llarg de
I'any.

b. Variabilitat diaria

La corba de cabals classificat o corba de freqiiéncia de cabals permet analitzar la variabilitat
diaria. Aquesta corba mostra el tipus de régim d’un riu, indicant més torrencialitat quan més
pendent sigui la corba. Aquest és I'instrument que millor representa la variabilitat de cabals al
llarg de I'any, indicant el % de temps que, com a mitjana, un determinat cabal és igualat o
superat. Aquesta corba permet identificar els valors mitjans i maxims de cabal en el conjunt
del régim. Aquesta eina també permet comparar la durada dels cabals en entre diferents trams
de riu i/o rius diferents.

- CH2.1.Variabilitat diaria. Per a representar la variabilitat diaria de cabals (VDC) és fa
servir el quocient entre la diferéncia dels percentils 90% i 10% i la mediana (50%) (e.g.
Puckridge et al., 1998; Growns i Marsh, 2000):

(Qop — Q10) _

VDC
Qso
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2.1.2.2 Reégim Modificat de Cabals (RMC)

En aquest bloc s’avalua el réegim modificat dels cabals Habituals (RMC-1) i Maxims (RMC-2), en
’exemple del Segre en relacié als embassaments d’Oliana i Rialb, i posteriorment al canal
d’Urgell. Per a fer aquest treball cal identificar dos punts de control per a cada embassament
(aiglies amunt i avall), si és possible amb la mateixa disponibilitat de dades. El grau d’alteracio
es relaciona amb (AL1.1) I'index de Regulacid IR (Batalla et al., 2004), pres com a indicador de
la capacitat d’alteracid de 'RNC per les preses. L'IR es representa com el quocient entre
I'aportacié anual mitja i la capacitat de I’embassament, expressat com una fraccid
adimensional.

RMC-1. Cabals Habituals (AL)

Etapa centrada en la 'avaluacio de |'alteracid hidrologica per la regulacié del regim dels cabals
habituals (o mitjans).

a. Magnitud, variabilitat i estacionalitat de les aportacions anuals i mensuals

En el cas d’Oliana, disposem de I'estacid d’Organya aigua amunt, i 'estacié d’Oliana aigua
avall. A Rialb, I'estacié d’Oliana passa a ser I’estacié d’aigua amunt i el punt de control de la
sortida de la presa de Rialb passa a ser el d’aigua avall; principalment busquem si la
construccio o gestié d’aquestes infraestructures han alterat els valors del parametre estudiat.
Els parametres que es tenen en compte per valorar 'alteracio son (AL):

- AL1.2.Magnitud anual de I'escolament. Es calcula la mitjana anual de les aportacions
en cada punt de control durant els anys previs a la construccié de I'embassament;
d’aquesta manera permet, a posteriori, avaluar anualment si es produeix una distorsid
en el régim circulant de les aportacions anuals respecte el régim natural, alteracié que
es produeix quant les entrades difereixen de les sortides en el comput anual. Aquest
fenomen és habitual sobretot després d’un episodi de sequera on els embassaments
han quedat buits i sense reserves.

- ALl.3.Variabilitat mensual de I’escolament. Es compara el comportament hidrologic
mensual dels dos punts de control calculant el coeficient de correlacié dels registres
mensuals (Batala et al., 2004) (per exemple, un valor negatiu indica una inversio del
régim de cabals).

- All.4.variabilitat interanual de I'escolament. S’analitza a partir de la diferéncia entre
I’aportacié mensual maxima i minima de I’any en situacié de RNC i RMC.

- AlLl.5.Estacionalitat. S’examina la desviacio entre RNCi RMC entre els punts de control
en relacid al mes amb la maxima i la minima aportacio hidrica.

b. Variabilitat diaria

- AL2.1.Variabilitat diaria. Per a representar la variabilitat diaria de cabals en régim
modificat (VDC’) és fa servir el quocient entre la diferéncia dels percentils 90% i 10% i
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la mediana (50%). La relacid entre VDC i VDC' indica el grau lalteracié del régim diari
aiglies avall de la presa.

RMC-2. Cabals Maxims (CM)

L’analisi dels cabals maxims (crescudes) es realitza en base a dos elements principals i) el
maxim cabal mig diari anual (Q.) i, si se’n disposa, el cabal maxim instantani anual (Q) i, ii) el
cabal maxim ordinari donat pel percentil d’excedéncia del 5% (Clausen i Biggs, 2000; Baeza et
al., 2003; Baker et al., 2004; Batalla et al., 2004) en una corba de cabals classificats. Les
variables que s’han analitzat son:

- Magnitud i freqiiéncia dels cabals maxims

- Variabilitat, estacionalitat, i durada dels cabals maxims (explicant en apartats
successius)

Amb l'objectiu d’avaluar l'alteracié dels embassaments sobre les crescudes, I'analisi fa Us
d’indicadors d’alteracid. Aquests indicadors treballen amb els registres de dades de dos punts
de control, un situat aiglies amunt i un altre aiglie avall de 'embassament (per exemple, per a
la presa de Rialb emprem les séries de dades de I’estacio d’Oliana i les de la sortida de |a presa
de Rialb). En cada cas, I'analisi es basa en la comparativa dels parametres explicatius (e.g. cabal
formatiu, cabal de la crescuda habitual, etc.) dels diferents aspectes (magnitud, freqiiéncia,
etc.) emprats per analitzar el régim de cabals entre els punts de control de cada embassament,
utilitzant pel calcul dels parametres només aquelles anys on les dues estacions guardin séries
complertes d’anys coincidents.

La desviacié dels cabals maxims en RNC i en RMC s’ha examinat també a partir dels indexs
proposats per Martinez i Fernandez (2006) i Batalla et al. (2004) i aplicat en aquest treball
només a crescudes. Aquests indexs relacionen les crescudes amb la dinamica
hidrosedimentaria i permeten avaluar el grau de desviacid en rius sotmesos a regulacio.
Finalment, s’han utilitzat una série d’indexs per a mesurar el grau d’alteracio dels cabals entre
RNC i RMC. Els indexs d’alteracio (IAL) utilitzats es defineixen com el quocient entre el valor del
parametre RNC i en RMC. Aquests indexs segueixen recomanacions del CIS-WDF (2003)
referent als EQR (Ecological Quality Ratios). L'estacionalitat no es pot expressar a través
d’aquests IAL. Els IAL es mouen en el rang 0>IN<1, essent O I’expressid de I’alteracié maximai 1
I’abséncia d’alteracid. Tot hi aixd hi ha la possibilitat que es superi la unitat (0>i>1), i en
aquests casos se li assignara el nimero invers (per exemple, I'index del la magnitud del cabal
bankfull per a 'embassament d’Oliana entre els anys 1958-2005 és de 1,10, en aquest cas se li
assignara l'invers que correspon a 0,91).

a. Magnitud - Freqiiéncia

La magnitud i la freqiiéncia de les crescudes son els elements responsables del manteniment
de la forma i la geometria de la llera, i de mantenir la granulometria del substrat en equilibri
dinamic en relacid al pendent del riu. La magnitud i la freqiiéncia es poden caracteritzar a
partir dels seglients parametres:
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- CM1.1.Mitjana dels cabals maxims diaris anuals (Qc), com a indicador de la magnitud i
de la freqiiéncia de les crescudes. La distribucio al llarg del temps d’aquesta variable
extrema permet definir els periodes de recurréncia hidrologica del punt de control en
cada tram del riu estudiat.

- CM1.2.Cabal Formatiu o Generador (Qgan) correspon al cabal geomorfologicament
dominant que conforma la geometria del canal principal ple o bankfull. Aquest cabal
es pot estimar a partir de formules estadistiques a partir de cabals maxims diaris
anuals; a més d’aquestes equacions empiriques hi ha la possibilitat d’estimar el cabal,
també anomenat cabal de maxima crescuda ordinaria, a partir de la geometria del
canal, de la preséncia de vegetacio perenne i de les caracteristiques granulomeétriques
del llit i dels marges (e.g. Williams 1978), entre d’altres elements fluvials. El CEDEX al
seu manual ‘Aspectos prdcticos de definicion de la mdxima crecida ordinaria’ (MIMAM,
2003) proposa l'expressid seglient per al calcul de la Maxima Crescuda Ordinaria
(Quico):

Oco = (Qc )X (0~7 +0.6x CV(QC )) = Opank

on
Quico = Cabal corresponent a la Maxima Crescuda Ordinaria
Qg.n« = Cabal bankfull, de llera plena o formatiu

(Qo) = Mitjana de la série de cabals maxims mitjans diaris anuals (si és possible, és
recomanable I'Gs del Q).

CV (Q.) = Coeficient de variacio de la série de maxims cabals mitjans diaris anuals

- CM1.3.Crescuda Habitual, presa com a parametre que delimita I'inici del transport de
materials fins (< 2 mm) de la llera del riu, emprat per diversos autors com el cabal
minim necessari per considerar un augment del cabal circulant com una crescuda (e.g.
Schmitd i Potyondy, 2004). Amb aquest objectiu s’ha escollit el percentil del 5% de la
corba de cabals classificats per discriminar el cabal de crescuda habitual (Clausen i
Biggs, 2000; Baeza et al., 2003; Baker et al., 2004; Batalla et al., 2004). Aquest percentil
representa el cabal igualat o superat 18 dies a I'any, essent ja un fenomen de certa
magnitud i de recurréncia.

Els indexs d’alteracid (IAL) permeten avaluar la desviacido entre parametres que designen la
magnitud i la freqiiéncia de crescudes aiglies amunt i avall de de 'embassament (i/o abans i
després de la construccid d’una presa en el mateix punt de control):

- IAL1.1.Index de les Crescudes Maximes: Avalua el grau d'alteracié en el valor mig de les
crescudes maximes:
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on,

(Qc)rvc = Mitjana dels maxims cabals mitjans diaris anuals de la série disponible en
RMC.
(Qc)rnc = Mitjana dels maxims cabals mitjans diaris anuals de la série disponible en
RNC.

Es pot considerar indicatiu també de |'alteracio en la freqiiéncia d'aquestes avingudes, atesa la
relacié existent entre Q. (0 Qg en el seu cas) i el periode de retorn. En el cas que es disposi de
registres de cabals maxims instantanis (Qg) en dues estacions de control aiglies amunt i avall
de la presa podem aplicar el mateix index per a crescudes amb periodes de retorn concrets
e.8. Ts102550 ON T expressa el periode de retorn en anys.

- IAL1.2.Index del Cabal Bankfull (o formatiu): Avalua el cabal responsable de la forma
de la llerai el processos de transport:

Q 05
onz BankRMC
1 Bank — [ J

QBa nkRMC
on,

Qgank rvic = Cabal bankfull (o formatiu) corresponent al régim alterat
Qgank rue = Cabal bankfull (o formatiu) corresponent al régim natural

- IAL1.3.Index de les Crescudes Habituals: Avalua |'alteracié en el valor de la crescuda
habitual entre els dos régims.

_ QH_RMC
Ioy =
Qy_mvc
on,

Qy ruvc = Crescuda habitual en régim alterat

Qy rne = Crescuda habitual en régim natural

b. Variabilitat - Estacionalitat - Duracid

La variabilitat interanual juga un paper director en la dinamica geomorfologica dels rius. Per
exemple, Thoms i Sheldon (2002) constaten les afeccions derivades d'una pérdua de
variabilitat, destacant a nivell geomorfologic la modificacid dels processos d'erosid i
sedimentacid, la reduccid de la funcionalitat dels meandres, i la pérdua de variabilitat
hidraulica a la llera i en la plana d'inundacid. L'estacionalitat pren interés geomorfologic en el
moment que aquestes alteracions produeixen canvis en la dinamica hidrosedimentaria en
confluéncies per la pérdua de sincronia amb els tributaris (Brizga et al., 2001). Les alteracions
en la dinamica hidrosedimentaria derivades de distorsions en la duracid de les avingudes pot
produir la pérdua de rapids com a habitats de qualitat (Poff et al., 1997) o canvis
geomorfologics com el tall de meandres o les migracions laterals (Richter i Richter, 2000).
Finalment, una menor durada de les crescudes implica una menor capacitat erosiva, de
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transport de sediments i sedimentaria. La caracteritzacié d’aquests elements hidrologics dels

seglients parametres:

CM2.1.Variabilitat: Coeficient de variacio dels maxims cabals diaris anuals i.e. CV (Q.)

CM2.2.Variabilitat: Coeficient de variacio dels cabals corresponents a la crescuda
habitual CV (Qsyx)

CM_2.3.Estacionalitat: N2 de dies al mes amb cabals mitjos diaris superiors al Qs

CM2.4.Durada: Maxim numero de dies consecutius amb un cabal mig diari superior al
Qs

El grau d’alteracidé d’aquests parametres s’han analitzat, com en el cas de la magnitud i la

freqliéncia, amb un seguit d’indexs d’Alteracié (IAL) que mesuren el canvi agiies avall de les

preses.

IAL2.1.Index de Variabilitat de les crescudes maximes didries anuals:

= CV(QC )&VC

il CV(QC)RNC
on,

CV(Q.)amc = Coeficient de variacio de la série de maxims cabals mitjos diaris anuals
corresponents a RMC

CV(Q.)anc = Coeficient de variacio de la série de maxims cabals mitjos diaris anuals
corresponents a RNC

IAL2.2.Index de Variabilitat de les Crescudes Habituals:

_ CV(Ch) gy
VarCH C V(C]‘l) —

on,

CV(Ch)amc = Coeficient de variacié de la série de valors corresponents a la crescuda
habitual en RMC

CV(Ch)gne = Coeficient de variacié de la série de valors corresponents a la crescuda
habitual en RNC
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- IAL2.3.Index d'Estacionalitat de Crescudes:

I -1 [(N _mesos_amb_n_dies=0_en RAlterat i N dies#0 _en R.Namml)} i
Esta —

12

4 |:(N_mesos_ amb_n_dies #0 _en R.Alterat i N _dies _en R.Natural )}
12

on,
N_mesos_amb_n_dies=0_en_RMC_i_N_mesos_amb_n_dies#0_en_RNC: Nimero de
mesos del RMC sense cap dia amb un cabal superior al Cabal de Crescuda Habitual (Qy)
mentre que en el RNC si que s’observa dins en el mateix mes un cabal superior al Cabal
de Crescuda Habitual .
N_mesos_amb_n_dies#0_en_RMC_i_N_mesos_amb_n_dies=0_en_RNC: Numero de
mesos del RMC que contenen algun dia amb un cabal superior al Cabal de Crescuda
Habitual (Qsy) mentre en el RNC no en trobem cap .

- IAL2.4.Index de durada de crescudes

(Max _n_dies _amb _Q > O, )uye

" (Max _n_dies _amb_ O = O, )onn
ST LI e o 5% JRNC

Ip

On
Max_n_dies_amb_Q>Qsy : Quantitat maxima de dies consecutius amb un Q > Qs

Correspon al quocient entre el n2 maxim de dies amb un Q superior al Qs en régim alterat
amb el régim natural.

2.1.3 index d’Alteraci6 Global (IALG)

Una vegada han estat caracteritzats els diferents aspectes hidrologics objecte d’analisi i
calculats els indexs d’alteracioé corresponents, cal integrar-los per obtenir una valoracié global
(i.e. Index d’Alteracié Global — JALG). A la figura 3 s’observa que el valor assignat a qualsevol
index en RNC és 1. La representacio grafica de la série de valors de la taula 4 en un pla amb
tants eixos com indexs, donaria com a resultat dos poligons: i) el de la linia blava correspon als
valors obtinguts per régim natural (1 per a tots ells) i, ii) el de la linia vermella als valors dels
index d’alteracio parcials obtinguts en RMC de cada variable analitzada (a;— aj— ax—aj—am —as
- a, respectivament). Donada una sequiéncia determinada d’indexs d'alteracio (que en aquest
cas tenim: IAL1.1. — IAL1.2. - IAL1.3. — IAL2.1.— IAL2.2.— IAL2.3. - IAL2.4.), I'index d’Alteracié
Global (/ALG) es calcula com el quocient entre |'area definida pel poligon de RNC i el de I'area
de RMC.
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Codi index Valor index Valor del RNC ‘

IALL.1. a 1
IAL1.2. 3 1
IAL1.3. a 1
IAL2.1. a 1
IAL2.2. e 1
IAL2.3. A 1
IAL2.4. 3 1

Taula 4: Calcul de I'index de Alteracio Global (IALG) a partir dels diferents indexs parcials.

Figura 3: Representacio grafica de la dispersio entre indexs en RNC i RMC (i.e. linia blava correspon
als valors obtinguts per réegim natural i la linia vermella als obtinguts en régim alterat).

L’'index d’Alteracié Global (IALG) es calcula a partir de 'equacié:

1 21
1AG = SrMC . Z?:ljai *a;+ 1+ SenT _ _ (Z:1=1 ai)z - Z?:laiz
SRNC n * [%senz—“] ne= D
n

on,
Sawmc = superficie definida pel poligon en RMC
Sanc = superficie definida pel poligon en RNC

a; = el valor resultant que pren cada index alteracio parcial
n = nombre d'indexs d’alteracid parcial que avaluen un aspecte del régim de cabals (en
aquest cas 7)

2.1.4 Definicio de I'Estat Hidrologic

Amb I'objectiu d'oferir una valoracid no només quantitativa sind també qualitativa del grau
d'alteracié hidrologica d’un tram de riu, es proposen cinc nivells o estats hidrologics, definits
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seguint les recomanacions respecte a nivells i assignacio de colors recollits en el document CIS-
WFD (EU Common Implementation Strategy -CIS for the Water Framework Directive “WFD,
2003) en el seu epigraf 2.6 per a la classificacid de I'estat ecologic a partir dels Ecological
Quality Ratios (EQR). En aquest treball s’ha adoptat una distribucié equitativa de les cinc
classes propostes entre 0 i 1. La taula 5 resumeix els criteris de representacio i d’assignacio
dels diferents estats d’alteracio hidrologica deduits a partir dels diferents indexs parcials:

ESTAT D’ALTERACIO HIDROLOGICA, index Parcials (1AL)

BAIX MODERAT IMPORTANT SEVER MOLT SEVER
0,8<IAL<1 0,6<IAL<0,8 0,4<IAL<0,6 0,2<IAL <0,4 0<IAL <0,2

Taula 5. Escala de colors i valors corresponents dels indexs d'alteracio parcials (IAL) pels diferents estats hidrologics.

Respecte a I'index d'alteracié global (taula 6) s'obtenen els segiients criteris de representacio i
d’assignacio (cal recordar la relacié quadratica existent entre els indexs d’alteracié parcials i

globals):
ESTAT D’ALTERACIO HIDROLOGICA, index Globals (IALG)
BAIX ’ MODERAT IMPORTANT SEVER MOLT SEVER
0,64<IALG<1 0,36<IALG<0,64 0,16<IALG<0,36 0,04<IALG=0,16 0<IALG<0,04

Taula 6. Escala de colors i valors corresponent a I'index d'alteracié global (IALG) per als diferents estats hidrologics.

2.1.5 Caracteritzacié d’Hidrogrames de Crescuda

La disponibilitat de dades fiables és un requisit indispensable per a qualsevol tipus d'analisi
hidrologic, en particular, d’aquell relacionat amb esdeveniments extrems, en els que I'error, i
la preséncia i/o abséncia d'una dada concreta, pot alterar notablement la magnitud i
freqiiéncia amb la que es qualifiqui finalment un esdeveniment. L'objectiu d’aquest apartat es
caracteritzar i analitzar les crescudes com a element generador de processos
morfosedimentaris. Amb aquest proposit s’han analitzat parelles d’hidrogrames, registrats
aiglies amunt i avall de I'impacte, en aquest cas els embassaments d’Oliana i Rialb. Els
hidrogrames s’han classificat en dos grups en funcié de la seva potencial repercussio sobre la
geomorfologia del riu. Per un costat hi ha les crescudes ordinaries amb cabals superiors al
percentil d’excedéncia del 5% de la corba de cabals classificats considerades d’alta freqiiéncia
(Clausen i Biggs, 2000; Baeza et al., 2003; Baker et al., 2004; Batalla et al., 2004); i per un altre
tenim les crescudes extraordinaries que es prenen com aquelles amb cabals superiors al cabal
de llera plena (bankfull, o formatiu), que tenen un periode de retorn més elevat (inferior a 2
anys). L'analisi s’ha portat a terme a partir de les dades de cabal de freqiiéncia quinceminutal
(i.e. registre actualment actiu i que funciona des del gener del 1997 mitjangant el SAIH)
disponible a les estacions d’Organya i Oliana, i des del 2004 a la sortida de I’embassament de
Rialb; i en el cas de la crescuda del novembre del 1982 les dades de cabal tenen una freqiiéncia
horaria (font: Puigdefabregat, 1983).

21

400



- Annex C. Publicacions -

L’estacio d’aforament d’Organya (EA9111) és el punt de control on s’ha pogut definir el Qs i
Qgank sense alteracio de 'RNC de tot el tram, ja que esta aiglies amunt dels embassaments i, a
més a més, recull una série de 51 anys de cabals (1950-2005). Les crescudes ordinaries tenen
cabals prou grans per activar el transport del sediment a la llera del riu pero sense capacitat
suficient per definir de nou la geometria de la seccié transversal ni el patré general de
drenatge. En canvi, els cabals de les crescudes extraordinaries aporten prou energia al sistema
per trencar I'equilibri del patré morfologic de referéncia definit pel nivell bankfull. El cabal
corresponent a les crescudes extraordinaries dels registres d’Organya serveixen com a llindar
per identificar aquells cabals que ompliran el canal del riu arribant a ocupar parcialment o
totalment la plana d’inundacid, caracteritzats per aportar maxima eficiéncia en la dinamica
geomorfologica del sistema. La tasca principal d’aquesta analisi és I'estudi de parelles
d’hidrogrames, aigiies amunt i avall de 'embassament, per tal d’identificar i relacionar: i)
I’estacionalitat, ii) la variacié de la magnitud del pic de I’hidrograma, iii) el comportament de
I'ona de I'avinguda enfront unes condicions de inicials i, iv) la variaci6 de la forma de
I’hidrograma de sortida.
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2.2 Dinamica Fluvial

En aquest apartat es descriuen els materials i métodes emprats per al tractament de les
fotografies aéries, aixi com la descripcid de la tipologia d'unitats morfologiques utilitzada per
fer I'analisi evolutiu (veure la figura metodologica de I’annex B),.

2.2.1 Eleccio de les Fotografies Aéries i els Ortofotomapes

L'eleccié de les fotografies aéries esta determinat pel nombre de periodes temporals que es
vulguin analitzar i, amb major mesura, per la disponibilitat d'imatges. En el cas de que es
disposi de més d'una fotografia per a cadascun dels periodes que es vulgui analitzar sera
necessari tenir en compte:

(a) el regim de crescudes entre les diferents opcions (i.e. més episodies competents > més
dinamica morfologica),

(b) la qualitat de les fotografies (e.g. altura vol o resolucid pixel),
(c) la tipologia (e.g. blanc in negre, color) i, finalment

(d) el format en el que es poden adquirir (i.e. paper o digital).

EMBASSAMENT
DE RIALP

EMBASSAMENT
DE CAMARASA

RIU BOIX

RIU SEGRE

CANAL
D'URGELL

0 3 6 12 Kilometres : Tram de Seleccio de Fotografies Aéries

Figura 4. Tram seleccionat per a I'estudi del diagnostic sedimentari Segre Mig. Recorregut delimitat pels municipis
de Ponts, aiglies avall de I'embassament de Rialb, i el d'Alés de Balaguer, just aiglies amunt de I'Estret del Mu,
congost que porta a la confluéncia amb la Noguera Pallaresa.

En el cas del mig Segre, s'ha fet la cerca de fotografies (i.e. contactes) que englobin el tram que
transcorre des de I'embassament de Rialb fins 'embassament de Camarasa (Figura 4). De
manera especifica, aquests han estat els criteris emprats en la seleccié de fotografies aéries
per aquest estudi:

e Abast: de 'embassament de Rialb a I'embassament de Camarasa.

e Periodicitat: séries separades per intervals temporals inferiors a 10 anys, o que
coincidissin amb la posada en funcionament d’un embassament, o fossin realitzades
just després d’una gran crescuda.
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e Tipologia i format: fotografies aéries en format paper, digital i ortofotomapes digitals.
e Escala: valor minim d’e 1:32.000; minima variabilitat possible entre escales per tal de
mantenir les incerteses de calcul entre fotografies.

La taula 7 recull els criteris de seleccid per a l'adquisicio de les fotografies aéries i

ortofotomapes.

Any  Escala | ( Format \ ~ Tipologia { Vol (Data) = Proveidor/Lloc cerca
, e 21/04/1957 i Universitat de Geologia
1956-57 | 1:30000 Paper Fotografies aeries 29/06/1957 (UB)
. Institut Cartografic d
1975 1:18000 Paper Fotografies aeries Octubre 1975 )
Catalunya
; sz 14/12/1982 i Institut Cartografic de
1982-83 | 1:13500 Paper Fotografies aéries 02/02/1983 Catalunya
L. 14/07/1992 i Institut Cartografic de
3 4 P
1992-93 | 1:22000 aper Fotografies aeries 20/06/1993 Catalunya
1999 | 1:32000 | Paper | Fotografiesaeries | 10/08/1999 Institut Cartografic de
Catalunya
2008 | 1:5000 | Digital | Ortofotomapes | Desembre200g | IMStitutCartograficde
Catalunya

Taula 7. Criteris de seleccio per a I'adquisicio de fotografies aéries i ortofotomapes

En total s'han adquirit 41 contactes que posteriorment han estat escanejats amb un escaner
d’alta resolucié (600 dpi). Aquests contactes han estat georeferenciats mitjangant un Sistema
d'Informacié Geografica (SIG).

2.2.2 Georeferenciacio de les Fotografies Aéries

Per a la georeferenciacid de les imatges s'ha utilitzar I'extensid Georeferencing de I'ArcMap
9.3%. Tot i aix0, en I’actualitat existeix un seguit de programari lliure que permet desenvolupar
aquestes tasques seguint els mateixos algoritmes de pots-procés. La correccid s'ha realitzat
sota una optica bidimensional utilitzant punts de control (i.e. GCP) coincidents entre
fotografies. El nimero de punts de control oscil-la entre 22 i 87 per imatge. La variabilitat en el
nombre de GCPs esta influenciada per la preséncia d'elements fixes coincidents, sent menor
en zones agricoles i boscoses on es dificil realitzar aquesta identificacio. S'ha obtingut la
coordenada geografica d'aquests punts de control mitjangant I'ortofotomapa de 2008 (en
aquest treball I'anomenarem ortofotomapa de base; taula 7). El sistema de coordenades
utilitzat ha estat I'UTM (31N) amb el sistema de referéncia ED50 i I’el-lipsoide de Hayford de
1924. Les coordenades de localitzacié X-Y dels pixels corresponents als punts de control per a
cadascuna de les imatges digitals han estat transformades a coordenades UTMX-UTMY. Per a
la transformacié s'han utilitzat métodes de transformacié no polinomials: Spline i Adjust.
Mitjangant la transformacio Spline es realitza un triangulacid entre els GCPs, el que permet
transformar les coordenades en base a models de transformacié locals enlloc d'un model
conjunt per a tota la imatge. El métode Adjust optimitza la precisié de la transformacié al
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voltant dels punts de control i també a les zones allunyades d'aquests. El procés de
transformacié d'aquest métode consta de dues fases: (a) aplicacid d'una primera
transformacié global en base a un polinomi i utilitzant tan sols una part dels GCPs i,
posteriorment, (b) ajust de la transformacio al voltant dels punts de control mitjangant una
triangulacio entre aquests utilitzant la resta de GCPs (aquest segona transformacio es similar a
la que es realitza a la del Spline; mes detalls a la documentacio d'ArcMap®). El resultat ha estat
I'obtencid d'imatges geométricament corregides a una mida de pixel que oscil-la de 1,5 x 1,5
metres a 3 x 3 metres.

El procés de correccid de les fotografies aéries implica certs errors i incerteses de calcul. Pel
que fa a les incerteses, tot i que és dificil quantificar la seva influéncia, és necessari que siguin
considerades per tal d'avaluar i certificar la qualitat dels resultats. En el cas d'aquest treball,
les principals incerteses recauen en (a) la distorsido de les imatges en el moment de ser
escanejades, (b) la precisio de la localitzacié dels punts de control i (c) la no consideracio dels
efectes del relleu sobre la georectificacid. Per tal de minimitzar el maxim la distorsio de les
imatges durant el procés d'escaneig s'ha utilitzat un escaner d'alta resolucié d'impremta
escanejant a una resolucio de 600 dpi. La precisio en la localitzacié dels GCPs estara, en major
mesura, determinada per la resolucié de I'ortofotomapa de base: I'ortofotomapa a partir del
que es seleccionen i s'obtenen les coordenades de cada punt de control. Especificament,
influenciara la mida real dels punts de control en relacié a la mida de pixel de 'ortofotomapa
de base. Si els elements coincidents entre fotografies no son nitids degut a que la mida
d'aquests es inferior a la mida de pixel, la qualitat de la coordenada dels GCPs sera menor i,
conseqlientment, I'error de transformacié podria no només estar influenciat pel model de
transformacio utilitzat, sind també per la incertesa de les coordenades de control. En el cas
d'aquest estudi aquesta consideracio s'ha tingut en compte mitjangant I'eleccio de GCP nitids
en tot el rang d'escales de treball, reduint aixi els graus d'incertesa del procés de
transformacio. Per ultim, degut a que es tracta d’un estudi morfologic en el que la variabilitat o
complexitat topografica al voltant de la llera és minima, es considera que els errors de
georectificacio associats al relleu en les zones d’analisis son relativament baixos i no afecten
substancialment els resultats de I'estudi evolutiu.

La qualitat de la transformacid s'ha avaluat mitjangcant I'Error Mig Quadratic dels residuals de
cadascun del GCPs (EMQ o també conegut com RMSE):

€12 +ey2+...+e,?
n

EMQ =

on e, és l'error del GCPi calculat com la diferéncia entre la localitzacié real del GCPi i I'obtinguda
per al mateix punt un cop la fotografia esta transformada. L'error e, correspon a un vector (xi,
yi) que indica la discrepancia (e, e;) en la localitzacio del GCPi en una fotografia
georeferenciada en base a les coordenades reals del mateix.

Els EMQs tindran com a unitat el metre en el cas que s'utilitzin coordenades UTM per a la
localitzacié dels GCPs. Tot i aix0, es necessari remarcar que I'EMQ no correspon a l'error
absolut de transformacié de la fotografia. Tal i com s'ha indicat anteriorment, hi ha diferents
factors que controlen el grau d'incertesa d'aquest procés i, conseqliientment, determinaran
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conjuntament amb I'EMQ l'error total de transformacié. L'EMQ dels 41 contactes
georeferenciats oscil-la entre 0,1 i 1,24, amb una mitjana de 0,3 metres i una desviacio
estandard de 0,28 m. La mitjana de I'EMQ oscil-la entre el 10% i el 20% de la mida de pixel de
les fotografies un cop georeferenciades.

Per a I'eleccio de les fotografies aéries es necessari considerar (a) la seqiiéncia temporal en la
que I'estudi evolutiu es vol realitzar en base al régim de crescudes i les alteracions entre
periodes, (b) la qualitat dels contactes, i (c) la tipologia i format d’aquests. Les fotografies es
georectifiquen mitjangant punts de control (i.e. GCP) que es poden identificar a la fotografia
origen i dels que es sap la coordenada de localitzacié. Un cop feta la transformacio s’obté
I’error mig quadratic d’aquesta pero també es necessari fer un analisis de les incerteses en el
procés de georeferenciacio: (a) distorsio de les imatges en el moment de ser escanejades, (b)
precisio de la localitzacid dels punts de control i (c) no consideracid dels efectes del relleu
sobre la georectificacio. Un cop les imatges estan georeferenciades es pot realitzar la
cartografia necessaria per a I'estudi morfologic, previ a la identificacid i classificacié de les
unitats morfologiques a representar.

2.2.3 Classificacio i Tipologia de les Unitats Morfologiques

Els criteris utilitzats per a la identificacid visual d'unitats morfologiques es basen amb i) la
forma, ii) la mida, iii) I'estructura, iv) la textura, v) la tonalitat i vi) els colors (e.g. Carre, 1974).
Un cop identificades les unitats s'han cartografiat en planta amb I'objectiu de delimitar-les i
calcular la seva extensid. La cartografia s'ha realitzat a partir d’una escala de treball tnica per a
tots els contorns, mantenint aixi, l'exactitud en la delimitacié dels poligons. En el cas d'aquest
estudi s'ha treballat a una escala 1:5000. A partir d’aquesta cartografia s'ha creat un arxiu
* shp poligonal en el que cada unitat té un codi unic i de classificacio. Cadascuna de les unitats
s'ha classificat en base a una tipologia préviament acordada i descrita. Aquesta tipologia s'ha
obtingut a partir de la proposta de Campy i Macaire (1989) i tenint en compte els objectius
especifics del treball i la qualitat de la informacié de base. La taula 8 presenta la descripcid i
nomenclatura de les unitats morfologiques utilitzades en el procés d'identificacio i
d'interpretacio visual.

Els arxius *.shp son arxius de dades espacials en els que les diferents formes geomeétriques
cartografiades (i.e poligons en el cas d'aquest estudi) estan georeferenciades i associades a
una taula que inclou l'identificador de cadascuna d'aquestes, a l'igual que altres
caracteristiques tan numeériques com alfanumériques que poden ser Uniques o comunes si
s'escau. Aquests arxius poden ser visualitzats, editats i analitzats en la majoria de SIGs. Aixi, per
exemple, si es disposa de la cartografia d'una barra fluvial durant diferents periodes es pot
analitzar la seva evolucid, el percentatge de pérdua d'area activa, la superficie colonitzada per
la vegetacio de ribera etc. En aquest estudi s'ha utilitzat la fotografia del 1956-57 com a base
per a la identificacié d'unitats morfologiques. L'evolucié d'aquestes s'ha realitzat comparant la
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cartografia obtinguda en periodes subseqiients. Tan la cartografia com I'analisi temporal
posterior s'ha realitzat amb ArcMap 9.3°.

NOMENCLATURA | CODI DESCRIPCIO

Unitat que delimita el canal d'aigiies baixes, I'area ocupada per I'aigua en

Alglies Baixes AR condicions de cabal mig.

Barres (i.e. diposit sedimentari en condicions de cabal mig) situades en el
Barra Central BCA centre de la llera, envoltades de dos lleres actives i amb presencia de
Activa sediments i poca vegetacio. Es caracteritzen per la presencia de materials

mobils durant crescudes freqiients i de magnitud moderada.

Barra Central

BCV | Barres centrals sense activitat sedimentaria i colonitzades per la vegetacio.
Vegetada

Barres actualment actives situades a un dels marges de la llera. Tan sols hi

Barra Lateral : : s :
BLA | ha un canal actiu en situacié cabal mig. Aquestes barres poden passar a ser

—. centrals en situacions de crescuda.
Superficie que resta inundada en cabals de recurrencia freqliient perd no
o il LA e?(trems. De manera ge.neral es pot dir que c9ir1cideix (-?n el cabal associat a
nivells de canal ple (i.e. bankfull). Superficie que inclou el(s) canal(s)
d'aiglies baixes i les barres actives.
Maxima Extensio MAXI Maxima ocupacié de la lamina d’aigua sobre el territori fluvial durant una
Inundada crescuda de magnitud no ordinaria.

Vegetacio Ribera VEG | Ocupacié natural als marges de la llera per vegetacio de ribera.

Zona amb activitat sedimentaria que el riu arriba a ocupar molt
esporadicament en ocasions de crescudes molt excepcionals i
ZAS | extraordinaries (alta magnitud i baixa freqliéncia). Aquesta zona inclou
barres actives i tots els I0buls de sedimentacié (després de grans crescudes)
ubicats tan a la llera activa com en les planes al-luvials.

Zona Activa
Sedimentaria

Part de la llera ocupada per cultius sense modificar la seva forma basica.

Con CON S s . " ..
FEVS Aquesta pertorbaci6 (impacte) redueix I'area activa prévia a I'ocupacio.

Taula 8. Tipologia i descripcié de les unitats morfologiques utilitzades en el procés d'interpretacio visual de les
fotografies aéries.

Any | Data del vol Cabal mig (m/s)’
21/04/1957 6,5
1956-57 '
29/06/1957 52
1975 Octubre 1975 10,5 (6-16)°
14/12/1982 55°
1982-83
02/02/1983 20°
14/07/1992 26,5
HORE=23 20/06/1993 22,75
1999 10/08/1999 14,25
2008 Desembre 2008" 7,4 (3,62 18,8)

® Cabal a les estacions d’aforament d’Oliana (per al periode anterior a I’any 2000) i Rialb (per al
periode posterior al’any 2000).

* No es disposa del dia exacte, cabal mensual.
2 Entre paréntesis el valor minim i maxim per al periode
® Dades de sortida de I'embassament d’Oliana, I'estacié d’aforament d’Oliana no operativa

Taula 9. Cabals registrats en el moment de I'obtencio de les fotografies aéries (Font dades cabal: CEDEX, 2010).
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La identificacid de les unitats morfoldgiques i tots els calculs que se’n deriven estan
influenciats per les condicions de cabal en el moment de I'obtencié de les fotografies aéries.
L’evolucid del nombre d’unitats i 'extensio d’aquestes podria ser erroni al comparar periodes
on el cabal circulant es significativament diferent. La taula 9 mostra les condicions de cabal del
tram d’estudi per a cada periode d’analisis. Pel contrari, per a les fotografies de I'any 1975 i
2008 tan sols s’ha obtingut el mes en el que es va realitzar la fotografia. En aquests tres casos
es presenta el cabal mig del mes i el valor maxim i minim mensual com a indicador de la
variabilitat del cabal. El valors de la taula 9 mostren com les fotografies es van obtenir en
cabals baixos (del 10% al 32% del valor bankfull, veure taula 10), relativament similars i en cap
cas en situacio de crescuda (cabals elevats - menys superficie visible).

Per a la cartografia geomorfologica es necessari seleccionar i descriure la tipologia d’unitats
morfologiques a identificar en cadascuna de les fotografies aéries. Un cop identificades, son
cartografiades i codificades. Es necessari mantenir I'escala en la que es realitza la cartografia
per no modificar 'exactitud en la identificacid d’aquestes. La cartografia permet el calcul
d’extensions i superficies per cadascun dels periodes d’analisis que poden ser comparats
subseqiientment per estudiar els canvis al llarg del periode d’estudi i en relacid a les
crescudes i/o impactes.
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3 RESULTATS (I’exemple del Segre)

3.1 Caracteritzacio Hidrologica General

3.1.1 Reégim Natural de Cabals (RNC)

Aquest apartat, de menor rellevancia dins del camp de la dinamica hidrosedimentaria del riu
(cabals habituals) s’ha desenvolupat ampliament en I'annex A, deixant una sintesis dels
resultats més destacats a continuacio.

Les aportacions anuals al mig Segre assoleixen un maxim mig anual de 982 hm? a I'estacié de
Ponts (de la mitjana dels anys disponibles entre 1946-2009), amb una amplitud hidrologica
interanual a Ponts de 166 hm? evidenciant un increment en el volum d’aigua superficial
circulant a 'augmentar la superficie de la conca.

L’embassament d’Oliana, el panta de Rialp i el canal d’Urgell han regulat des de la seva posada
en funcionament el cabal del riu Segre, alterant el régim natural de cabals (RNC).

- Oliana: Tot i el baix grau d'embassament d’Oliana, IR= 0,1, es produeixen alteracions al
regim de cabal a escala mensual a partir del més d’abril, afectant a la variabilitat de la
distribucié mensual del cabal mig. A partir d’aquest mes, ’embassament comenca a
retenir aigua, principalment del desglag, per donar resposta a la demanda del canal
d’Urgell fins al setembre. Fet que altera minimament I'estacionalitat i la variabilitat
anual reduida per la suavitzacid dels cabals extrems. La variabilitat dels valors
habituals diaris disminueix casi un 10%, tot i la poca capacitat d’emmagatzematge
d’Oliana homogeneitzant els cabals diaris en termes generals.

- Rialb: La distribuci6 mensual de les aportacions es troba actualment modificada i
adaptada a les exigéncies de la demanda del reg. Emmagatzemant entre octubre i
maig, moment on l'alliberament d’aigua es prou gran per comengar a reduir el volum
envasat fins a finals de setembre. Mostrant una alteracid en la variabilitat mensual i
una dilatacio de I'estacionalitat, explicat per I'alt valor del grau de regulacio de Rialb,
que és d’'un IR=0,5 . Fet que incrementa la severitat de |’estiatge i suavitza la resposta
hidrologica del caracter nival de la conca alta del Segre.

- Canal d’Urgell: Les captacions d’aigua del canal d’'Urgell, sobretot entre abril i
setembre, alteren la magnitud de les crescudes habituals aigua avall de la toma del
canal d’Urgell, deixant el pas a un volum d’escorrentia inferior. Fet, que en alguns
casos, les crescudes habituals queden absorbides per la toma d’aigua, alterant
I’energia i la frequiéncia de les mateixes.

3.1.2 Regim Modificat de Cabals (RMC)

En la caracteritzacid del régim natural de cabals com a element de la dinamica fluvial
(geomorfologica en aquest cas), cal prestar una especial atencid als valors extrems de cabals
que aporten les crescudes, ja que son els episodis responsables d’activar la maquinaria erosiva
i sedimentaria de la xarxa fluvial.
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L’estacié d’aforament d’Organya, situada a I'inici del tram del mig Segre, enregistra el que
s’aproximaria més al RNC, quedant al marge de les alteracions que comportaria estar sota la
influéncia d’un cabal regulat. Aixi podem definir (veure taula 10) el valor dels parametres que
posen de manifest el potencial geomorfologic dels cabal alts que circulen pel riu.

Parametre (m’/s)
CM1.1. Cabal mig de les Crescudes Maximes anuals Q¢ 160,6
CM1.2. Cabal Bankfull (o formatiu) (Qgank) 168,1
CM1.3. Cabal mig de les Crescudes Habituals (Qusy) 75,3

Taula 10: Recull del valor de la mitja del cabal maxim circulant anual, del cabal bankfull i del cabal corresponen al
llindar inferior de les crescudes habituals de la série completa de I'estacio d’aforament d’Organya (1950-2005).

Les infraestructures de regulacié del Segre, 'embassament d’Oliana i de Rialb, guarden una
important capacitat d’afeccid sobre alguns dels elements del RNC. Els diferents index
d’alteracié aporten I'oportunitat de quantificar les noves condicions del RMC. Els resultats
corresponents a la caracteritzacié hidrologica general per a cabals maxims es presenten
sintetitzats a continuacio (taula 11) i ampliament desenvolupats a I'annex B.

Components Codi \ Indicadors Valor
IALL1. | index de les Crescudes Maximes' 0,92
Magnitud i =
g"‘ . IAL1.2. | Index del Cabal Bankfull (o formatiu)1 0,91
Frequencia -
IAL1.3. | Index de les Crescudes Habituals 1,00
index de Variabilitat de les Crescudes
IAL2.1. .. e 1 0,74
o maximes diaries anuals
Variabilitat - —
Index de Variabilitat de les Crescudes
IAL2.2. - 1 0,77
Habituals
Estacionalitat IAL2.3. | index d'estacionalitat de Crescudes 1,00
Duracié IAL2.4. | index de duracié de Crescudes’ 0,91

* Situaci6 on I'index >1, substituint el valor obtingut pel seu invers

Taula 11: indexs d’alteracié de Magnitud i Fregiiéncia (IMF), Variabilitat (IV), d’Estacionalitat (E) i Duracié (ID)
corresponents a I’'embassament d’Oliana (1958-2005).

- Oliana: El periode d’estudi per a 'embassament d’Oliana esta format per dues séries
de 40 anys de dades completes i temporalment coincidents (1958-2005) entre les
estacions d’Organya i Oliana. La taula 11, recull el global dels resultats obtinguts de
I'aplicacié dels indexs d’alteracié de Magnitud i Freqiiéncia (IMF), Variabilitat (IV),
Estacionalitat (IE) i Duracid (ID) corresponents a I'embassament d’Oliana.

S’ha analitzat la recurréncia de les crescudes per un periode de retorn de 50 anys.
Emprant la distribucio de valors extrems de Gumbel (tipus 1) ajustant els valors de Q. i
Q. en les estacions d’Organya i d’Oliana (veure figura 5) pel periode posterior a la
construccié de I'embassament. Es pot observar com amb un baix grau d'embassament
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IR d’Oliana (0,1) és suficient per distorsionar la principal font d’energia del sistema
fluvial, el Q , tendéncia no compartida per la frequiéncia esperada del Q..

1400
1200 =

1000
800 /
600 _
oo /// B A =

Cabal (m3/s)

Interval de recurréncia (anys)

Figura 5: Analisis de la freqtiéncia a partir del model de distribucié de Gumbel dels registres de Q. (linia discontinua) i
Q,; (linia continua) dels anys hidrologics 1958-59 al 2006-07 en les estacions d'Organya (linia blava) i d'Oliana (linia
vermella).

- Rialb: Treballem amb dos punts de control, I'estacié d’aforament d’Oliana i la sortida
de 'embassament de Rialb, amb séries de 8 anys de dades completes i temporalment
coincidents limitades pels anys hidrologics 2000 i 2009. La taula 12, recull el global de
resultats obtinguts de I’aplicacié dels indexs d’alteracié de Magnitud i Fregiiéncia
(IMF), Variabilitat (IV), d’Estacionalitat (IE) i Duracié (ID) corresponents al panta de
Rialb (2000-2009).

Components ‘ Codi Indicadors Valor
IAL1.1. | index de les Avingudes Maximes, 0,66
Magnitud i -
g" . IAL1.2. | index del Cabal Bankfull (o formatiu) 0,74
Frequeéncia -
IAL1.3. | Index de les Crescudes Habituals 0,94
index de Variabilitat de les Crescudes Maximes
1.1 X 0,61
Variabilitat diaries anuals
IAL2.2. | index de Variabilitat de les Crescudes Habituals 0,48
Estacionalitat IAL2.3. | index d'Estacionalitat de Crescudes 0,92
Duracié IAL2.4. | index de Duraci6 d'Avingudes 1,0

Taula 12: indexs d’alteracié de Magnitud i Freqgiiéncia (IME), Variabilitat (1V) i d’Estacionalitat (IE) i Duracié (ID)
corresponents al panta de Rialb (2000-2009).

Els index d’alteraci6 mostres la Variabilitat, la Magnitud i la Freqiiéncia com els
elements més perjudicats del régim hidrologic en la regulacié del panta de Rialb,
incidint en aquells elements més importants per al manteniment de I'estat i de la
dinamica morfologica del riu.
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En paral-lel, la corba de recurréncia dels maxims cabals diaris esperats aigua amunt i
aigua avall de la presa de Rialb, torna a reflectir una important eliminacié de la
magnitud i de la freqliencia dels maxims cabals anuals esperats. La corba mostra la
distribucié de cabals a partir del métode de distribucid de Gumbel (veure figura 6), i
son el resultat de I'alta capacitat d’alteracid de I’embassament de Rialb fruit del
notable grau d'embassament (IR = 0,5).
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Figura 6: Analisi de freqiiéncies del Q. esperats a Oliana (linia blava) i a la sortida de 'embassament de Rialb (linia
vermella).

3.13

Estat Hidrologic

Valoracio de I'estat d’alteracio hidrologica respecte RNC per I'embassament de:

Oliana

La taula 13 resumeix I'assignacio dels diferents estats o nivells hidrologics deduits dels
indexs parcials:

i = Molt
Valor Baix Moderat
sever
index de les Avingudes Maximes, 0,92
IAL1.2. | index del Cabal Bankfull (o formatiu) = 0,91
IAL1.3. | index de les Crescudes Habituals 1,00
index de Variabilitat de les
1AL2.1. % % L 0,74
Crescudes Maximes diaries anuals
index de Variabilitat de les
1AL2.2. . 0,77
Crescudes Habituals
IAL2.3. | Index d'Estacionalitat de Crescudes 1,00
IAL2.4. | Index de Duraci6 d'Avingudes 0,91 \
Taula 13: index d’alteracié hidrologica (IAL) i estats hidrologics per a 'embassament d’Oliana.
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- Rialb

La taula 14 resumeix I'assignacio dels diferents estats o nivells hidrologics deduits dels

indexs parcials:

Molt
sever

Valor Baix Moderat

index de les Avingudes Maximes,

index del Cabal Bankfull (o
IALL.2. , 0,74
formatiu)

0,66

IAL1.3. | index de les Crescudes Habituals 0,94

index de Variabilitat de les
1AL2.1. . . 0,61
Crescudes Maximes diaries anuals

index de Variabilitat de les
1AL2.2. i 0,48
Crescudes Habituals

IAL2.3. | Index d'Estacionalitat de Crescudes | 0,92
IAL2.4. | index de Duracié d'Avingudes 1,00

Taula 14: index d’alteracié hidrologica (IAL) i estats hidroldgics per a 'embassament de Rialb.

La figura 7 i 8 recullen els detalls de I'alteracié del subrégim de cabals de baixa freqiiéncia (de
crescuda) especificada a les taules 13 i 14, on cada index d’alteracio representat es troba
identificat per un codi a les taules. En un primer examen visual, es pot apreciar que la
pertorbacio de la presa de Rialb és major i esta en consonancia amb el valor superior d’IR.

w—=Reg. Natural == Rég. Alterat = Reg. Natural e=Reg. Alterat

Figura 7: Detall dels index de cabals maxims Figura 8: Detall dels index de cabals maxims
corresponents a la caracteritzacio de [I'alteracio de corresponents a la caracteritzacio de [I'alteracio de
I’embassament d’Oliana. I’embassament de Rialb.
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| ESTAT HIDROLOGIC, index Alteracié Global dels valors Extrems de Crescuda (IALG)

Embassament

BAIX MODERAT | IMPORTANT SEVERT MOLT SEVER
‘ 0,64<1AG<1 | 0,36<IAG=0,64 = 0,16<IAG<0,36 ‘ 0,04<IAG<0,16 0<1AG=0,04

Taula 15: Codi de colors i valors corresponents als indexs d'alteracié global (IALG) per als diferents estats hidrologics.

OLIANA
RIALB

Els resultats obtinguts conclouen que els components, funcions i processos de geomorfologia
fluvial vinculats al subrégim de cabals extrems (crescudes) no es veuran sensiblement afectats
per I'embassament d’Oliana (estat BAIX tocant a MODERAT, mirar taula 15) com a
consequeéncia de la seva construccid i/o gestio. Per interpretar aquest resultat cal tenir present
que el grau d’emmagatzematge (IR=0,1) és molt petit.

El valor final sobre crescudes conclou en el seu index Alteracié Global de Crescudes obtingut
per I'embassament de Rialb (IALG = 0,48, mirar taula 15) correspon a un estat MODERAT. Estat
explicat pel grau d’emmagatzematge (IR=0,5) que és d’una meitat de les aportacions anuals de
la conca vessant aigua amunt. Cal tenir present que I'avaluacié de I'Impacte del panta de Rialb
s’ha executat amb només 8 anys de séries completes i disponibles de dades. S’aconsella repetir
I’analisi amb la incorporacio dels nous registres.

3.2 Caracteritzacio d’Hidrogrames de Crescuda

Les crescudes comporten un augment de la velocitat i de la seccio mullada, fet que incrementa
la tensid de tall sobre la llera i, per tant, la intensitat de I'accié erosiva de 'aigua. Moltes
vegades comporten canvis en la morfologia general del llit per I'abandonament del canal
funcional en favor d'altres zones més deprimides o de menor recorregut.

La taula 16 recull els valors del llindar que limiten el maxim i minim per a la seleccié dels
hidrogrames d’analisi de crescudes:

- Esconsidera que les crescudes ordinaries, tant aigiies amunt i avall de ’embassament
d’Oliana i de Rialb, son aquelles amb cabals superiors als 75,3 m*/s i inferiors als 168
m?/s al seu pas per a I'estacié d’Organya.

- Lescrescudes extraordinaries, tan aiglies amunt i avall de I’embassament d’Oliana i de
Rialb, superen els 168 m*/s al seu pas per a I'estacié d’Organya.

Estacio d’Organya
7 Conca Vessant (k) l 2384,0 |
Ne d'anys série 51,0
Qsy (m*/s) 75,3
Qgank (M’/5) 168,1

Taula 16: Valors llindar que limiten el maxim i minim per a la seleccié dels hidrogrames d’analisi de
crescudes.
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S’han analitzat 10 crescudes ordinaries i 7 d’extraordinaries entre els anys 1982 i 2010. De les
17 crescudes, solament se’n han donat 5 d’ordinaries i 3 d’extraordinaries després de la
posada en funcionament del registre quinceminutal de la sortida de la presa de Rialb.

A grans trets, es pot considerar que les crescudes ordinaries es donen principalment a la
primavera durant el procés de desgel i en alguns casos a la tardor i a I’hivern. Actualment, la
gestié de I'embassament de Rialb ha incorporat crescudes ordinaries a ple estiu degut a
I'alliberament de cabal per necessitats amb el reg, assolint a ple mes d’agost cabals de 80 m?/s.

Les crescudes extraordinaries amb cabals superiors als 168 m?®/s s’han enregistrat
principalment a la tardor i a la primavera; cal recordar que les crescudes a la conca del Segre
amb major magnitud del segle XX van ocdrrer a la tardor dels anys 1907, 1937 i 1982.

El régim nivo-pluvial de la conca mitja i alta del Segre fan que les crescudes es produeixin per
un episodi de pluges sobre el Pirineu que pot durar diversos dies, per I'augment dels cabals
d’origen nival en moment de desgel o per una suma de tots dos fenomens.

3.2.1 Crescudes Ordinaries
- Oliana

Oliana és un embassament relativament petit (IR=0,1), fet que altera poc els cabals
extraordinaris pero si els ordinaris, sobretot a la tardor i al principi de la primavera
quan es troba més buit.

S’han identificat diferents patrons d’alteracid en els hidrogrames sortints:

a. Laminacio total: A la figura 9, es pot observar, com I'embassament d’Oliana ha
laminat totalment la crescuda enregistrada a l'estacié d’Organya, fet que
elimina la dinamica hidrosedimentaria aigua avall d’Oliana.

140
120
— 100
")
2 \
£ 80
§ [A \ \\\
©
i » )J N\‘-‘\v—m"\
20 e = ==
0
12/09/1999 16/09/1999 20/09/1999 24/09/1999 28/09/1999

Figura 9: Crescuda ordinaria laminada a I'embassament d’Oliana i enregistrada a les estacions d’aforament
d’Organya (linia blava) i d’Oliana (linia vermella) durant la segona quinzena de setembre de 1999.
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b. Laminacié parcial: Si esta ple 'embassament lamina nomes parcialment
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Cabal (m3/s)
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0

(figura 10) les crescudes ordinaries. Aquest cas es pot observar que
I’hidrograma corresponent a |'estacio d’Oliana, que dibuixa un patrdé que es
repeteix sovint tant a la tardor, com a I'hivern i a l'inici de la primavera quant
encara no ha comengat I'época de reg. En general, I’evolucié de la corba
d’ascens fins arribar al cabal pic té un pendent totalment vertical fins arribar al
maxim i aquest es manté amb valor constant durant un cert temps. Finalment,
el patrd descriu una corba de descens esglaonada amb multiples davallades
brusques i sobtades on s’elimina la suavitat i la continuitat d’'una corba de
recessio natural.

it

M L\

P e, e T

16/10/2003 20/10/2003 24/10/2003 28/10/2003 01/11/2003 05/11/2003

Figura 10: Crescuda ordinaria laminada parcialment a I'embassament d’Oliana i enregistrada a les estacions

d’aforament d’Organya (linia blava) i d’Oliana (linia vermella) durant la segona quinzena d’octubre i primera de

novembre de 2003.

c.

Propagacio continua: En Aquest cas la crescuda es propaga aigiies avall amb
un endarreriment temporal respecte I’hidrograma entrant. La baixa magnitud
de l'esdeveniment permet un retard de I'hidrograma sortint degut a que
I’embassament no esta ple i encara té capacitat d’emmagatzematge disponible
(veure figura 11). L'embassament endarrereix la resposta del sistema aiglies
avall i modifica parcialment els hidrogrames, reduint la diferéncia entre els
valors maxims i minims ja que el pendent de les corbes de recensid és més
suau. Aquest fet suavitza el canvi a cada nova pulsacid i també elimina les
fluctuacions entre el dia i la nit tipiques d’un régim pluvio-nival.
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Figura 11: Crescuda ordinaria enregistrada a les estacions d’aforament d’Organya (linia blava) i d’Oliana (linia
vermella) durant el novembre i desembre del 2003.

d. Propagacié continua 2: En aquest cas el riu rep aportacions del desgel, les
quals van augmentant progressivament dia a dia (veure figura 12).
L’embassament ja es troba quasi a la seva maxima capacitat i no té cap altre
possibilitat que obrir comportes i deixar passar I'aigua avall, fenomen que es
repeteix usualment a mitjans de maig. L'hidrograma de sortida repeteix el
patrd morfologic descrit anteriorment a (b) laminacié parcial. L'embassament
intenta mantenir els maxims d’aigua per a tenir-los apunt per a l'inici de la
campanya de reg.
140
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Figura 12: Crescuda ordinaria enregistrada a les estacions d’aforament d’Organya (linia blava) i d’Oliana (linia
vermella) durant la primavera del 2003.

e.

Campanya de Reg: L'embassament inicia la campanya de reg a mitjans de
primavera intentant retenir la maxima quantitat de recursos possibles. En la
figura 13 es pot observar com el volum que reté I'embassament augmenta
paulatinament durant un tram de la campanya de reg, passant del 84% al 13
de maig al 100% a 11 de juny. Aportacions originaries principalment de les
contribucions de la fusid nival. Fet que comporta cabals molt baixos aigiies
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100

avall de I’embassament d’Oliana. Al mateix temps, els recursos sortints
dibuixen unes continues fluctuacions de cabal que donen resposta a les
necessitats hidriques del regadiu. Aquestes fluctuacions eliminen la possibilitat
d’assolir magnituds de cabals capagos d’activar el transport de sediments en
trams aigles avall. L’hidrograma es caracteritza per seguir una distribucio
temporal de dents de serra amb cicles generalment inferiors a 24 hores.
Aquesta gest modifica la dinamica natural hidrosedimentaria del riu, impedint
tan la mobilitzacid del llit en época d’aigiies altes, com |'"aportacié d’energia
necessaria pel funcionament de I'ecosistema fluvial i la connectivitat amb els
marges i les zones adjacents.
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Figura 13: Crescuda ordinaria enregistrada a les estacions d’aforament d’Organya (linia blava) i d’Oliana (linia

vermella) durant la primavera del 2004.

- Olianai

Rialb

L’embassament de Rialb es comenca a omplir el 1999 i fou inaugurat I'any 2000. Com

ja s’ha comentat anteriorment 'embassament té una capacitat de 402,8 hectometres

cubics, és a dir, quatre vegades el d'Oliana.

Des de que es va inaugurar al 1999, I'embassament de Rialb no s'havia pogut omplir

mai del

tot fins al 2010, fet que ha influenciat enormement sobre la gestid (i.e.

capacitat de regulacid) durant la seva primera década de funcionament. En aquest

segon p
pasens

S’hanid

eriode s’ha analitzat la resposta hidrologica de les crescuda ordinaries al seu
éries pels embassaments d’Oliana i Rialb.

entificat diferents patrons d’alteracié dels hidrogrames:

Laminacio total: A la figura 14 es pot observar com I'embassament d’Oliana ha
laminat totalment la crescuda enregistrada a I'estacié d’Organya. Aigua avall,
tampoc es percep cap variacid en el cabal de sortida de 'embassament de
Rialb, el qual desembassa un volum de cabal baix. Aquesta tipus d’alteracid
s’ha observat en altres hidrogrames enregistrats a Rialb en diferents estacions
de I'any, com a I’abril del 2007 i al maig del 2009 on el cabal de sortida no va
ser tan baix com els anteriors.
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Figura 14: Crescuda ordinaria enregistrada a les estacions d’aforament d’Organya (linia blava) i d’Oliana (linia
vermella) i a la sortida de 'embassament de Rialb (linia verda) durant el desembre del 2009.
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Posada en Carrega: A I'abril del 2010 es va donar inici al desembassament
controlat d’aproximadament 123 hm?, amb cabals mitjos de 80 m®/s i amb un
cabal punta superior als de 165 m3/s, magnitud normal en época de pluges i
desglag primaveral (mirar figura 15); es tracta d’un hidrograma totalment
inusual, ja que correspon al pla d'ompliment de Rialb per tal de traspassar-lo a
la situacid d’explotacid ordinaria. Tot i ser inusual, I’hidrograma enregistrat
correspon a la tercera crescuda més gran enregistrada a la sortida de
I’embassament de Rialb, des de la seva posada en funcionament.
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Figura 15: Crescuda ordinaria enregistrada a les estacions d’aforament d’Organya (linia blava) i d’Oliana (linia
vermella) i a la sortida de I'embassament de Rialb (linia verda) durant I'abril i el maig del 2010. Hidrograma
corresponent al pla d'ompliment de Rialb (a la fase de posada en carrega).

b. Propagacié continua 2: En ple mes de juny, 'embassament d’Oliana esta ple i

sense capacitat de laminar ni emmagatzemar noves aportacions que deixa
passar aigua avall; tot i aixi, deixa una empremta en la forma de I’hidrograma.
Aquest que perd sinuositat, sobretot en la corba de descens, repetint el patrd
esglaonat i brusc descrit anteriorment. L’embassament de Rialb fusiona les
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dues crescudes, simplificant la morfologia dels hidrogrames i la magnitud del
cabal pic. L’alt grau d’emmagatzematge i la grandaria de I'embassament li
donen a Rialb prou capacitat de laminacié encara que estigui ple (mirar la
figura 16).
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Figura 16: Crescuda ordinaria enregistrada a les estacions d’aforament d’Organya (linia blava) i d’Oliana (linia
vermella) i a la sortida de I'embassament de Rialb (linia verda) durant el juny del 2010.

c. Campanya de Reg: L'embassament, durant els anys en els quals s'ha
desenvolupat la seva posada en carrega ja ha servit de suport per I'activitat
agricola de regadiu. Actualment no es pot descriure el régim de cabals aigua
avall de Rialb fins a la posada en funcionament del canal Segarra-Garrigues.
Tot hi aixo, durant la campanya de reg del 2010, es va enregistrar una crescuda
ordinaria a l'agost, creant un nou patré hidrologic on el cabal es va
incrementar fins a magnituds de 80 m®/s aigua avall de Rialb (figura 17).
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Figura 17: Crescuda ordinaria enregistrada a I'estacié d’Oliana (linia vermella) i a la sortida de I'embassament de
Rialb (linia verda) durant I'agost del 2010.
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3.2.2 Crescudes Extraordinaries

Les crescudes extraordinaries comportem alta quantitat d’energia i el subministrament massiu
de carrega sedimentaria al sistema. Per aquest motiu la seva analisi es fonamental per a
I’estudi de la dinamica hidrosedimentaria de qualsevol riu, en aquest cas el tram mig del riu
Segre. Anteriorment, s’ha definit el llindar a partir del qual considerem en aquest estudi, quant
una crescuda és de caracter extraordinari.

Les crescudes extraordinaries es donen sobretot a la tardor i a la primavera, podent enregistrar
magnituds instantanies de cabal a I'entrada d’Oliana superiors als 1500 m3/s com en I'any 1982
amb un maxim de 1885 m’/s. Oliana, amb una baixa capacitat d’emmagatzematge, té una
capacitat de laminacid limitada tot i que a la tardor aquesta es veu engrandida perqué les
reserves son menors i I'embassament esta més buit. En canvi, 'embassament de Rialb, (402,8
hm?), aporta al sistema una alta capacitat de retencié d’aigua fet que permet reduir la
freqliéncia i la magnitud de les crescudes extraordinaries. Fet que causa una alteracié notable
al subrégim de cabals maxims. En general, trobem la seglient resposta hidraulica enfront a les
crescudes extraordinaries al seu pas pels embassaments d’Oliana i Rialb:

- Oliana

a. Tardor: L’hidrograma d’entrada de I'embassament d’Oliana acostuma a patir
una laminacid que posposa la seva propagacio i en redueix la magnitud, tot i
que el volum desembassat no difereix gaire del qué ha entrat (i.e. figura 18).
L’hidrograma de sortida mostra un pendent de la corba d’ascens menor al
d’aigua amunt, sempre i quan la magnitud del cabal pic de sortida no difereixi
gaire del registrat a I'entrada de I'’embassament. En general, tornem a trobar
un cabal maxim més atenuat i durador, donant una geometria rectangular. La
corba de recessio varia forca d’un cas a altre i depén de I'estratégia seguida,
les maniobres de desembassament acostumen a esglaonar la geometria de
I’hidrograma.
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Figura 18: Crescuda extraordinaria enregistrada a les estacions d’aforament d’Organya (linia blava) i d’Oliana (linia
vermella) durant el desembre del 1997.
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L’any 1982 es va produir la crescuda més important de la segona meitat del
segle XX a la conca del Segre. La crescuda va tenir un cabal pic a I’entrada de
I’embassament d’Oliana superior als 1800 m3/s (figura 19). L’embassament
d’Oliana, amb una disposicié volumétrica inicial per laminar 30 hm? dels 176
hm? que portava, solament va tenir capacitat per a retardar la propagacié de
I’hidrograma dues hores i reduir el cabal pic un 10%. Lalteracid de
I’hidrograma exercit per un embassament petit sobre una crescuda d’aquestes
caracteristiques es pot considerar insignificant. En aquest cas, 'embassament
no va poder canviar el patré de I'hidrograma de sortida.
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Figura 19: Crescuda extraordinaria enregistrada a I'entrada (linia blava) i sortida (linia vermella) de 'embassament
d’Organya entre els dies 7 i 9 de novembre de 1982.

b. Primavera: Aquesta estacié acostuma a presentar les crescudes ordinaries
anuals originaries del desgel i de les pluges primaverals. Aquests fenomens, si
es produeixen conjuntament poden desencadenar crescudes importants que
generalment troben I'embassament d’Oliana sense capacitat de laminacio.
Aquesta situacid6 ha permés la propagacid aigua avall de crescudes amb
magnituds superiors a les enregistrades a Organya. En altres situacions, per
motius de seguretat, s’han incrementat els cabals de sortida per tal de buidar
I’'embassament i alleugerir la capacitat d’emmagatzematge. La figura 21 ens
presenta un cas on I'embassament d’Oliana va haver de rebaixar el seu nivell
de reserves (89 hm® a 85 hm?®) per poder donar entrada a una crescuda amb
un cabal mig diari de 317 m®/s. En tot moment s’intenta mantenir el nivell de
reserves per sota dels 88 hm? durant els segiients dies fins que les aportacions
van minvar, permetent assolir el maxim d’emmagatzematge al final de
I’episodi.
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- Oliana-Rialb

L’embassament de Rialb es comporta diferent si I’any és humit o sec. La figura 20 recull la
crescuda posterior a la que va donar fi a la sequera recent (2007-2008). La necessitat urgent de
recursos va fer que es lamines al maxim I’hidrograma d’entrada a Oliana. Rialb, seguidament,
elimind en la seva totalitat la crescuda produida aiglies amunt. Com ja s’ha comentat
anteriorment, la tardor, més propensa a tenir un nombre important de crescudes
extraordinaries, facilita laminacions superiors a I'haver-se buidat els embassaments a finals de
I’estiu. Per primer cop, es pot observar l'alta capacitat de laminacié que dona el fet de tenir
dos embassaments construits en série en tan poc recorregut del riu Segre.
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Figura 20: Crescuda extraordinaria enregistrada a les estacions d’aforament d’Organya (linia blava) i d’Oliana (linia
vermella) i a la sortida de 'embassament de Rialb (linia verda) durant el novembre del 2008.

En crescudes de baixa freqiéncia com la del figura 21, amb una magnitud del cabal pic de 656
m?/s a I'estacié d’Oliana, el panta de Rialb paralitza i reté la gran energia que comporta.
Reduint a un terg el seu potencial geodinamic i deixant la corba del descens de I’hidrograma
amb una geometria novament esglaonada. Aigua avall, a la sortida de I'embassament de Rialb,
per primer cop es produeix una crescuda d’origen natural pero alterada. L’hidrograma
resultant descriu un patrd de baixa energia amb implicacions morfosedimentaries (i.e. poca
activitat a la llera), ja que la corba d’ascens resultant és suau. Posteriorment el cabal pic es
manté i acaba formant una nova corba de descens esglaonada i molt duradora.

Aquest patré dona claus per a fer el diagnostic de la nova situacié hidrologica que comporta la
construccié del panta de Rialb en relacid a la dinamica sedimentaria actual del riu i les
possibles vies alternatives de gestié. Ens trobem en un nou escenari on la gestio de
I'embassament de Rialb sera crucial per no eliminar completament la dinamica
hidrosedimentaria del tram mig del Segre.
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Figura 21: Crescuda extraordinaria enregistrada a les estacions d’aforament d’Organya (linia blava) i d’Oliana (linia
vermella) i a la sortida de 'embassament de Rialb (linia verda) durant el maig i juny del 2008.

L’estat hidrologic del mig Segre es troba alterat des de finals dels anys 1950, resultant
sensiblement afectada la magnitud, la freqéncia i la variabilitat del seu Regim Natural de
Cabals (RNC).

La metodologia exposada en aquest punt permet caracteritzar quantitativament la magnitud,
la freqiéncia, la variabilitat i la duracid del regim hidrologic d’un riu tan aiglies amunt com
aiglies avall d’un embassament. La quantificacié d’aquests aspectes és utilitzada per avaluar la
modificacid hidrologica originada en els cabals circulants respecte a la situacid natural a través
dels index d’Alteracié Hidrologica, fent un especial émfasi en els episodis extraordinaris.

L’estat hidrologic resultant propicia una alteracio MODERADA, obtenint un estat més critic si
s’avalués els dos embassaments com un de sol. L’evolucio de la morfologia del riu demostra
una notable disminucio de la llera activa que no es pot explicar Gnicament amb la pérdua de
la magnitud i la freqiéncia de les crescudes, evidenciant en altres agents antropics
responsabilitats en la contraccid de la llera. La disminucié en la disponibilitat de material
granular, tan per I'extraccié d’arids com per la captacié de sediments en els embassaments,
acaba d’explicar I'evolucié morfologica del mig Segre.
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3.3 Evolucié Morfologica del Tram Mig del Segre

L’estudi de I'evolucié morfologica del mig Segre es basa en la comparacid de la cartografia
obtinguda a partir de les fotografia aéries i seguint els métodes descrits anteriorment. La
seccio analitzada correspon al tram fluvial entre 'embassament de Rialb i la Confluéncia amb
la Noguera Pallaresa (figura 4). L'analisi morfologic inclou la identificacid i cartografia de 9
tipologies morfologiques (taula 8) per a cada periode d’analisis (taula 9). Es parteix de la
cartografia obtinguda en base a al fotografia del vol america (1956-57) per a la identificacié i
seguiment d’aquestes unitats. La fotografia d’aquest periode es considera de referéncia degut
a que en aquest periode hi ha minims impactes antropics sobre la dinamica morfologica i
sedimentaria. L’area d’analisis (superficie incloent tot el conjunt de tipologies d’estudi) en
aquest periode (1956-57) correspon a la superficie en la que l'evolucié de les unitats
morfologiques per a la resta de periodes es realitza. O sigui, imaginant i simplificant 'area
activa de l'any 1956 com un rectangle de x-y metres, la identificacid de les unitats
morfologiques per a cada periode i es realitza dintre d’aquest marc d’estudi x-y. L’estudi
evolutiu finalitza I'any 2008. Els principals impactes antropics durant el conjunt (1956-2008)
del periode d’analisis son: i) les extraccions d’arids i ii) la construccid dels embassaments
d’Oliana (any 1958) i Rialb (any 1998). La magnitud i freqiiéncia de les extraccions d’arids, els
efectes que se’n deriven i aquells relacionats amb els embassaments s’analitzen de manera
especifica al llarg d’aquest document.

La figura 22 presenta I'evolucié cartografica obtinguda en un tram comprés entre la font de
Sant Julia (a 2 km aigiies amunt d’Alos de Balaguer) i el Barranc dels Codonys (a 800 metres
aigiies amunt d’Alos de Balaguer); tram ubicat just 32,5 km aiglies avall de la presa de Rialb
(figura 4). Les fotografies aéries pel mateix tram es mostren a la figura 23. L’evolucié d’aquest
tram és un clar exemple de la dinamica observada en el conjunt de I’area d’estudi i per aquest
motiu es considera representatiu per il-lustrar el treball. Es presenta la cartografia de la resta
del tram d’estudi en I'annex C.

L’any 1956 es parteix d’un situacid d’inestabilitat en la que els diposits sedimentaris son actius.
La mobilitat dels sediments es relativament freqiient, el que limita i condiciona la preséncia de
vegetacio en les barres. La freqiiéncia i magnitud de les crescudes durant aquest periode es
suficient per re-mobilitzar els sediments amb certa regularitat. El patré de la llera i les
caracteristiques sedimentaries evolucionen i canvien en relacio a la magnitud de les crescudes,
el subministrament de sediments i la propia estructura morfo-sedimentaria de partida. Els
diposits sedimentaris actius es redueixen notablement 'any 1975, mentre que la preséncia de
la vegetacio augmenta. Aquesta situacio esta atribuida a un nou estat hidro-sedimentari, més
estable i en el que la mobilitat s’ha reduit substancialment degut a la reduccio de la frequéncia
i magnitud de les riuades atribuida a la regulacié de la conca (veure seccié d’hidrologia i
crescudes d’aquest document). La riuada del novembre del 1982 (la més important des de
I’any 1937) genera una nova situacié morfo-sedimentaria degut a la seva elevada competéncia
(e.g. riuada caracteritzada amb un periode de retorn superior als 175 anys, segons CEDEX,
2011). El resultat d’aquesta riuada son fortes inundacions i desperfectes (Puigdefabregat,
1983). La magnitud d’aquest esdeveniment va provocar molts canvis en el patrd y la forma de
lallera, a I'igual que en el nombre i extensio de les unitat morfologiques actives (figura 22 i 23).
De la mateixa manera, s’observa una clara reduccié de la vegetacid. El sistema es re-activa, tot
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i que a partir d’aquest periode comenga una nova etapa d’estabilitat que estara afectada per
les extraccions d’arids i per la construccié d’una nova presa, I'embassament de Rialb (1998).
Aquestes alteracions estan analitzades en aquest document i permeten una millora en la
diagnosis de I'estat hidro-sedimentari del mig Segre i en la proposta de mesures de millor

geomorfologica. A partir d’aquest periode, a nivell morfologic, s'observa una clara reduccié de
I’'amplada activa de la llera amb una relacio directa amb la intrusié de la vegetacio de ribera (i
conreus). La complexitat morfologica i sedimentaria es redueix a l'igual que la seva dinamica
(figura 22 i 23).

EXTENSIO EN PLANTA (km?)
NOMENCLATURA 1
1975 ||| 1982 | | | 1992 1999 | |
AB Aiglies_Baixes 1,02 1,52 1,82 1,46 1,34 1,21
BCA | Barra Central Activa 0,14 0,05 0,19 0,02 0,01 0,01
BCV | Barra Central Vegetada 0,01 0,00 0,00 0,01 0,00 0,06
BLA | Barra Lateral Activa 2,26 0,91 0,00 0,64 0,71 0,26
(ZAS) | Zona Activa Sedimentaria 0,00 0,00 4,04 0,00 0,00 0,00
MAXI | Max. Superficie Inundada 1982 0,00 0,00 9,68 0,00 0,00 0,00
LLA | Llera_Activa' 3,41 2,48 6,05 2,12 2,06 1,48
CON | Conreus® 0,00 0,58 0,11 1,95 2,12 2,45
VEG | Vegetacio Ribera® 2,26 2,68 0,98 3,03 2,99 3,21

‘la superficie d’analisis inclou la Llera Activa i I’ocupada per les tipologies Vegetacio de Ribera i Conreus.

Taula 17. Evolucié temporal de I'extensio superficial de les unitats sedimentaries i morfologiques del tram mig del
Segre entre els anys 1956 i 2008.

La cartografia de les diferents tipologies morfologiques permet realitzar un estudi comparatiu
de la superficie associada a cadascuna d’aquestes unitats. La taula 17 conté I'evolucié de la
superficie de les diferents unitats expressada en quilometres quadrats (km? on 1 km?= 10° m?
o 100 ha), mentre que en la taula 18 es presenten els canvis percentuals entre els diferents
periodes analitzats. La figura 24 presenta I'evolucié d’algunes de les unitats morfologiques (i.e.
amplada activa, superficie vegetada i de conreus) amb relacié a la magnitud de les crescudes
registrades entre els periodes d’analisis. Aquest analisis dona certa idea de la competeéncia de
les crescudes registrades entre periodes d’analisis i ajuda a interpretar 'evolucio d’algunes de
les unitats morfologiques objecte d’estudi. L’area especifica d’estudi (i.e. area activa d’analisis
incloent tot el conjunt de tipologies d’estudi) cartografiada en base a la fotografia del 1956 es
de 5,7 quilometres quadrats. Els nombrosos canvis morfologics associats a la riuada del 1982
generen un increment de I'area activa, situant-se al voltant dels 7 quilometres quadrats. De
manera especifica, es destaquen els seglients trets més significatius:

a. Exceptuant la situacid observada després de la riuada de 1982, els valors obtinguts per
a I'any 1956 mostren un clar domini de les zones actives (barres) respecte les zones
estables (barres amb vegetacid). La riuada del 1982 va inundar un total de 9,7 km?; fet
que mostra l'alta activitat associada a aquest episodi. Com a resultat s’augmenta
considerablement la llera activa al igual que apareixen zones actives sedimentaries en
arees de plana d’inundacio (veure tipologies a la taula 8). A partir d’aquest periode hi
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ha un clar increment de les superficies de conreus i les ocupades per la vegetacio (i.e.
zones estables). Entre els canvis s’hi destaquen (i) el canvi de la superficie ocupada per
la vegetacid entre el 1982 i 1992 (amb 10 anys es triplica; d’1 a 3 km?); i (ii) la dinamica
de mobilitat (inestabilitat) observada entre el 1992 i 1999 basicament associada al
regim de crescudes dels anys 1994-1995 i 1995-1996 (es registren crescudes de
periodes de retorn de 10 anys, figura 24); aquesta dinamica es tradueix en un
increment de les barres actives (10%) i una reduccio de la vegetacio (-1%).

La superficie de la llera associada al canal d’aigiies baixes a I’any 1956 presenta el valor
mes baix observat. Aquest fet es deu a |'aparicid de multiples canals que bifurquen el
flux i redueixen I'entitat del canal principal. Pel contrari, posteriorment, es veu un clar
augment de la superficie associada a aquesta tipologia fins arribar a un valor de 1,2
km?, un augment del 19% sobre la superficie obtinguda al 1956.
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Figura 22. Cartografia de I'evolucio morfologica del riu Segre al paratge de Sant Julia, municipi d'Alos de Balaguer
(32,5 km aigties avall de la presa de Rialb), referent a les fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d)
1992 i del (e) 1999, i dels ortofotomapes del (f) 2008. Entre la imatge del (a) 1956 i del b) 2008 s'observa una
pérdua important d'arees sedimentaries actives (i.e. barres) i una reduccié de la superficie activa de la llera a causa
de la intrusi6 de la vegetacio de ribera. La direccio del flux va de sud-est a nord-oest de les imatges.
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Figura 23. Fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i I'ortofotomapa del (f)
2008. Aquestes imatges testimonien la dinamica morfo-sedimentaria dels ultims 50 anys del riu Segre en el paratge
de Sant Julia, municipi d'Alos de Balaguer (32,5 km aiglies avall de la presa de Rialb. Entre les imatges del (a) 1956 i
del b) 2008 s'observa una pérdua important d'arees sedimentaries actives (i.e. barres) i una reduccio de la superficie
activa de la llera a causa de la intrusio de la vegetacio de ribera. La direccié del flux va de sud-est a nord-oest de les
imatges.
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ISegons la publicacié “Mapa de Caudales Mdximos” (CEDEX, 2011) el periode de retorn és de 179 anys.

Figura 24. Evolucio cronologica de I'amplada activa de la llera, la superficie vegetada (vegetacio de ribera i barres
centrals Vegetades) i dels conreus en relacié al cabal maxim anual instantani entre cada periode d’analisis del tram
del Segre mig. La freqieéncia (Tr) i la magnitud del cabal maxim instantani anual dona una idea de la competéncia
dels cabals entre cada interval d’estudi (font de la recurréncia de cabals: Institut Cartografic de Catalunya, 2010).

NOMENCLATURA

1956 1956-75 1975-82 1982-92  1992-99 1999-08 1956-08

(km’) % A

Aiglies Baixes 1,02 53 20 -20 -8 -10 19
Barra Lateral Activa 2,26 ‘ -61 343 -84 10 -63 -88
Barra Central Activa 0,14 -62 258 -88 -58 -48 -96
Barra Central Vegetada 0,01 -63 -11 279 -89 3361 385
Llera Activa 341 | -27 144 -65 -3 -28 -57
Conreus 0,00 0 -81 1674 9 16 -

Vegetacio 226 19 -63 209 1 7 &

Taula 18. Percentatges de variacio areal entre vols consecutius per a les diferents unitats cartografiades (entre el
1956 i el 2008).

La relacio entre la superficie associada a la llera activa i al canal d’aiglies baixes permet
avaluar el grau de llibertat que el riu disposa per modificar el seu curs en periodes
d’elevada energia (competéncia). Fent un quocient entre ambdds (taula 19) s’obté un
valor adimensional; Iindex de mobilitat potencial de la llera. Aquest index sera
proxim a 1 quan el canal d’aiglies baixes ocupa la majoria de la zona activa; situacid
associada a trams on el canal té molta capacitat de drenatge o en zones on les
crescudes son relativament de baixa magnitud i no necessiten desbordar per a la
transferéncia aigiies avall dels cabals associats. Els valors son superiors a 1 en aquells
trams en els que el riu canvia de patrd de drenatge en certa freqiiéncia, associat a
desbordaments freqlients relacionats amb I'alta magnitud dels esdeveniments i la
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poca complexitat topografica de la llera (menys capacitat de drenatge i mes mobilitat
potencial). La mobilitat potencial de la llera del mig del Segre per a la situacio de
referéncia (1956), mostra com tan sols 1/3 de la superficie activa estava ocupada pel
canal d’aigties baixes. L’estabilitzacié morfo-sedimentaria (atribuida a la reduccié de la
freqiiéncia i magnitud de les crescudes —embassaments- i a la reduccio de la
disponibilitat de sediments —extraccions arids-) genera una reduccié d’aquest
quocient a valors molt proxims a 1; practicament la totalitat de la superficie activa esta
ocupada pel canal d’aiglies baixes. Virtualment totes les riuades alliberades per les
preses poden ser transferides aigiies avall inundant (activant) una area o superficie
minima. La majoria dels processos ocorreran en la propia llera. Per conseqient, la
dinamica associada a 'acuirassament/incisio del canal principal sera clau per a I'estudi
dels efectes morfosedimentaris del regim actual de crescudes. Pel contrari, en
situacions extremes (i.e. 1982), I’alta magnitud dels episodis fa que s’inundi tota I'area
activa de I'any 1956 (Figura 24). El resultat es un reinici del sistema amb unes noves
condicions morfologiques i sedimentaries que seran modificades en base al regim
posterior de crescudes i al déficit de sediments. L’/ndex de mobilitat potencial de la
llera es redueix fins arribar a un valor d’1,2 I'any 2008, fet que mostra el poc marge de
mobilitat de la llera, indicant la forta estabilitat del sistema i el control dels processos
per aquelles arees mes estables com ho son els camps de conreu i les ocupades per la
vegetacio.

[ wol | Amplada llera activa Amplada aigiies baixes
Lol  (AB)  LA/AB

1956 85,3 25,4 3,36
1975 62,1 38,0 1,63
1982 151,2 45,6 3,321
1992 53,0 36,4 1,46
1999 51,4 33,5 1,54
2008 36,9 30,3 1,22

! Aquets index podria estar influenciat per les condicions de cabal en el moment que es
va adquirir la fotografia.

Taula 19. Recull de I'amplada mitja de la llera activa, de I'amplada mitja de del canal d’aigiies baixes i de la relacio
que hi ha entre elles.

L’evolucid 1956-2008 mostra una clara reduccid de totes les tipologies de barres actives
(figures 21 i 22). Amb el temps les barres s’han anat vegetant i han quedat aillades de la
dinamica morfosedimentaria contemporania. La cartografia de I'any 2008 presenta I'extensio
més petita de barres actives (sense preséncies de vegetacid) de tots els periodes analitzats
(taules 18i 19, figura 23).

L’analisi de la dinamica morfologica del tram del mig Segre mostra com la inestabilitat de la
llera observada I’any 1956 (i.e. presencia d’estructures sedimentaries actives, e.g. barres
obertes) es redueix com a conseqiiencia de I'increment dels impactes antropics. Les situacions
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d’inestabilitat estan associades a una alta mobilitat de la llera, mentre que a mesura que la
dinamica morfo-sedimentaria es redueix, disminueix la mobilitat de la llera i la intrusid de la
vegetacio de ribera fa que el canal d’aiglies baixes tendeixi a ocupar practicament la totalitat
de la llera activa. Tot i que la interaccid entre dinamica morfologica i els impactes s’analitza de
manera especifica en la seccio de diagnosis, I'alteracio del regim de crescudes, la retencié de
sediments per part dels embassaments, i I'extraccio d’arids de la llera son elements
fonamentals per entendre I'augment de [|’estabilitat morfologica que s’observa en les
fotografies més proximes a l'actualitat (e.g. increment de les zones vegetades, reduccio
amplada activa de la llera, i.e. desequilibri sedimentari). En situacions de desequilibri
sedimentari, tan sols la presencia d’esdeveniments extrems com el cas de la riuada de I'any
1982 generen una nova situacio de certa inestabilitat, amb un augment considerable de la
llera activa i d’unitats sedimentaries associades. Aquestes unitats son posteriorment
modificades i estabilitzades per la vegetacio i per 'accid antropica, assolint parametres
d’estabilitat similars als d’abans de I'esdeveniment extrem amb certa rapidesa (< 10 anys).
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ANNEX A. ESQUEMES METODOLOGICS

Caracteritzacio Hidrologica i de Crescudes
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Figura A. 1. Esquema metodologic per a la
caracteritzacio hidrologica i de crescudes
de trams fluvial afectats per
embassaments.
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Caracteritzacio Morfologica

EVOLUCIO MORFOLOGICA A PARTIR DE LA FOTOGRAFIA AERIA
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ANNEX B. Valors Habituals (Resultats)

Régim Natural de Cabals (RNC)

a. Magnitud, variabilitat i estacionalitat de les aportacions anuals i mensuals

Les aportacions anuals arriben a un maxim mig anual de 982 hm? a I'estacié de Ponts (veure a
la taula B.1), resultats obtinguts de la mitjana de tots els anys disponibles (1946-2009).

L’amplitud hidrologica interanual del Segre mig durant els anys 1946-2009, evidenciant un

increment de "'amplitud a 'augmentar la superficie de la conca, amb un maxim a Ponts de 166

hm?.

General - APORTACIONS hm’

Estacié Des Gen Feb Marg Abr Maig Juny
Organya | 57 64 57 53 45 70 94 159 134 63 40 42 | 878 150
Oliana 58 66 65 62 52 74 95 145 137 65 50 47 | 917 151

Ponts" 58 64 64 58 53 85 107 160 152 82 65 34 | 982 166
1Apv;)rtzacions de l'estacio de Ponts completades amb les dades de la presa de Rialb des de I'any 2000.

Taula B.1. Recull de les aportacions mensuals i anuals, i diferéncia entre la magnitud maxima i minima interanual en
les estacions d’aforament d’Organya, d’Oliana i de Ponts.

L’estacionalitat hidrologica del tram mig del Segre respon al d’un riu amb régim nivo-pluvial,
amb maxims entre maig i juny i minims entre agost i setembre. La capcalera del Segre,
formada per arees d’alta muntanya, manté una part de la precipitacid emmagatzemada en
forma de neu durant les estacions fredes, en els Ultims anys s’ha avangat la fusié del mantell
desplagant el pic maxim d’aportacions mensual al maig (Manzano, 2007).

Estacio Area (kmz) Aportacié (hm3/ km’ any)
Organya 2384 0,404

Oliana 2700 0,390

Ponts’ 3320 0,332

lResg‘rtres de I'estacio de Ponts completats amb les dades de la presa de Rialb des de I’any 2000

Taula B.2. Valoracié de I'aportacié hidrica areal de la conca a partir de diferents punts de control del tram mig del
Segre.

L’aportacid hidrica per unitat d’area de la conca es redueix a mesura que ens allunyem de la
capgalera, principal font de recursos, tal com es pot veure a la taula B.2. Valoracio realitzada
solament amb anys on totes tres estacions mostren séries anuals de dades complertes,
reduint-se a 21 els nombre d’anys disponibles. Interval (1953 al 2005) amb abséncia de séries
en les decades dels 80’s i 90’s.
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El balang hidrologic d’una conca es veu influenciat pels canvis del clima, geografics, d’usos del
territori (e.g. cobertura vegetal) i d’Us del recursos hidrics (e.g. reg). Des dels anys 1960 es pot
observar una canvi en el pendent de la tendéncia de les aportacions anuals, passant a ser
negatiu a les tres estacions consultades; segons diferents autors (e.g. Gallart i Llorens, 2002)
aquesta reduccid s’ha d’atribuir a l'augment d’evapotranspiracié a les capgaleres de les
conques com a conseqiiéncia de l'increment de la cobertura forestal. Fet que es troba
accentuat per lalta pluviometria de la década dels anys seixanta.

b. Variabilitat diaria

La taula B.3 recull la variabilitat dels valors habituals diaris de les estacions d’Organya, Oliana i
Ponts (completada amb els registres de I'embassament de Rialb) des de I'any 1946 fins al 2009.
La variabilitat del valors habituals al tram mig del Segre des de mitjans del segle XX disminueix
a mesura que avencem aiglies avall del tram. Aquest comportament es troba novament alterat
per les captacions d’aigua del canal d’Urgell. A la figura B.1 es pot observar les corbes de cabals
classificats de les estacions d’Organya, d’Oliana i de Ponts.

Anys Anyinicial Anyfinal Qso(m%/s) Qoo (M’/s) Quo (MY/s) (Qso-Quo)/Qso

Organya | 51 oct-50 set-05 19,2 8,7 59,8 2,7
Oliana 50 oct-52 set-09 21,1 8,9 60,1 2,4
Ponts® 42 oct-46 set-09 24,1 8,4 64,0 23

1Resgitres de I'estacio de Ponts completats amb les dades de la presa de Rialb des de I’any 2000

Taula B. 3. Estimacio de la variabilitat de valors habituals diaris al tram del Segre mig.
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Figura B.1. Corba de cabals classificats de les estacions d’Organya (linia blava, 1950-2005), d’Oliana (linia vermella,
1952-2009) i Ponts (linia verda, 1946-2009). La corba de I'estacio de Ponts esta completada amb els registres de
sortida de 'embassament de Rialb entre els anys 200 al 2009.
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Alteracio sobre RNC

El grau d’emmagatzematge per a |I’embassament d’Oliana i de Rialb sén, 0,1 i 0,5
respectivament.

a. Magnitud, variabilitat i estacionalitat de les aportacions anuals i mensuals

Oliana

S’analitza el periode comprés des de l'octubre de 1958 fins al setembre del 2005; son, doncs
40 anys de series completes de dades en els dos punts de control.

Les aportacions enregistrades durant aquets anys, revela que les aportacions a la xarxa fluvial
entre Organya i Oliana es veuen incrementades substancialment fins a un 6%, de 909 a 964
hm?. Actualment, just per sobre del nucli d’Organya es produeix una captacié anual de 38 hm?*
(Agencia Catalana de I’Aigua, 2011), reduint les aportacions entrants al tram mig del Segre.

En 40 anys de dades, s’han pogut identificar 14 anys on les aportacions a Oliana sén inferiors a
les d’Organya, d’un 8% de mitjana. Fet que contrasta amb la baixa capacitat de 'embassament
d’Oliana per alterar sobre les aportacions anuals, degut al baix temps de residéncia dels
recursos captats.

En relacid a la variabilitat de la distribucid mensual del cabal mig del tram, tot i el baix grau
d'embassament d’Oliana, IR= 0,1, es produeixen alteracions al regim de cabal a escala mensual
a partir del més d’abril. A partir d’aquest mes, 'embassament comenga a retenir aigua,
principalment del desglag, per donar resposta a la demanda del canal d’Urgell fins al setembre
(veure figura B.2). Fet que altera minimament I'estacionalitat i la variabilitat anual que és
reduida per la suavitzacio dels cabals extrems.

% 75 / \\
P " X
25 \"-_

Oct Nov Dic Ene Feb Mar Abr May Jun Jul Ago  Sep

Figura B.2. Variabilitat mensual del cabal mig a les estacions d’Organya (linia blava) i Oliana (linia vermella) entre
els anys 1958-59 i 2004-05.

Rialb

S’analitza el periode comprés des de I'octubre del 2000 fins al setembre del 2009; son, doncs
10 anys de séries completes de dades en els dos punts de control.
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La posada en funcionament de I'embassament de Rialb (2000) coincideix amb I'inici de la
Ultima gran sequera dels darrers 60 anys que va acabar el 2008. Durant aquest periode (2000-
09) es van enregistrar magnituds mitges inferiors a la mitjana, arribant a un volum anual a
I’estacié d’Oliana de 722,9 hm® i de 807,4 hm® a la sortida de 'embassament de Rialb,
suposant un increment del 11,7 % en les aportacions. Comportament alterat durant el bienni
hidrologic 2007-2009, degut a un increment dels recursos retinguts en relacid al volum
entrant.

La distribucié mensual de les aportacions es troba actualment modificada, adaptada a les
exigéncies de la demanda del reg (veure figura B.3). Emmagatzemant entre octubre i maig,
moment on l'alliberament d’aigua es prou gran per comengar a reduir el volum envasat fins a
finals de setembre. Durant aquesta segona fase el cabal mig de sortida es mostra molt superior
a I'esperat, sobretot a partir del juliol i 'agost. Es tracta doncs d’una alteracio en la variabilitat i
un augment de I'estacionalitat.
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70 7 ~ 140
60 A\ s 120
2 50 = Z // Y N\ 100 o
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20 /_':/\// % N1 40
10 | : L 20
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Figura B.3. Variabilitat mensual del cabal mig a 'embassament d’Oliana (linia vermella), a 'embassament de Rialb
(linia verda) i de les reserves (linia blava) a I'embassament de Rialb entre I'any 2000-2001 i 2008-2009.

En aquest cas, si que podem considerar que I'embassament de Rialb té capacitat per alterar
sobre la magnitud de les aportacions hidriques i de la seva variabilitat mensual, fet reflectit per
I’alt valor del grau de regulacié de Rialb, és de IR= 0,5 (Batalla et al, 2004).

Canal d’Urgell

S’observa una tendéncia ascendent de les aportacions anuals a mesura que el riu es desplaga
aigua avall; comportament que és modificat per les captacions del canal d’Urgell, reduint les
aportacions anuals una mitjana de 411 hm®. Suposant una variacié en la magnitud anual del 34
% al seu pas per Alos de Balaguer entre els anys 1958 i 1982, permetent un escolament mig
anual de 791 hm? en comptes dels 1192 hm?® que li correspondrien (sumem Alos + captacions)
per trobar la mitjana suposada d’Alos durant aquest periode. Al mateix temps les captacions
mensuals del canal d’Urgell ballen entre els 18 i els 53 hm?, arribant els mesos d’estiatge a
superar el volum circulant del Segre a I'alcada d’Alos de Balaguer.
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b. Variabilitat diaria

Oliana

La variabilitat dels valors habituals d’Oliana disminueix casi un 10% respecte als registres de
I’estacio d’Organya, passant de 2,65 a Organya a 2,39 a I'estacio d’aforament d’Oliana. Aixo es
degut a que augmenta més els valors del percentils mitjos que els dels extrems, tan superior
com inferior. L'embassament d'Oliana tot i la poca capacitat d’emmagatzematge ha
homogeneitzat la variabilitat dels cabals diaris en termes generals, observant-se un petit
increment en els cabals corresponents als percentils 25 i 50 d’Oliana respecte Organya (veure
figura B.4).
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Figura B.4. Distribucio dels percentils del cabal mig diari a les estacions d’Organya (linia blava) i d’Oliana (linia
vermella) enregistrats des de l'octubre de 1958 i el setembre de 2005 a partir de 40 anys de series de dades
completes.

Rialb

L’alta capacitat d’emmagatzematge de I'embassament permet retenir una alta quantitat de
recursos en diferents situacions. A la figura B.5. es mostra I'impacte sobre la corba de cabals
d’aquestes practiques, on es produeix una reduccid de la freqiiéncia dels percentils baixos i
alts, seguida per una pujada forta en els cabals mitjos. Aquest fet incrementa la severitat de
I’estiatge i suavitza la resposta hidrologica del caracter nival de la conca alta del Segre. La
variabilitat anual a Oliana és de 3,25 i a Rialb de 1,7, fet que indica per un costat l'alta
variabilitat anual de la década de 2000-09 i per un altre costat la capacitat del panta de Rialb
de suavitzar el caracter hidrologic heterogeni dels rius de la conca mediterrania.

Canal d’Urgell

Les captacions d’aigua del canal d’Urgell, sobretot entre abril i setembre, alteren la magnitud
de les crescudes habituals aigua avall de la toma del canal d’Urgell, deixant el pas a un volum
d’escorrentia inferior. Fet, que en alguns casos, les crescudes habituals queden absorbides per
la toma d’aigua, alterant I’energia i la frequiéncia de les mateixes.

62

441



- Annex C. Publicacions -

La diferéncia interanual entre I’aportacié maxima i minima mensual respon al comportament
del sistema fluvial. Aquest comportament es veu alterat per la captaci¢ del Canal d’Urgell, tan
en época d’estiatge com d’aigiies altes.

P5 P10 P25 P50 P75 P90 P95

Figura B.5. Representacio grafica de la variabilitat diaria de cabals mitjos a partir de la corbes de cabals classificats
de les estacions d’Oliana (linia vermella) i de la sortida de I'embassament de Rialb (linia verda) entre els anys
hidrologics 2000-2001 i 2008-2009.
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ANNEX C. Valors Extrems (Resultats)

Alteracio sobre RNC

a. Magnitud — Fregiiéncia

Oliana

Novament, el periode d’estudi esta format per dues séries de 40 anys de dades completes i
temporalment coincidents (1958-2005). En el cas de la magnitud del Q¢ i Qg.n s’ha enregistrat
un increment aigua avall de 'embassament d’Oliana, veure taula C.1. Aquest comportament és
invers als 5 anys de registres previs a la construcci6 de I'embassament, anys d’una
importantissima sequera, provocant la pérdua de recursos hidrics superficials a favor de
I'aqtifer conjuntament amb la laminacié en la propagacid. Tant les variables de la mitja del
cabal maxim circulant anual (Q—C) i del cabal bankfull (Qgank), mostren una magnitud i una
frequéncia no alterada per la preséncia de I'embassament d’Oliana, a partir de les dades
analitzades respecte aquests parametres.

Puntdecontrol  Qc (m%/s) Qguk(m’/s) Qcu(m’/s)

Organya 171,0 179,7 77,5
Oliana 186,1 215,8 77,4

Taula C.1. Recull del valor de la mitja del cabal maxim circulant anual, del cabal bankfull i del cabal corresponen al
llindar inferior de les crescudes habituals des de la posada en funcionament de 'embassament d’Oliana (1958-2005).

Els anys precedents a la construccié de I’embassament d’Oliana es van enregistrar a I'estacio
d’Oliana un Q. de 114 m?/s entre els anys 1950 i 1958, década marcada per una sequera molt
accentuada durant el bienni del 1956-58. L’'augment del Q. en els anys posteriors coincideix
amb lincrement de l'escorrentia del riu Valira, el principal tributari aigua amunt de
I'embassament d'Oliana, coincident amb la rapida urbanitzacio i la tala de boscos a Andorra
(Batalla, 2004).

Magnitud de les Avingudes Maximes® 0,92
Magnitud del Cabal Bankj‘ull1 0,91
Magnitud de les Crescudes Habituals 1,00

! Situacié on I'index >1, substituint el valor obtingut pel seu invers

Taula C.2. Index d’alteracié de Magnitud i Fregiiéncia (IMF) corresponents a I'embassament d’Oliana.

La taula C.2 recull els resultats de I'aplicacio dels index de magnitud i freqiéncia entre les
estacions d’Organya i d’Oliana, mostrant una variacid molt petit en la magnitud de les
crescudes extraordinaries (Q. i cabal bankfull) aigua avall, perd no es percep cap variacié en
I'index de les crescudes habituals.
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Al mateix temps, s’ha analitzat la recurréncia de les crescudes després de la construccid de
I’embassament en les dues estacions d'aforament, Organya i Oliana. Gracies a la disponibilitat
de cabals maxims instantanis (Q;) durant més de 40 anys en les dues estacions, ens permet
examinar si un valor més puntual en el temps i de molta importancia en la dinamica
hidrosedimentaria resulta alterat per la capacitat de laminacio de ’embassament.
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Figura C.1. Andalisis de la freqiiéncia a partir del model de distribucio de Gumbel dels registres de Q. (linia
discontinua) i Q (linia continua) dels anys hidrologics 1958-59 al 2006-07 en les estacions d'Organya (linia blava) i
d'Oliana (linia vermella).

Conseqlientment, s’ha calculat la recurréncia de les crescudes, fins a un periode de retorn de
50 anys. S’ha emprat la distribucié de valors extrems de Gumbel (tipus 1) ajustant els valors de
Q. i Q; en les estacions d’Organya i d’Oliana (mirar la figura C.1) pel periode posterior a la
construccié de I'embassament. No es detecta que I'embassament d’Oliana tingui prou volum
disponible per alterar la magnitud del Q. aigua avall. En canvi, quan analitzem els Q,;, s’aprecia
la suficient capacitat de laminacié de I'embassament per obtenir en una mateixa freqiiéncia
una magnitud de Qg a I'estacid d’Oliana, sensiblement inferior a I'estimada per a I'estacio
d’Organya.

En aquest cas, el baix grau d'embassament IR d’Oliana (0,1) és suficient per distorsionar la
principal font d’energia del sistema fluvial, el Q.

Rialb

Treballem amb dues estacions, la d’Oliana i la sortida de I'embassament de Rialb amb séries de
8 anys de dades completes i temporalment coincidents, limitades pels anys hidrologics 2000 i
2009. L'interval d’estudi inclou uns anys de sequera extrema (2005, 2006 i 2007), altres de
regulars i un de forga humit (2008).

Els valors mitjos, durant aquests 8 anys, dels Q. i del cabal bankfull (o formatiu) en les dues
estacions presenten reduccions molt significatives aiglies avall de 'embassament de Rialb
(veure taula C.3).
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Punt de control | ac (ma]s) Qg (m/s) Qe (m/s)
Oliana 130,4 160,2 69,5
Rialb 86,3 88,0 65,3

Taula C.3. Recull del valor de la mitja del cabal maxim circulant anual, del cabal bankfull i del cabal corresponen al
llindar inferior de les crescudes habituals des de la posada en funcionament de 'embassament de Rialb (2000-2009).

Magnitud de les Avingudes Maximes 0,66
Magnitud del Cabal Bankfull 0,74
Magnitud de les Crescudes Habituals 0,94

Taula C.4. index d’alteracié de Magnitud i Fregiiéncia (IMF) corresponents a I'embassament de Rialb.
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Figura C.2. Analisi de freqiiéncies dels Q. esperats a Oliana (linia vermella) i a la sortida de 'embassament de Rialb
(linia verda).

Els resultats mostren canvis en la magnitud de les avingudes maximes d’un 34%, i canvis en la
magnitud del cabal bankfull de més d’un 26%. En canvi, tot hi haver alteracions sobre el llindar
inferior de la magnitud del cabal de les crescudes habituals, no es mostra una alteracié
significativa respecte als valors enregistrats a I'estacid d’Oliana (veure taules C.3 i C.4). Totes
aquestes variacions queden reflectides a la corba de recurréncia dels maxims cabals diaris (Q,)
esperats, fet que pressuposa que s’ha produit una alteracid sobre la freqiiéncia dels cabals
esperats. La corba mostra la distribucid de cabals a partir del métode de distribucié de Gumbel
(veure figura C.2), i son el resultat de I'alta capacitat d’alteracié de I'embassament de Rialb
degut al notable grau d'embassament (IR =0,5).

L'alteracid de I'embassament de Rialb sobre els cabals maxims diaris esperats es molt
considerable i preocupant des d’'un punt de vista de la dinamica hidrosedimentaria.
L’embassament ha reduit a més de la meitat la magnitud del cabal maxim diari esperat, com a
minim en les recurréncies de fins als 50 anys. Aquest fet facilita, a priori, la invasio dels marges
per la vegetacio, reduint-ne la llera activa. La manca de dades de cabals maxims instantanis
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(Qq) no permet avaluar I'afeccié produida per la construccié de I'embassament de Rialb sobre
aquesta variable, fet que resultaria de notable interés vista l'alta capacitat de laminacié de
I’embassament.

b. Variabilitat - Estacionalitat — Duracid

Oliana

L’embassament d’Oliana afecta els cabals aigua avall (Organya). A la taula C.5 es mostra la
variabilitat dels Q. i dels cabals de crescuda habitual per a un periode de 39 anys, assenyalant,
una vegada més, la forta afeccid a la variabilitat anual. Aquesta variabilitat es fa evident si ens
fixem en el resultat assolit pels index d’alteracio, fent-se més acusada en els cabals maxims
anuals que en els cabals corresponents a les crescudes habituals.

Per al periode que comprén els anys amb registres de dades pre-embassament (1952-53 a
1958-59), s’ha analitzat la variabilitat del cabal maxim diari per cada any i el cabal de les
crescudes habituals. La diferencia de la variaci6 de cabals entre estacions d’aforament és molt
petita, proxima al 3%. Tot i I'abséncia d’embassament, I’aplicacié de I'index de variabilitat de
les avingudes maximes diaries anuals i I'index de variabilitat de les Crescudes Habituals denota
unes diferéncies entre la variabilitat de les estacions proxima al 10%, segurament produides
per I'atenuacié i emmagatzematge consequients d’una variacid espacial del cabal produit pel
desglag de neu i per la variacio en les contribucions de les aiglies subterranies.

| Coef. Variacié Q. Coef. Variacié CH

Organya 0,57 0,35
Oliana 0,77 0,45
index 1,35 1,30

Taula C.5. Coeficients de variacio del maxim cabal mig diari anual i coeficient de variacio dels cabals corresponents a
la crescuda habitual a Organya i Oliana. Conjuntament es recull I'index de variabilitat (1V) de les avingudes maximes
diaries anuals i I'index de variabilitat (IV) de les Crescudes Habituals durant el periode posterior a la construccio de
I'embasament.

La variacié sobre el Q. es pot observar entre els dos punts de control, Organya i Oliana,
presentant diferéncies positives superiors als 400 m*/s quan Oliana desembassa i de negatives
fins als 160 m®/s quant I’embassament lamina 0 emmagatzema.

La figura C.3, recull la freqiiéncia mensual d’aquells cabals iguals o superiors al Qs reflectint
un canvi entre les estacions respecte a la freqiiéncia primaveral. Organya, durant I’estacio de
les aportacions de la fusid nival, presenta un patrd on el maxim es centra en el mes de maig i
juny. U'embassament, té prou capacitat per desplagar una part dels cabals del maig al més de
juny, homogeneitzant la freqiiéncia mensual.
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Figura C.3. Comparacio de les freqiiéncies mensuals dels cabals superiors a la Crescuda Habitual a les estacions
d’Organya (barres blaves) i Oliana (barres vermelles).

[ Dies I
Organya 38
Oliana 42
index* 0,9

* situacié on I'index >1, substituint el valor obtingut pel seu invers

Taula C.6. Numero mig de dies consecutius amb cabals amb un valor superior al quartil 5% a les estacions d’Organya
i d’Oliana. Conjuntament es recull I'index de Duracio (ID) amb dies consecutius on els cabals son superior al quartil
5%.

La duracio de les crescudes no s’ha vist afectada per la presencia i gestio de I'embassament
d’Oliana, mantenint-se el seu maxim fins a 42 dies de mitja anual a I'estacid d’Oliana (veure
taula C.6).

Rialb

A la taula C.7 es mostra la variabilitat dels Q. i els cabals de crescuda habitual per a un periode
de 9 anys, en el que s’evidencia, una vegada més, I'afeccio a la variabilitat anual del panta de
Rialb. Aquesta variabilitat es fa evident si ens fixem en el resultat assolit pels index d’alteracio,
(i.e. reduccio de la variabilitat), fent-se més acusada en les crescudes habituals. Es pot observar
com el descens de la variabilitat aiglies avall ha arribat a disminuir fins un 52% en el cas de les
crescudes habituals i un 39% en el cas dels maxims cabals diaris.

Cal tenir present que per al periode que comprén els anys amb registres de dades previs a la
construccié de 'embassament, del 1958-59 al 1981-82, es va analitzar la variabilitat del cabal
maxim diari per cada any i el cabal de les crescudes habituals. S'observa que la diferencia de la
variacid de cabals entre les estacions d’Oliana i Ponts és molt petita, proxima als 0,05 punts, i
amb increments a la variabilitat del Q. i reduccions en la variabilitat del cabal de crescuda
habitual. Tot i 'abséncia d’embassament, 'aplicacié dels index denota una reduccid entre la
variabilitat de les estacions proxima al 6% en el cas del Q. i del 16% per ales crescudes
habituals.
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 Coef. Variacié Q. = Coef. Variaci6 CH

Oliana 0,88 0,42
Rialb 0,53 0,21
index 0,61 0,48

Taula C.7. Coeficients de variacié del maxim cabal mig diari anual i coeficient de variacio dels cabals corresponents a
la crescuda habitual a Oliana i Ponts. Conjuntament es recull I'index de variabilitat (IV) de les avingudes maximes
diaries anuals i I'index de variabilitat (IV) de les Crescudes Habituals durant el periode posterior a la construccio de
I'embasament.

Cal indicar que en la mitjana del maxim cabal diari anual presenta diferéncies positives anuals
superiors als 13 m®/s quan Rialb desembassa i de negatives de 250 m?/s quant I'embassament
lamina 0 emmagatzema. Aquestes fluctuacions contrasten amb el valor mig del maxim cabal
diari anual de tot el periode post-Rialb, que s’aproxima als 65,3 m%/s.

El panta de Rialb, es troba en un escenari marcat per I'alta freqiéncia de les aiglies altes al més
de maig, fruit de la fase del desgel que s’ha avangat en els Gltims anys concentrant-se en un sol
mes (Gallart, 2004). Al mateix temps tenim un increment del cabal al mes de marg, mostrant
un nou perfil de comportament (veure figura C.4). Es un perfil alterat pel baix valor del llindar
del maxim cabal diari, modificat pels baixos cabals enregistrats durant la sequera de la segona
meitat de la primera década dels 2000, reduint la mitja del valor del periode fins un 32%, (de
95,6 a 65,3 m’/s). Aquest fet que ha permés incorporar cabals baixos al grup de crescudes

superiors al Qsg.
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Figura C.4. Comparacio de les freqiiéncies mensuals dels cabals superiors a la Crescuda Habitual a les estacions
d’Oliana (barres vermelles) i Rialb (barres verdes).

Al mateix temps, trobem un nou escenari on s’alteren els quatre mesos d’estiatge per
I’alliberament d’aigua per a reg de I'embassament de Rialb durant el mes d’agost (veure figura
c4).

La duracio de les crescudes no s’ha vist afectada per la presencia i gestié de la presa de Rialb,
mantenint-se el seu maxim fins a 32 dies de mitja anual a les dues estacions. Fent que I'index
de durabilitat es mantingui a la unitat.
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ANNEX D. Evolucié Morfologica (Resultats)

L’evolucié de la morfologia del Segre mig s’ha analitzat a partir de la identificacid i la
digitalitzacid d’un conjunt unitats morfologiques de les fotografies aereas i ortofotomapes de
la zona entre el 1956 fins al 2008. La cartografia resultant, les fotografies aereas i els
ortofotomapes utilitzats han estat distribuits en 20 plans (o fulls) i s’han inclos a 'annex D. La
figura D.1, mostra, identifica i localitza la distribucio espacial dels diferents fulls de I’annex D.

EMBASSAMENT
DE RIALP

EMBASSAMENT
DE CAMARASA

RIU BOIX

RIU SEGRE

LLOBREGOS

D'URGELL

T T T T T T T ]
3 6 12 Kilometres

Figura D. 1. Tram seleccionat per a I'estudi del diagnostic sedimentari del Segre Mig. El seu recorregut ha estat
delimitat amb 20 plans (o seccions) per distribuir a I’'annex C la cartografia morfologica resultant i les fotografies
aéries i els ortofotomapes utilitzats en I’analisi de I'estudi de I’evolucié morfologica del riu Segre.
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Figura D. 2. (Full 1) Cartografia de I'evolucié morfologica del riu Segre entre I'embassament de Camarasa i I'estret
del Mu (3 km aigua avall d’Alos de Balaguer), referent a les fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982,
(d) 1992 i del (e) 1999, i dels ortofotomapes del (f) 2008. Entre la imatge del (a) 1956 i del d) 1992 s'observa una
pérdua d'arees sedimentaries actives (i.e. barres) amb la construccié d’una resclosa 200 metres aigua amunt de la
confluéncia amb la Noguera Pallaresa. La direccié del flux va d’est a oest de les imatges.
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1
1000 Metres

Figura D. 3. (Full 1) Fotografies aeries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i I'ortofotomapa
del (f) 2008. Aquestes imatges testimonien la dinamica morfo-sedimentaria dels ultims 50 anys del riu Segre entre
I'embassament de Camarasa i l’estret del Mu (3 km aigua avall d’Alos de Balaguer), referent a les fotografies aéries
dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i dels ortofotomapes del (f) 2008. Entre la imatge del
(a) 1956 i del d) 1992 s'observa una perdua d'arees sedimentaries actives (i.e. barres) amb la construccié d’una
resclosa 200 metres aigua amunt de la confluéncia amb la Noguera Pallaresa. La direccio del flux va d’est a oest de
les imatges.
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Figura D. 4. (Full 2) Cartografia de I'evolucié morfologica del riu Segre entre I'estret del Mu i el pont d’Alos de
Balaguer (400 m aigua avall d’Alos de Balaguer), referent a les fotografies aéries dels anys (a) 1956, (b) 1975, (c)
1982, (d) 1992 i del (e) 1999, i dels ortofotomapes del (f) 2008. Entre la imatge del (a) 1956 i del f) 2008 s'observa
una pérdua important d'arees sedimentaries actives (i.e. barres) i una reduccié de la superficie activa de la llera a
causa de la intrusio de la vegetacio de ribera. La direccio del flux va d’est a oest de les imatges.
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1
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Figura D. 5. (Full 2) Fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i I'ortofotomapa
del (f) 2008. Aquestes imatges testimonien la dinamica morfo-sedimentaria dels ultims 50 anys del riu Segre entre
I'estret del Mu i el pont d’Alos de Balaguer (400 m aigua avall d’Alos de Balaguer), referent a les fotografies aéries
dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i dels ortofotomapes del (f) 2008. Entre la imatge del
(a) 1956 i del f) 2008 s'observa una perdua important d'arees sedimentaries actives (i.e. barres) i una reduccio de la
superficie activa de la llera a causa de la intrusié de la vegetacio de ribera. La direccio del flux va d’est a oest de les
imatges.
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Figura D. 6. (Full 3) Cartografia de I’evolucié morfologica del riu Segre entre el pont d’Alos de Balaguer i 1 km aigua
amunt d’Alos de Balaguer, referent a les fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e)
1999, i dels ortofotomapes del (f) 2008. Entre la imatge del (a) 1956 i del f) 2008 s'observa una pérdua important
d'arees sedimentaries actives (i.e. barres) i una reduccié de la superficie activa de la llera a causa de la intrusio de la
vegetacio de ribera. La direccio del flux va d’est a oest de les imatges.
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Figura D. 7. (Full 3) Fotografies aeéries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i l'ortofotomapa
del (f) 2008. Aquestes imatges testimonien la dinadmica morfo-sedimentaria dels ultims 50 anys del riu Segre entre el
pont d’Alos de Balaguer i 1 km aigua amunt d’Alos de Balaguer, referent a les fotografies aéries dels anys (a) 1956,
(b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i dels ortofotomapes del (f) 2008. Entre la imatge del (a) 1956 i del f) 2008
s'observa una péerdua important d'arees sedimentaries actives (i.e. barres) i una reduccioé de la superficie activa de la
llera a causa de la intrusio de la vegetacio de ribera. La direccio del flux va d’est a oest de les imatges.
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Figura D. 8. (Full 4) Cartografia de I'evolucié morfologica del riu Segre entre la confluéncia del riu Segre amb el
tributari barranc dels Codonys i el paratge camps del riu, referent a les fotografies aéries dels anys (a) 1956, (b)
1975, (c) 1982, (d) 1992 i del (e) 1999, i dels ortofotomapes del (f) 2008. Entre la imatge del (a) 1956 i del f) 2008
s'observa una pérdua important d'arees sedimentaries actives (i.e. barres) i una reduccio de la superficie activa de la
llera a causa de la intrusio de la vegetacio de ribera. La direccio del flux va d’est a oest de les imatges.
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Figura D. 9. (Full 4) Fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i I'ortofotomapa
del (f) 2008. Aquestes imatges testimonien la dinamica morfo-sedimentaria dels ultims 50 anys del riu Segre entre la
confluéncia del riu Segre amb el tributari barranc dels Codonys i el paratge camps del riu, referent a les fotografies
aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i dels ortofotomapes del (f) 2008. Entre la imatge
del (a) 1956 i del f) 2008 s'observa una perdua important d'arees sedimentaries actives (i.e. barres) i una reduccio de
la superficie activa de la llera a causa de la intrusio de la vegetacio de ribera. La direccio del flux va d’est a oest de
les imatges.
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Figura D. 10. (Full 5) Cartografia de I'evolucié morfologica del riu Segre entre el paratge camps del riu i la
confluéncia del riu Segre amb el riu Foix, referent a les fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d)
1992 i del (e) 1999, i dels ortofotomapes del (f) 2008. Entre la imatge del (a) 1956 i del f) 2008 s'observa una
peérdua important d'arees sedimentaries actives (i.e. barres) i una reduccio de la superficie activa de la llera a causa
de la intrusio de la vegetacio de ribera i de conreus. La direccio del flux va d’est a oest de les imatges.
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Figura D. 11. (Full 5) Fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i I'ortofotomapa
del (f) 2008. Aquestes imatges testimonien la dinamica morfo-sedimentaria dels ultims 50 anys del riu Segre entre el
paratge camps del riu i la confluéncia del riu Segre amb el riu Foix, referent a les fotografies aéries dels anys (a)
1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i dels ortofotomapes del (f) 2008. Entre la imatge del (a) 1956 i del f)
2008 s'observa una pérdua important d'arees sedimentaries actives (i.e. barres) i una reduccio de la superficie activa
de la llera a causa de la intrusié de la vegetacio de ribera. La direccio del flux va d’est a oest de les imatges.
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Figura D. 12 (Full 6) Cartografia de I'evolucié morfologica del riu Segre entre la confluéncia del Segre amb el riu Foix i
el paratge de santa Maria de Salgar, referent a les fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992
i del (e) 1999, i dels ortofotomapes del (f) 2008. Entre la imatge del (a) 1956 i del f) 2008 s'observa una pérdua
important d'arees sedimentaries actives (i.e. barres) i una reduccio de la superficie activa de la llera a causa de la
intrusio de la vegetacio de ribera. La direccié del flux va de sud-est a oest de les imatges.
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Figura D. 13. (Full 6) Fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i I'ortofotomapa
del (f) 2008. Aquestes imatges testimonien la dinamica morfo-sedimentaria dels ultims 50 anys del riu Segre entre el
paratge camps del riu i la confluencia del riu Segre amb el riu Foix, referent a les fotografies aéries dels anys (a)
1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i dels ortofotomapes del (f) 2008. Entre la imatge del (a) 1956 i del f)
2008 s'observa una pérdua important d'arees sedimentaries actives (i.e. barres) i una reduccio de la superficie activa
de la llera a causa de la intrusié de la vegetacio de ribera. La direccio del flux va d’est a oest de les imatges.
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Figura D. 14. (Full 7) Cartografia de I’'evolucié morfologica del riu Segre entre el paratge de santa Maria de Salgar i el
paratge de la Planella, referent a les fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999,
i dels ortofotomapes del (f) 2008. Entre la imatge del (a) 1956 i del f) 2008 s'observa una pérdua important d'arees
sedimentaries actives (i.e. barres) i una reduccio de la superficie activa de la llera a causa de la intrusio de la
vegetacio de ribera i de conreus. La direccid del flux va de nord-est a nord-oest de les imatges.
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Figura D. 15 (Full 7) Fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i I'ortofotomapa
del (f) 2008. Aquestes imatges testimonien la dinamica morfo-sedimentaria dels ultims 50 anys del riu Segre entre el
paratge de santa Maria de Salgar i el paratge de la Planella, referent a les fotografies aéries dels anys (a) 1956, (b)
1975, (c) 1982, (d) 1992 i del (e) 1999, i dels ortofotomapes del (f) 2008. Entre la imatge del (a) 1956 i del f) 2008
s'observa una péerdua important d'arees sedimentaries actives (i.e. barres) i una reduccio de la superficie activa de la
llera a causa de la intrusio de la vegetacio de ribera. La direccio del flux va de nord-est a nord-oest de les imatges.
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Figura D. 16 (Full 8) Cartografia de I’evolucié morfologica del riu Segre entre el paratge de la Planella i el nucli urba
de Vernet (Artesa de Segre), referent a les fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e)
1999, i dels ortofotomapes del (f) 2008. Entre la imatge del (a) 1956 i del f) 2008 s'observa una pérdua important
d'arees sedimentaries actives (i.e. barres) i una reduccié de la superficie activa de la llera a causa de la intrusio de la
vegetacio de ribera i de conreus. La direccié del flux va d’est a oest de les imatges.
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Figura D. 17 (Full 8) Fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i I'ortofotomapa
del (f) 2008. Aquestes imatges testimonien la dinamica morfo-sedimentaria dels ultims 50 anys del riu Segre entre el
paratge de la Planella i el nucli urba de Vernet (Artesa de Segre), referent a les fotografies aéries dels anys (a) 1956,
(b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i dels ortofotomapes del (f) 2008. Entre la imatge del (a) 1956 i del f) 2008
s'observa una péerdua important d'arees sedimentaries actives (i.e. barres) i una reduccio de la superficie activa de la
llera a causa de la intrusio de la vegetacio de ribera. La direccio del flux va d’est a oest de les imatges.
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Figura D. 18 (Full 9) Cartografia de I’evolucié morfologica del riu Segre entre el nucli urba de Vernet (Artesa de
Segre) i el Pont d’Alentorn, referent a les fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e)
1999, i dels ortofotomapes del (f) 2008. Entre la imatge del (a) 1956 i del f) 2008 s'observa una pérdua important
d'arees sedimentaries actives (i.e. barres) i una reduccié de la superficie activa de la llera a causa de la intrusio de la
vegetacio de ribera i de conreus. La direccié del flux va d’est a oest de les imatges.
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Figura D. 19 (Full 9) Fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i l'ortofotomapa
del (f) 2008. Aquestes imatges testimonien la dinamica morfo-sedimentaria dels ultims 50 anys del riu Segre entre el
nucli urba de Vernet (Artesa de Segre) i el Pont d’Alentorn, referent a les fotografies aéries dels anys (a) 1956, (b)
1975, (c) 1982, (d) 1992 i del (e) 1999, i dels ortofotomapes del (f) 2008. Entre la imatge del (a) 1956 i del f) 2008
s'observa una perdua important d'arees sedimentaries actives (i.e. barres) i una reduccio de la superficie activa de la
llera a causa de la intrusio de la vegetacio de ribera. La direccio del flux va d’est a oest de les imatges.
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Figura D. 20 (Full 10) Cartografia de I'evolucié morfologica del riu Segre entre el Pont d’Alentorn i la gravera del
Camats, referent a les fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i dels
ortofotomapes del (f) 2008. Entre la imatge del (a) 1956 i del f) 2008 s'observa una pérdua important d'arees
sedimentaries actives (i.e. barres) i una reduccié de la superficie activa de la llera a causa de la intrusié de la
vegetacio de ribera i de conreus. La direccié del flux va d’est a oest de les imatges.
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Figura D. 21 (Full 9) Fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i I'ortofotomapa
del (f) 2008. Aquestes imatges testimonien la dinamica morfo-sedimentaria dels ultims 50 anys del riu Segre entre el
Pont d’Alentorn i la gravera del Camats, referent a les fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d)
1992 i del (e) 1999, i dels ortofotomapes del (f) 2008. Entre la imatge del (a) 1956 i del f) 2008 s'observa una pérdua
important d'arees sedimentaries actives (i.e. barres) i una reduccio de la superficie activa de la llera a causa de la
intrusio de la vegetacio de ribera. La direccio del flux va d’est a oest de les imatges.
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Figura D. 22 (Full 11) Cartografia de I'evolucio morfologica del riu Segre entre la gravera del Camats i el paratge de
I’Arenal, referent a les fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i dels
ortofotomapes del (f) 2008. Entre la imatge del (a) 1956 i del f) 2008 s'observa una pérdua important d'arees
sedimentaries actives (i.e. barres) i una reduccié de la superficie activa de la llera a causa de la intrusié de la
vegetacio de ribera i de conreus. La direccié del flux va d’est a oest de les imatges.
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Figura D. 23 (Full 11) Fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i
l'ortofotomapa del (f) 2008. Aquestes imatges testimonien la dinamica morfo-sedimentaria dels ultims 50 anys del
riu Segre entre la gravera del Camats i el paratge de I’Arenal, referent a les fotografies aéries dels anys (a) 1956, (b)
1975, (c) 1982, (d) 1992 i del (e) 1999, i dels ortofotomapes del (f) 2008. Entre la imatge del (a) 1956 i del f) 2008
s'observa una perdua important d'arees sedimentaries actives (i.e. barres) i una reduccio de la superficie activa de la
llera a causa de la intrusio de la vegetacio de ribera. La direccio del flux va d’est a oest de les imatges.
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Figura D. 24 (Full 12) Cartografia de I'evolucié morfologica del riu Segre entre el paratge de I'Arenal i el nucli urba
d’Anya (Artesa de Segre), referent a les fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e)
1999, i dels ortofotomapes del (f) 2008. Entre la imatge del (a) 1956 i del f) 2008 s'observa una pérdua important
d'arees sedimentaries actives (i.e. barres) i una reduccié de la superficie activa de la llera a causa de la intrusio de la
vegetacio de ribera i de conreus. La direccié del flux va d’est a oest de les imatges.
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Figura D. 25 (Full 12) Fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i
l'ortofotomapa del (f) 2008. Aquestes imatges testimonien la dinamica morfo-sedimentaria dels ultims 50 anys del
riu Segre entre el paratge de I’Arenal i el nucli urba d’Anya (Artesa de Segre), referent a les fotografies aéries dels
anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i dels ortofotomapes del (f) 2008. Entre la imatge del (a)
1956 i del f) 2008 s'observa una pérdua important d'arees sedimentaries actives (i.e. barres) i una reduccio de la
superficie activa de la llera a causa de la intrusié de la vegetacio de ribera. La direccio del flux va d’est a oest de les
imatges.
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Figura D. 26 (Full 13) Cartografia de I'evolucié morfologica del riu Segre entre el nucli urba d’Anya (Artesa de Segre)
i el paratge de Mas de n’Olives, referent a les fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del
(e) 1999, i dels ortofotomapes del (f) 2008. Entre la imatge del (a) 1956 i del f) 2008 s'observa una pérdua important
d'arees sedimentaries actives (i.e. barres) i una reduccié de la superficie activa de la llera a causa de la intrusio de la
vegetacio de ribera i de conreus. La direccié del flux va d’est a oest de les imatges.
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Figura D. 27 (Full 13) Fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i
l'ortofotomapa del (f) 2008. Aquestes imatges testimonien la dinamica morfo-sedimentaria dels ultims 50 anys del
riu Segre entre el nucli urba d’Anya (Artesa de Segre) i el paratge de Mas de n’Olives, referent a les fotografies
aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i dels ortofotomapes del (f) 2008. Entre la imatge
del (a) 1956 i del f) 2008 s'observa una péerdua important d'arees sedimentaries actives (i.e. barres) i una reduccié de
la superficie activa de la llera a causa de la intrusié de la vegetacio de ribera. La direcci del flux va d’est a oest de
les imatges.
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Figura D. 28 (Full 14) Cartografia de I’'evolucié morfologica del riu Segre entre el paratge de Mas de n’Olives i el
paratge de I'Areny, referent a les fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i
dels ortofotomapes del (f) 2008. Entre la imatge del (a) 1956 i del f) 2008 s'observa una pérdua important d'arees
sedimentaries actives (i.e. barres) i una reduccié de la superficie activa de la llera a causa de la intrusié de la
vegetacio de ribera i de conreus. La direccié del flux va d’est a oest de les imatges.
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Figura D. 29 (Full 14) Fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i
l'ortofotomapa del (f) 2008. Aquestes imatges testimonien la dinamica morfo-sedimentaria dels ultims 50 anys del
riu Segre entre el paratge de Mas de n’Olives i el paratge de I’Areny, referent a les fotografies aéries dels anys (a)
1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i dels ortofotomapes del (f) 2008. Entre la imatge del (a) 1956 i del f)
2008 s'observa una pérdua important d'arees sedimentaries actives (i.e. barres) i una reduccio de la superficie activa
de la llera a causa de la intrusié de la vegetacio de ribera. La direccio del flux va d’est a oest de les imatges.
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Figura D. 30 (Full 15) Cartografia de I'evolucié morfologica del riu Segre entre el paratge de I'’Areny i 200 metres
aigua avall del pont de Torreblanca (Ponts), referent a les fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982,
(d) 1992 i del (e) 1999, i dels ortofotomapes del (f) 2008. Entre la imatge del (a) 1956 i del f) 2008 s'observa una
pérdua important d'arees sedimentaries actives (i.e. barres) i una reduccio de la superficie activa de la llera a causa
de la intrusio de la vegetacio de ribera i de conreus. La direccio del flux va d’est a oest de les imatges.
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Figura D. 31 (Full 15) Fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i
l'ortofotomapa del (f) 2008. Aquestes imatges testimonien la dinamica morfo-sedimentaria dels ultims 50 anys del
riu Segre entre paratge de I’Areny i 200 metres aigua avall del pont de Torreblanca (Ponts), referent a les
fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i dels ortofotomapes del (f) 2008.
Entre la imatge del (a) 1956 i del f) 2008 s'observa una pérdua important d'arees sedimentaries actives (i.e. barres) i
una reduccio de la superficie activa de la llera a causa de la intrusio de la vegetacio de ribera. La direccio del flux va
d’est a oest de les imatges.
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Figura D. 32 (Full 16) Cartografia de I'evolucié morfologica del riu Segre entre 500 metres aigua avall del pont de
Torreblanca (Ponts) i el paratge de la Vinya, referent a les fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982,
(d) 1992 i del (e) 1999, i dels ortofotomapes del (f) 2008. Entre la imatge del (a) 1956 i del f) 2008 s'observa una
peérdua important d'arees sedimentaries actives (i.e. barres) i una reduccio de la superficie activa de la llera a causa
de la intrusio de la vegetacio de ribera i de conreus. La direccio del flux va d’est a oest de les imatges.
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Figura D. 33 (Full 16) Fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i
l'ortofotomapa del (f) 2008. Aquestes imatges testimonien la dinamica morfo-sedimentaria dels ultims 50 anys del
riu Segre entre 500 metres aigua avall del pont de Torreblanca (Ponts) i el paratge de la Vinya, referent a les
fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i dels ortofotomapes del (f) 2008.
Entre la imatge del (a) 1956 i del f) 2008 s'observa una pérdua important d'arees sedimentaries actives (i.e. barres) i
una reduccio de la superficie activa de la llera a causa de la intrusio de la vegetacio de ribera. La direccio del flux va
d’est a oest de les imatges.
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Figura D. 34 (Full 17) Cartografia de I’evolucié morfologica del riu Segre entre el nucli urba de Torreblanca (Ponts) i
el paratge del Pla de la Llenguadera, referent a les fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992
i del (e) 1999, i dels ortofotomapes del (f) 2008. Entre la imatge del (a) 1956 i del f) 2008 s'observa una pérdua
important d'arees sedimentaries actives (i.e. barres) i una reduccié de la superficie activa de la llera a causa de la
intrusio de la vegetacio de ribera i de conreus. La direccio del flux va d’est a oest de les imatges.
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Figura D. 35 (Full 17) Fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i
l'ortofotomapa del (f) 2008. Aquestes imatges testimonien la dinamica morfo-sedimentaria dels ultims 50 anys del
riu Segre entre el nucli urba de Torreblanca (Ponts) i el paratge del Pla de la Llenguadera, referent a les fotografies
aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i dels ortofotomapes del (f) 2008. Entre la imatge
del (a) 1956 i del f) 2008 s'observa una péerdua important d'arees sedimentaries actives (i.e. barres) i una reduccio de
la superficie activa de la llera a causa de la intrusio de la vegetacio de ribera. La direccio del flux va d’est a oest de
les imatges.
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Figura D. 36 (Full 18) Cartografia de I'evolucio morfologica del riu Segre entre el paratge del Pla de la Llenguadera i
la poblacio de Ponts, referent a les fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i
dels ortofotomapes del (f) 2008. Entre la imatge del (a) 1956 i del f) 2008 s'observa una pérdua important d'arees
sedimentaries actives (i.e. barres) i una reduccié de la superficie activa de la llera a causa de la intrusio de la
vegetacio de ribera i de conreus. La direccié del flux va d’est a oest de les imatges.
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Figura D. 37 (Full 18) Fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i
l'ortofotomapa del (f) 2008. Aquestes imatges testimonien la dinamica morfo-sedimentaria dels ultims 50 anys del
riu Segre entre el paratge del Pla de la Llenguadera i la poblacié de Ponts, referent a les fotografies aéries dels anys
(a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i dels ortofotomapes del (f) 2008. Entre la imatge del (a) 1956 i
del f) 2008 s'observa una perdua important d'arees sedimentaries actives (i.e. barres) i una reduccio de la superficie
activa de la llera a causa de la intrusio de la vegetacio de ribera. La direccio del flux va d’est a oest de les imatges.

106

485



- Annex C. Publicacions -

)
a1

- (AB) Aigiles Baixes - (CON) Conreus

(BCA) Barra Central Activa | | (MAXI) Max. Extensi Inundada 0
- (BCV) Barra Central Vegetada - (VEG) Vegetauio Ribera

- (BLA) Barra Lateral Activa

225 450 900 Metres

Figura D. 38 (Full 19) Cartografia de I’'evolucié morfoldgica del riu Segre entre la poblacié de Ponts i la poblacié de
Gualter, referent a les fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i dels
ortofotomapes del (f) 2008. Entre la imatge del (a) 1956 i del f) 2008 s'observa una pérdua important d'arees
sedimentaries actives (i.e. barres) i una reduccié de la superficie activa de la llera a causa de la intrusio de la
vegetacio de ribera i de conreus. La direccié del flux va d’est a oest de les imatges.
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Figura D. 39 (Full 18) Fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i
l'ortofotomapa del (f) 2008. Aquestes imatges testimonien la dinamica morfo-sedimentaria dels ultims 50 anys del
riu Segre entre la poblacio de Ponts i la poblacié de Gualter, referent a les fotografies aéries dels anys (a) 1956, (b)
1975, (c) 1982, (d) 1992 i del (e) 1999, i dels ortofotomapes del (f) 2008. Entre la imatge del (a) 1956 i del f) 2008
s'observa una péerdua important d'arees sedimentaries actives (i.e. barres) i una reduccio de la superficie activa de la
llera a causa de la intrusio de la vegetacio de ribera. La direccio del flux va d’est a oest de les imatges.
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Figura D. 40 (Full 20) Cartografia de I'evolucié morfologica del riu Segre entre la poblacié de Gualter i la presa de
Rialb, referent a les fotografies aeries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i dels
ortofotomapes del (f) 2008. Entre la imatge del (a) 1956 i del f) 2008 s'observa una pérdua important d'arees
sedimentaries actives (i.e. barres) i una reduccié de la superficie activa de la llera a causa de la intrusié de la
vegetacio de ribera i de conreus. La direccié del flux va d’est a oest de les imatges.
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Figura D. 41 (Full 20) Fotografies aéries dels anys (a) 1956, (b) 1975, (c) 1982, (d) 1992 i del (e) 1999, i
l'ortofotomapa del (f) 2008. Aquestes imatges testimonien la dinamica morfo-sedimentaria dels ultims 50 anys del
riu Segre entre la poblacié de Gualter i la presa de Rialb, referent a les fotografies aéries dels anys (a) 1956, (b)
1975, (c) 1982, (d) 1992 i del (e) 1999, i dels ortofotomapes del (f) 2008. Entre la imatge del (a) 1956 i del f) 2008
s'observa una péerdua important d'arees sedimentaries actives (i.e. barres) i una reduccio de la superficie activa de la
llera a causa de la intrusio de la vegetacio de ribera. La direccio del flux va d’est a oest de les imatges.
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