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The effects of the main anthropogenic impacts in the fluvial ecosystem of the lower Ebro River
are evaluated along the five chapters of the present thesis, using the benthic macroinvertebrate
community as a bioindicator. Different approaches are integrated in function of the type of
stressor, considering mainly heavy metal and organochlorine pollution and hydrological
alterations. These approaches focus on the taxonomy and biological traits of the community, and
on the bioaccumulation of pollutants, population and life history studies on keystone species
such as Ephoron virgo (Ephemeroptera: Polymitarcyidae). The results evidence a strong
ecological response, and demonstrate that these effects act at different levels of organization,
including communities, populations and individuals.

Els efectes dels principals impactes antropogénics de |'ecosistema fluvial del tram baix del riu
Ebre s'estudien al llarg dels cinc capitols d'aquesta tesi, utilitzant la comunitat de
macroinvertebrats bentdnics com a bioindicadors. Depenent del tipus d'estres, tenint en compte
principalment la contaminacio per metalls pesants i organoclorats i les alteracions hidrologiques,
s'han considerat diferents aproximacions. Concretament, I'estudi se centra en la taxonomiaiels
trets bioldgics de la comunitat, la bioacumulacié de contaminants, i els estudis poblacionals i
relacionats amb el cicle bioldgic d'espécies clau com I'Ephoron virgo (Ephemeroptera:
Polymitarcyidae). Els resultats evidencien una resposta ecologica important, i demostren que
aquests efectes actuen a diferents nivells d'organitzacio, incloent comunitats, poblacions i
individus.
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menjades pel rovell, cases desfetes, terra llaurada per les bombes. Tanta porfidia
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tardor i de primavera [’havien inflat, les ardorades estivals [’enflaquien, pero les
aigiies no guardaven la memoria de la batalla. La memoria es cosa dels homens;
ell, I'’Ebre, era una for¢a insensible als afanys d’aquella gent que li capturava els
peixos, ’esgallava amb les quilles de les naus o trobava la mort en les seves
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Jesus Moncada, Cami de Sirga
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Resum (in catalan)

Resum (in Catalan)

INTRODUCCIO

Els ecosistemes son crucials per al benestar de les persones degut a la seva contribucid
a l'aprovisionament, al suport i regulacido dels processos ambientals i als valors
culturals. En aquest context, els rius proporcionen l'abastament d'aigua per a les
activitats humanes basiques 1 de produccio, com necessitats domestiques, agricultura,
industria, produccio d'energia, transport, pesca i altres activitats recreatives (Allan &
Castillo, 2008). Com a resultat de la intensificacié d'aquestes activitats humanes, el
deteriorament dels ecosistemes d'aigua dol¢a ha estat particularment notable durant els
darrers 50 anys, principalment a causa de l'alteracido de processos naturals, de la
sobreexplotacid de recursos i de la contaminaci6. Els grans rius, especialment els seus
cursos baixos, reben una amplia varietat d’impactes humans on les principals pressions
considerades son les alteracions hidrologiques 1 geomorfologiques, els usos del sol, els
contaminants 1 la introduccid d'especies no autoctones (Petts et al., 1993; Poff et al.,
2007; Klok & Kraak, 2008; Strayer et al., 2008). Es per aquest motiu que l'alteracio o
desaparicio de I'habitat, canvis en estructura trofica, i la disminucié de la qualitat de
l'aigua, han comportat canvis en processos de l'ecosistema 1 una debilitacié biologica. A
més, les prediccions de canvi climatic (IPC, 2007) que pronostiquen una reduccio de les
precipitacions i un augment de la temperatura depenent de la regié en concret, aixi com
les captacions d’aigua que hi ha projectades, augmentaran encara més la pressio sobre
els rius. Per exemple, la Peninsula Ibérica ha estat inclosa dins d'una de les arees més
amenagades en el futur pel que fa a la pressid sobre els recursos hidrics, la

contaminacio i l'erosié (Tockner et al., 2009).
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Resum (in catalan)

La fauna dels habitats d'aigua dolga (que inclou invertebrats, amfibis, peixos i ocells)
representa una riquesa de més de 82.500 espécies, de les quals el grup més divers
correspon als invertebrats aquatics (vegeu Tockner et al., 2009). Tanmateix, durant els
darrers 40 anys, la fauna d'aigua dolca ha mostrat la disminucié més drastica de
biodiversitat si es compara amb els ecosistemes terrestres i marins (Millenium
Assessment, 2005). Amb 1’augment de 1’estrés, les especies més tolerants 1 generalistes
esdevenen dominants, mentre que les espécies més sensibles esdevenen més
vulnerables o s’extingeixen. Com a resultat, es produeix una homogeneitzaci6é de la
comunitat i una perdua de la diversitat i de les funcions de l'ecosistema. Aquest perdua
funcional, reflectida en I'empobriment de les comunitats, pot tenir efectes negatius
importants en els serveis que l'ecosistema ens proporciona, que a part d’influir en els
rius, també afecta als ecosistemes estuarins i marins. Per tal de protegir els recursos dels
ecosistemes aquatics, la legislaci6 ambiental europea va crear la Directiva Marc de
I'Aigua de la UE (Comissié Europea, 2000), que considera la integritat ecologica de
comunitats biologiques. Els objectius prioritaris d'aquesta directiva europea queden
palesos a I’Article 1, segons el qual cada estat membre de la Unié Europea ha d’assolir

un bon estat ecologic dels ecosistemes aquatics abans de I’any 2015.

Els macroinvertebrats aquatics s'han utilitzat freqiientment com a bioindicadors de
diagnosi ambiental de I’aigua perque exerceixen un paper clau en ecosistemes aquatics 1
responen considerablement a les variables ambientals (Rosenberg & Resh, 1993). La
seva gran biodiversitat i la seva contribucié a I’aportaciéo de biomassa a la cadena
trofica ha comportat que, des de principis del segle XX fins a avui dia, hagin estat uns
organismes objecte d'estudi per a l'avaluacié de la contaminacié dels ecosistemes
aquatics (Bonada et al., 2006), 1 que s'hagin integrat en les politiques mediambientals
com un dels grups d'organismes més importants per definir-ne la integritat ecologica
(Comissio Europea, 2000). A partir d’aquests organismes, s'han desenvolupat diverses
linies metodologiques segons els objectius de 1'estudi i el nivell d'organitzacid. A nivell
de comunitat, la composicio taxonomica dels macroinvertebrats ha estat I’eina principal
per al seguiment de ’estat ecologic del rius, utilitzant indexs multimetrics basats en la
tolerancia a la contaminacié de cada espécie (Bonada et al., 2004; Bonada et al., 2006) i
protocols estandarditzats (ex., RIVPACS, GUADALMED). Més recentment, 1'us de
diversos trets biologics dels invertebrats (ex. mida de cos, reproduccid, dispersio) s'ha

considerat com a eina alternativa o complementaria, tenint en compte que els canvis en
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Resum (in catalan)

la composicié d’aquests trets tenen conseqiieéncies en el funcionament de I'ecosistema
(Dolédec et al., 1999; Statzner et al., 2005; Statzner & Beche, 2010). Aquest metode
que utilitza multiples trets biologics es basa en els conceptes del River Habitat Templet
(Townsend & Hildrew, 1994) que prediu a priori la resposta de cada tret davant de
pertorbacions naturals del medi, i estableix la base per predir impactes antropogenics en
els cursos d’aigua (Bonada et al., 2006; Henle et al., 2006). Malgrat que els estudis que
consideren com a nivell d’organitzacié les poblacions o individus no siguin tan
abundants com els basats a nivell de comunitat (Bonada et al., 2005), durant els darrers
10 anys han experimentat un augment significatiu, principalment pel que fa a estudis de
la bioacumulaci6 dels contaminants o d'ecotoxicologia (Hare et al., 2001; Barata et al.,
2005; De Lange et al., 2005; Cain et al., 2006; Buchwalter et al., 2007) i a
deformacions morfologiques en resposta als contaminants (Diggins & Steward, 1998;
Bonada et al., 2005; Skinner & Bennet, 2007). Tanmateix, molts d'aquests metodes que
observen respostes a nivell d'organisme, no donen lloc a canvis en la comunitat. Per
exemple, les deformitats del mentum en I’especie tolerant Chironomus riparius
Meigen, o els alts nivells de bioacumulaci6é en Hydropsyche spp. no generen canvis en
les seves abundancies en llocs altament contaminats (Cain et al., 2004; De Haas et al.,
2005). Malgrat que aquestes especies de macroinvertebrats tolerants a la contaminacio
no contribueixin a canvis en la comunitat, aquest fet els dona la capacitat d'actuar com a
sentinelles de 1'ecosistema i1 de detectar nivells i1 gradients de contaminacid a escales
espacials més grans. Llavors, com que les respostes als contaminants observats a nivell
de comunitat poden ser consqiiencia dels efectes sobre espécies relativament sensibles
(ex., Ephoron virgo [Olivier], vegeu Klook & Kraak, 2008), els metodes a nivell
individual 1 de poblacié d’aquestes especies en arees impactades son crucials.
Generalment, 1'ts combinat d'una espécie tolerant i d’una sensible podria proporcionar
una eina més integradora (Adams & Greeley, 2000), ja que la deteccid de respostes a
nivell de poblacid d'espécies clau pot predir canvis en la comunitat o fins 1 tot a nivell

de 'ecosistema.

Segons aquestes consideracions, aquesta tesi aborda diverses aproximacions
(composicio 1 métrica de la comunitat, dinamica i bioacumulacié de contaminants en les
poblacions) depenent de I'impacte huma considerat (ex. alteracions del cabal,
contaminacio, canvis de temperatura, preséncia d'especies no autdctones) en el context

del tram baix del riu Ebre.
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Resum (in catalan)

Context de l'estudi: el tram baix del riu Ebre

El riu Ebre esta situat al nord-est de la Peninsula Ibérica i té una conca de 85.362 km?*
amb una longitud de 910 km. Es el riu més gran a Espanya en termes de descarrega
d'aigua (11,982 hm’/ any al tram baix vegeu www.chebro.es), un dels rius més
importants del Mediterrani, 1 una de les conques més grans d'Europa (Tockner et al.,
2009). El riu Ebre neix als “Picos de Europa" situat a la serralada Cantabrica, i flueix
del nord-oest al sud-est cap al mar Mediterrani, on acaba formant el Delta de I'Ebre. Al
llarg del seu curs, 1'Ebre recull les aigiies dels rius Segre, Cinca, Aragon, Gallego 1
Jalén, considerats els seus tributaris principals. En la major part del seu recorregut es
caracteritza per un clima mediterrani-continental, excepte a 1'area del nord dels Pirineus,
on hi ha una transicid al clima de muntanya, i a les capcgaleres, on hi ha un clima
atlantic, mentre que al tram mig trobem un clima semi arid. La conca de 1'Ebre té una
mitjana anual de precipitacid que varia dels 250 als 2200 mm, amb els valors més alts 1
més baixos al nord-oest i sud-est, respectivament. Per tant, la mitjana de temperatura
anual mostra els registres més baixos a la zona dels Pirineus, 1 els més alts a l'area
semiarida, amb uns minims entre els 0-12 °C 1 uns maxims entre els 7-25°C.
La densitat demografica en aquest territori és baixa si es compara a la mitjana de 1’Estat
Espanyol, amb 33 hab/km?, i un total de 2.800.000 persones que viuen principalment al

tram mitja del riu.

La conca de I'Ebre és veu afectada per multiples impactes d’origen industrial, urba 1
agricola (Pujol 1 Sanchez-Cabeza, 2000; Lacorte et al., 2006; Terrado et al., 2006),
encara que el principal us del sol sigui l'agricultura, representant fins al 90% de consum
d'aigua a causa dels regadius (783.948 ha d’area irrigada). El riu esta altament regulat
per la construccidé de més de 190 grans preses que retenen fins al 60% del cabal anual
per a la generaci6 d'hidroelectricitat 1 per a la irrigacié (Vericat 1 Batalla, 2006). D'altra
banda, la conca de 1'Ebre té un gran valor pel que fa a biodiversitat, ja que un 3,2% és
zona protegida, incloent-hi 3 reserves de la biosfera (210,338 ha), 2 parcs nacionals
(56,370 ha), 3.500.000 ha incloses a la xarxa Natura 2000 i 15,573 ha incloses al

conveni RAMSAR (vegeu www.chebro.es).

El context d’aquesta tesi se situa al tram baix del riu Ebre, concretament als darrers 100
quilometres de riu, situat a la part catalana de 1'Ebre. Aquesta part del riu té una mitjana

anual de cabal natural de 426 m’-s™ a Ascé (Confederacié Hidrografica de 1’Ebre, URL:
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http: www.chEbro.es), regulat per un complex de tres grans embassaments construits
entre els anys 1940 i 1970: Mequinenca, Riba-Roja i Flix, amb una capacitat de 1534
hm?, 207 hm’, i 11 hm’, respectivament. La preséncia d'aquests embassaments ha
canviat la hidrologia, la geomorfologia i l'ecologia del riu, alterant la magnitud, la
sincronitzacid i la durada dels cabals (Batalla et al., 2004), la dinamica del sediment
(Vericat & Batalla, 2006, 2007), els régims de temperatura de 1’aigua, i la geoquimica
(Ibafiez et al., 1995; Sabater et al., 2008; Prats et al., 2010). Per tant, la regulaci6 del riu
es considera l'impacte antropogeénic principal en el sistema. Durant el segle XX s’ha
constatat una tendéncia a la reduccié de la mitjana anual del flux del 29%, atribuida
principalment a 1Ws de la irrigacid perdo també a l'evaporacid ocorreguda en els
embassaments (Ibafiez et al., 1996), que afecta la dinamica de la falca salina a l'area

d'estuari.

Si comparem les dades hidrologiques recents amb el context historic, la situacio actual
escaracteritza per la reduccid de grans crescudes a la tardor 1 hivern, un lleuger augment
a la primavera 1 al comencament de I'estiu, degut al desembassament necessari després
que es fongui la neu als Pirineus, i per un increment dels cabals minims a l'estiu
(Sanchez & Ibafiez, 2008). Durant els darrers 20 anys, les concentracions de nutrients
dissolts han mostrat una tendéncia a la disminucio dels fosfats, atribuida sobretot a
l'augment de les depuradores d'aigiies residuals a la conca, encara que els nivells de
nitrats hagin estat similars a causa dels usos del sol amb finalitats agricoles (Ibafiez et
al., 2008). Aixi doncs, juntament amb la preséncia de musclo zebrat (Dreissena
polymorpha [Pallas]) als embassaments i la proliferacié de macrofits a la seccid del riu,
s’ha detectat una forta disminuci6 de la biomassa de fitoplacton (Sabater et al., 2008;

Ibafiez et al., 2008).

Dins dels altres impactes antropogenics en I’area d’estudi, la preséncia d'una central
nuclear construida el 1984 a Asco, 5 quilometres aigiies avall de darrer gran
embassament, produeix un augment de la temperatura de l'aigua de fins a 3°C, que pot
variar depenent del cabal de l'aigua (Prats et al., 2010). D'altra banda, en vista dels
efectes de l'escalfament global (IPCC, 2007), es preveu un augment de 3,2 °C per al
periode 2070-2100 a l'area de 1'Ebre (CHE, 2005), on ja s'han observat alguns efectes
sobre la fenologia en especies d'ocells, insectes i plantes terrestres (Gordo & Sanz
2005). Pel que fa a la contaminacid, I’impacte més significatiu al tram baix del riu Ebre

¢s el vessament de més de 300.000 t de residus solids provinents de la industria
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electroquimica situats a I’embassament a Flix, i que conté principalment metalls pesants

1 compostos organoclorats (Grimalt, 2006).

La fabrica quimica de Flix va ser fundada el 1899 i ubicada a prop el riu Ebre, a causa
de la seva posicid estrategica pel que fa a temes d'infraestructures de transport i de
proveiment de materia primera (Sanchez & Visa, 1994). A causa de la construccié de
I’embassament de Flix el 1949, els residus industrials i els sediments naturals que
préviament transportava el riu van comencgar a dipositar-se a la presa. Tot i aixd, com
que les grans avingudes encara eren possibles a causa de la poca capacitat de la presa,
només es va acumular una part del sediment i materials contaminats. Quan a finals dels
anys seixanta es van construir les preses hidroeléctriques de Riba-Roja i Mequinenga
aigiies amunt de Flix, els sediments naturals hi van quedar retinguts, de manera que a
Flix només s’hi van dipositar els productes industrials. La quantitat més gran de
sediments contaminats va ser dipositada a partir de l’any 1973 fins al 1984,
principalment productes dels fertilitzants del fosfat, fins al moment que el vessament
d'aquests productes va ser prohibit. Els contaminants presents en aquests sediments sén
transportats aigiies avall (Gémez-Gutiérrez et al., 2006) i1 s’han detectat en organismes
de la cadena trofica del tram baix del riu Ebre, des de la font de contaminacio fins al
delta (Schuhmacher et al., 1993; Ramos et al., 1999; Maifiosa et al., 2001; Sanchez-
Chardi et al., 2007; Cid et al., 2010; Suérez-Serrano et al., 2010; Barata et al., 2010).

L'area d'estudi d’aquesta tesi se situa dins de la part d'aigua dol¢a del tram baix de
I'Ebre, des de la presa de Flix fins a la ciutat de Tortosa. El tram més baix del riu que
esta sota la influéncia de la falca salina no s’ha inclos en aquesta tesi ja que el nostre
estudi no se centra en les comunitats d’aiglies de transicid (tanmateix, vegeu Guillén et
al., 1992; Ibaiiez et al., 1997 per a una descripcié detallada de 1'estuari 1 de les seves
caracteristiques hidrologiques). Dins la part del riu estudiada en aquesta tesi, el substrat
del sediment es compon principalment de graves, codols i sorra entre els intersticis
(Mufioz & Prat, 1994; Batalla & Vericat, 2009), i al llarg del seu curs s’hi poden trobar
diverses illes 1 bragos fluvials que proporcionen una major heterogeneitat de 1'habitat.
La vegetacio riparia cobreix una area limitada a cada marge del riu, ja que les terrasses
fluvials adjacents han estat modificades per l'agricultura (vegeu Limnos, 1998; Prats et
al., 2010). Encara que la vegetacio autoctona sigui predominant, amb espeécies com el
tamariu (Tamarix sp.), el pollancre (Populus nigra Linnaeus), l'alber (Populus alba L.),

el salze (Salix sp.), el canyis (Phragmites australis [Cav.] Steudel) 1 la boga (Typha
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sp.), als llocs més antropitzats la vegetacié principal es compon per canya americana
(Arundo donax L.), una espécie introduida (Fernandez-Gonzélez, 1990; Molina-

Holgado, 2003; Curcd, 2007).

Des de principis dels anys 80, al tram baix del riu Ebre s’han dut a terme estudis
d’investigacio ecologica i limnologica als embassaments, a la part del riu, a I'estuari i al
delta, descrivint l'estructura de les comunitats principals, els processos ecologics i
l'avaluacié dels impactes principals en 1’ecosistema (de Sostoa et al., 1985; Muifioz,
1990; Muiloz & Prat, 1994; Ibafiez et al., 1995; Ibafiez et al., 1996; Limnos, 1998;
Mafiosa et al., 2001; Ibafiez 1 Prat, 2003; Val et al., 2003; Benejam et al., 2009; Cid et
al., 2008, 2010; Suarez-Serrano et al., 2010, entre molts altres). Pel que fa a la part
fluvial del tram baix de I’Ebre, considerat com a objecte d’estudi en aquesta tesi, les
descripcions anteriors de la composici6 de la comunitat s'han realitzat principalment en
macroinvertebrats, ictiofauna, 1 fitoplancton. En aquesta area la comunitat de
macroinvertebrats estava dominada pels quironomids, com ara Cricotopus spp. i
Oligoquets, encara que també n’eren caracteristics filtradors com Hydropsyche
exocellata Dufour 1 1'Ephoron virgo (Olivier), col-lectors com Caenis spp., 1
brostejadors com Theodoxus fluviatilis L. (Mufioz & Prat, 1994, Limnos, 1997). Avui
dia, la comunitat de macroinvertebrats inclou poblacions abundants d'especies no
autoctones, com el musclo zebrat (D. polymorpha) 1 la cloissa asiatica (Corbicula
fluminea [O.F. Miiller]) (Jiménez-Muer, 2001; Sabater et al., 2008; Navarro et al.,
2006), mentre que les especies natives com la naiade Margaritifera auricularia
(Spengler) es troben en perill i la poblacié disminueix (Altaba, 1990; Araujo & Ramos,
2000). També s’ha detectat un augment massiu de les poblacions de mosca negra
(Simulium erythrocephalum [De Geer]), lligada a la proliferacido massiva de macrofits
on habiten 1 que prova continus problemes de salut publica a la zona degut a les

picades.

La comunitat de peixos a l'area estudiada esta constituida per una part molt elevada
d'especies no autoctones, com el silur europeu (Silurus glanis L.) introduit a final dels
anys 60 als embassaments. L'extincid d'espécies anadromes autoctones, com l'esturid
atlantic (Acipenser sturio L.), o el declivi de la saboga (4losa fallax [Lacepéde]) s'ha
atribuit principalment a I’impacte de barreres fisiques com les preses i assuts, als
impactes urbans 1 industrials, 1 a la regulacié del riu (Sostoa & Lobon-Cervia, 1989;

Fernandez 1 Farnds, 1999), encara que dades recents han mostrat una lleugera
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recuperacid de les poblacions de saboga en aquesta area (Ldopez et al., 2007). Altres
especies importants a I’Ebre sén considerades endémiques (Barbus graellsii
Steindachner i Chondrostoma miegii Steindachner), vulnerables (Anguilla anguilla L.)

o amenagades (Salaria fluviatilis Asso) (Doadrio, 2002; Ibafiez & Prat, 2003).

Avui dia, la comunitat de fitoplancton de I'Ebre aiglies avall dels embassaments €s poc
nombrosa i es compon principalment de diatomees ceéntriques i de clorofits colonials o
unicel-lulars, com Cyclotella sp., Stephanodiscus sp., Coelastrum microporum Négeli,
Pediastrum sp., Gymnodinium sp. 1 Peridinium sp. (Sabater & Mufioz, 1990; Sabater &
Klee, 1990; Sabater et al., 2008). A finals dels anys 80, tot i que els embassaments ja
existien, les altes concentracions de fosfat dissolt i 1'abséncia de musclo zebrat als
embassaments va propiciar una comunitat de fitoplancton més abundant, encara que la
seva composicio sigui similar a la d’avui dia. D'altra banda, la comunitat d’algues
bentoniques esta principalment dominada per Cladophora sp. 1 per una comunitat
diversa de diatomees, incloent especies com 1'Amphora pediculus (Kiitzing) Grunow,
Cocconeis placentula var. lineata Ehrenbergh, Navicula cryptotenella Lange-Bertalot,
Nitzschia dissipata (Kiitzing) Grunow, N. palea (Kiitzing) W.Smith i N. incosnpicua

Grunow, entre les més abundants (comunicacié personal de Rosa Trobajo).

El valor mitja de la concentracid de clorofil-les en algues bentoniques va ser de 50-250
mg/m” el 2005 i 2006 (Sabater et al., 2008). La proliferaci6 de macrofits al tram més
inferior del riu durant els darrers 10 anys és també un fet rellevant ja que ha induit
canvis ecologics que afecten la salut publica 1 I’economia a l'area (Ibafiez et al., 2008;
Batalla et al., 2009). Els taxons principals de macrofits trobats a 1’Ebre son el
Potamogeton pectinatus L., Myriophyllum spicatum L.. 1 Ceratophyllum demersum L.
(Limnos, 1998; Andreu, 2007), en gran part presents en arees de poc cabal, malgrat que

el P. pectinatus es pot trobar en gairebé tots els habitats.

Aquesta tesi integra els diversos tipus d'impactes i1 les pressions sofertes per
I'ecosistema fluvial del tram baix de 1'Ebre, considerant I'efecte sobre els
macroinvertebrats aquatics a diversos nivells d'organitzacio. A la seccid seglient es

presenten els objectius i 1'estructura principal de la tesi.
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OBJECTIUS

L'objectiu general d’aquest estudi era avaluar els efectes dels principals factors de
pressio ambiental sobre 1'ecosistema d'aigua dolca del tram baix de riu Ebre mitjangant
la comunitat de macroinvertebrats bentonics. Per assolir aquest objectiu es van tenir en
compte diversos nivells d'organitzacié (comunitat, poblacidé 1 individu) aixi com

diferents metodologies en funcid del tipus de pressio.

Aquesta tesi doctoral es divideix en 5 capitols, que corresponen a 5 articles (2 dels
quals ja han estat publicats, un esta enviat i els dos restants que seran enviats per

publicar properament).

Concretament, cada capitol vol respondre a les preguntes segiients:
Capitol 1. La composicid taxonomica i biologica de la comunitat es veu influida per la
distancia respecte als embassaments, 1 pel vessament de sediments contaminats? Hi ha
una variabilitat temporal? Les metriques de la comunitat son condicionades per aquests
factors?

Capitol 2. Les condicions de I'habitat, com la hidraulica, I’oxigen i la coberta de
macrofits determinen la distribucio de les comunitats de macroinvertebrats? Quines sén
les seves preferéncies hidrauliques? Es important la resolucié taxondomica per
determinar aquestes preferéncies? Hi ha alguna resposta biologica a aquests factors

ambientals? La hidraulica repercuteix en les meétriques de la comunitat?

Capitol3. Hi ha alguna influéncia del canvi de temperatura de l'aigua en la produccio
secundaria 1 el cicle biologic dels insectes aquatics? Hi ha algun canvi en les poblacions
de filtradors autoctons com 1'Ephoron virgo després de l'establiment d'especies
introduides, amb els mateixos habits alimentaris (Corbicula fluminea 1 Dreissena

polymorpha)?

Capitols 4 i 5. Existeix una bioacumulaci6é de contaminants en I'ecosistema fluvial del
riu Ebre? Aquests contaminants provenen del vessament de sediments toxics situats
aigiies amunt de I’area d’estudi? Quins sén els patrons de bioacumulacié al llarg del
creixement 1 de les etapes del cicle biologic d'especies sensibles a contaminants com
I'Ephoron virgo? Hi ha diferéncies en la bioacumulacid entre especies sensibles
(Ephoron virgo) 1 tolerants (Hydropsyche exocellata)? Hi ha diferéncies entre els

composts analitzats?
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Aquestes preguntes es responen al llarg de cada capitol, i es tracten en global a la

discussio de la tesi. Finalment es presenten les conclusions.

DISCUSSIO GENERAL

L’objectiu d’aquesta discussio €s donar una perspectiva general dels punts principals
tractats al llarg de la tesi i justificar-ne les conclusions. Com els impactes antropogeénics
al tram baix del riu Ebre s’han descrit préviament a la introduccid, aquesta discussié se
centra en els dos impactes principals: l'avaluacidé i els efectes de les alteracions
hidrologiques i la importancia de la contaminaci6é per metalls pesants i organoclorats
(OC), utilitzant els macroinvertebrats bentonics com a bioindicadors. En general,
aquesta tesi demostra que l'ecosistema del tram baix del riu Ebre pateix les
conseqiiencies de les alteracions hidrologiques 1 sofreix un estrés antropogenic
important, experimentant una bioacumulaci6 elevada de contaminants en espécies clau

que van donar lloc a canvis en l'estructura i la funcié de la comunitat.

En els rius altament regulats com I'Ebre, les condicions hidrodinamiques estan alterades
1 en conseqiiencia afecten a la composicio 1 a la diversitat de les comunitats aquatiques
aigilies avall dels impactes de manera tan directa com indirecta, incloent la fragmentacio
I'habitat 1 la seva homogeneitzacio, I’empitjorament de qualitat de 1'aigua i la presencia
d'especies invasores. En aquest context, I'is de macroinvertebrats com a indicadors
d'alteracions hidrologiques té una llarga tradicid en la gestid, incloent estudis de cabals
ambientals (Gore, 1978; Gore, 2001; Suren & Jowett, 2006; James & Suren, 2009;
Dunbar et al., 2010). Al Capitols 1 i 2, es va avaluar la resposta de la comunitat de
macroinvertebrats sota diverses situacions hidrologiques i1 hidrauliques, utilitzant tant la

taxonomia (estructura) com els trets biologics (funcio).

Al Capitol 1, la variacié temporal corresponent a diferents condicions hidrologiques va
quedar reflectida en major part en la composicié de la comunitat i les metriques
funcionals. Una situacio previa de cabal relativament alt a la primavera va determinar
una comunitat amb una diversitat funcional més baixa que no pas a la tardor, mentre que
el llarg periode de cabals estables 1 relativament baixos abans de la tardor van propiciar
una diversitat funcional més alta. Tanmateix, per a una millor interpretacié de la

resposta funcional a la variabilitat del cabal, es requereixen estudis que utilitzin mesures
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fisiques directes, com ara la velocitat de l'aigua (Statzner & Béche, 2010). Aquesta idea
es va tractar al Capitol 2, on es va demostrar que la major part de les categories dels
trets biologics considerats en l'estudi van respondre (positivament o negativament) a
canvis en la velocitat de 'aigua, nombre de Reynolds i nombre de Froude. Diversos
estudis han investigat la resposta de la composicid dels trets biologics a les condicions
hidrauliques (Lamoroux et al., 2004; De Crespin et al., 2002; Snook & Milner, 2002;
Meérigoux & Dolédec, 2004; Tomanova & Usseglio-Polatera, 2007; Horrigan & Baird,
2008), demostrant que els trets soén un filtre primari que determinen quina espécie pot
sobreviure i reproduir-se sota certes condicions ambientals (River Habitat Templet;
Southwood, 1988; Poff &Ward, 1990; Townsend & Hildrew, 1994), i que 1'habitat fisic
¢s un dels factors més importants per determinar 1’ estructura la comunitat d'invertebrats

aquatics en cursos fluvials.

De la mateixa manera que en el cas dels trets biologics, un bon coneixement del ninxol
ecologic que ocupa cada espécie a partir de mesures hidrauliques directes
proporcionaria respostes més especifiques de la comunitat a les variacions de corrent de
I’aigua. Aixi, els requisits hidraulics de les espécies i la resposta dels seus trets biologics
podrien proporcionar una base per al seu us en la gestid de cabals ambientals (Gore et
al., 2001), sobretot si tenim en compte que les respostes funcionals a nivell de
microhabitat poden predir les respostes a escala de tram (Lamoroux et al., 2004) 1 que
les especies que presenten una elevada marginalitat pel seu habitat serien les més
sensibles a les alteracions hidrologiques (Dolédec et al., 2007). D'altra banda, com més
alta és la resolucié taxondomica, més exacta sera la nostra interpretacio de la seva
resposta, atés que es van obtenir diverses respostes a les condicions hidrauliques per al

mateix genere (ex. Cricotopus (Cricotopus) trifascia i C.(C.) bicinctus) (Capitol 2).

Els Capitols 1 1 2 representen un dels pocs estudis que comparen al mateix temps
canvis estructurals i funcionals de la comunitat de macroinvertebrats en grans rius,
encara que aquest esfor¢ s'hagi fet préviament prenent en consideracid grans bases de
dades a grans escales espacials a Europa i America del Nord (Bady et al., 2005; Bonada

et al., 2007; Béche & Statzner, 2009; Péru & Dolédec, 2010).

En el context de canvi climatic, s'ha predit un augment de les temperatures i una
reduccid de les precipitacions en els climes mediterranis (IPCC, 2007), i els impactes en

els recursos hidrics del clima de la conca de 1'Ebre ja han estat objecte d’estudi (CHE,
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2005). Aquesta situacio, aixi com els projectes de transvassaments i concessions d'aigua
a I'Ebre a causa de canvis en els usos del sol (agricultura), pot comportar problemes de
gestid en un moment on s'estan considerant propostes referents a cabals ecologics a
I'Ebre (Sanchez & Ibafiez, 2008) i la Directiva Marc de 1'Aigua (Comissié Europea,
2000) ha de ser implementada. De moment, en resposta a un augment de la temperatura
s'han detectat canvis en la fenologia dels insectes terrestres, els ocells i les plantes

(Gordo & Sanz, 2005), 1 també en els insectes aquatics (Capitol 3 d'aquesta tesi).

L'alteracié del regim de cabals afecta als peixos 1 a la composicié de la comunitat de
macroinvertebrats 1 augmenta la introduccio d'espécies no autoctones (Poff et al., 2010).
Aixi, tal i com es mostra als Capitols 1 1 2, les poblacions d'espécies introduides com
ara la Corbicula fluminea eren dominants, fet que es podria explicar per la seva alta
capacitat reproductiva i els seus baixos requisits hidraulics, ja que presenten un rang
molt ampli d’habitat potencial. Tanmateix, malgrat l'alta abundancia d'aquest filtrador al
tram més baix del riu Ebre, i l'alta preséncia de musclo zebrat (D. polymorpha) als
embassaments, els resultats de la produccid secundaria després de 18 anys en
poblacions de I’espécie indicadora Ephoron virgo van mostrar fins 1 tot valors més alts

que els de 1987 (Capitol 3).

Aix0 podria ser a causa de la disminucié dramatica de les poblacions autoctones de
naiades com ara la Margaritifera auricularia o I’Unio elungatulus C. Pfeiffer (Ramos,
1998; Araujo & Ramos, 2000), no detectats en cap de les mostres que es van recollir
durant aquest estudi, ates que l'acci6 filtradora de la Corbicula hauria pogut substituir la

competeéncia que exercien anteriorment les naiades.

Als Capitols 4 1 5 es va investigar la bioacumulacié de metalls pesats i de compostos
organoclorats a nivell individual i de poblacié en macroinvertebrats bentonics aigiies
avall del vesssament de sediments toxics situats a [’embassament de Flix. Els
organismes d'estudi van ser una especie tolerant (H. exocellata) 1 una de sensible (E.
virgo) que van presentar diferents nivells de bioacumulacié de metalls pesats. Si es té en
consideracié que ambdds especies presenten trets biologics similars pel que fa als habits
de respiraci6 i d'alimentacio, tots dos son filtradors i respiren per les branquies (Tachet
et al.,, 2000), es va considerar que tindrien uns nivells d'exposicié a contaminants
similars, tant mitjangant la ingestio de particules en suspensid, o mitjangant la respiracio

pel contacte directe amb contaminants dissolts.
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Malgrat que multiples factors d'estrés poden actuar al mateix temps al tram baix del riu
Ebre, els alts nivells de bioacumulacié detectats en I’H. exocellata (Capitol 4) i
l'absencia o baixa densitat d’especies considerades sensibles als contaminants (E. virgo)
en els primers quilometres aigiies avall del vessament de sediments toxics (Capitol 1),
indiquen que els canvis a nivell de poblacié (abundancia relativa) podien ser
principalment atribuits a la contaminacid quimica. A causa dels diferents trets
ecofisiologics de cada especie que s’atribueixen a un diferent origen filogenetic
(Buchwalter et al., 2008), aquelles especies amb trets biologics similars pero
gencticament distants entre elles poden presentar diferencies en la seva capacitat per
mantenir poblacions estables en cursos fluvials contaminats. La més elevada
bioacumulacié de metalls trobada en I’E.virgo comparat amb 1'H. exocellata al Capitol
4 va evidenciar aquests trets ecofisiologics. L'H exocellata. pot detoxificar i eliminar
facilment els contaminants (Cain et al., 2004; Buchwalter et al., 2008) 1 les seves
poblacions no es van veure afectades per la contaminacio, mentre les poblacions I'E.
virgo no van comengar a ser mitjanament abundants a partir dels primers 21 km aigiies
avall de Flix i només considerablement abundants en la zona de mostreig situada a 65
km de la font de la contaminacié (Capitol 3). D’aquesta manera, l'estructura de la
comunitat variava a mesura que la distancia des dels sediments de Flix 1 de les preses
augmentava. Aquests canvis a nivell de comunitat s'han observat en ecosistemes
aquatics que pateixen I’impacte de contaminants toxics (Liess et al., 1996; Hutchens et
al., 1998; Clements et al., 2000; De Lange et al., 2004; Cain et al., 2004), amb I’especial
rellevancia dels Efemeropters, atés que son generalment una de les primeres poblacions
que mostren disminucions significatives en la seva abundancia i riquesa en llocs
impactats (Edsall et al., 1991; Clements et al.,, 2000; Maret et al.,, 2003). D'altra banda,
els efectes indirectes de la contaminacié per metalls o pesticides sobre poblacions
sensibles poden augmentar-ne la taxa de predacido (Clements, 1999; Schultz &
Dabrowski, 2001), ates que els efectes subletals poden portar a canvis del comportament
animal (e.g., locomoci6 reduida). Aixd podria ser possible a I’Ebre, ja que que les
nimfes de D’efemeropter E. virgo que vivien aigiies amunt de Flix (Saragossa) van
presentar una mobilitat més alta que els que es van observar aigiies avall (observacio
personal). Considerant tot aixo, I’E. virgo ha servit com a un bon bioindicador de la
contaminacio atés que €s sensible als contaminants toxics (De Haas et al.,, 2002) i per
tant es considera una especie d’especial rellevancia per la proteccié dels ecosistemes

fluvials en la seva area de la distribucié (Klok & Kraak, 2008), on s’inclou el riu Ebre 1
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la major part dels grans rius europeus. Més enlla de la distribucidé espaial de la
contaminacio, els canvis temporals en l'ecosistema fluvial també poden determinar el
grau d'exposicio als contaminants per la fauna aquatica (Chapman et al., 2003). Per
exemple, al Capitol 1 les metriques basades en la taxonomia (incloent la riquesa, els
indexs de diversitat i I'index biotic IBMWP) van presentar valors més alts a mesura que
augmentava la distancia des del focus de contaminacid, perd només a la primavera.
Aquesta resposta més elevada a la primavera era a causa d'aquestes especies sensibles
d’Eferemeropters com ara I’E. virgo o el Choroterpes pictetii, que estan nom¢s presents
com a nimfes durant la primavera i I’estiu degut al seu cicle biologic univolti (un cicle
biologic per any). Per tant, el cicle biologic de les especies clau ha de ser considerat per
al diagnosi de la contaminaci6 a escala espacial 1 temporal. A més, 'Ebre, encara que és
un riu altament regulat, els cabals elevats de principi de primavera podrien comportar
una exposicid més elevada als contaminants a causa de 1’alliberament de sediments

toxics procedents de la presa de Flix 1 d'altres arees de deposicio aigiies avall.

D'altra banda, les metriques basades en els trets biologics (riquesa de trets, diversitat
funcional) van mostrar només canvis lleus en la comunitat al llarg del gradient de
contaminacio. Aix0 va mostrar la limitacid per establir una causa-efecte de les respostes
a nivell de comunitat pel que fa a les métriques funcionals basades només en els trets
biologics (e.g., mida maxima, habits alimentaris), ateés que no integra els diversos trets
ecofisiologics de cada especie. Tanmateix, 1'as de prediccions a priori de les categories
seleccionades de cada tret basades en respostes previstes als tipus especifics podrien
millorar-ne la interpretacio (Dolédec & Statzner, 2008). A 1'Ebre, atés que els
contaminants principals van ser incorporats en major part mitjangant la ingestio de la
materia particulada en suspensio (Capitol 4), s’esperaven proporcions més baixes de
filtradors en les zones més proximes a la font de la contaminacid. Aixo es va observar al
Capitol 1, quan es van utilitzar els trets biologics per detectar canvis funcionals
longitudinals des dels embassaments principals 1 de la font de la contaminacié de
metalls 1 d’organoclorats. Fins al moment, només dos articles recents han relacionat els
trets biologics d'invertebrats aquatics amb 1'impacte de substancies toxiques en els rius
(Dolédec & Statzner, 2008; Archaimbault et al., 2010), fet que fa encara dificil
interpretar la resposta dels trets biologics a aquest tipus d’impacte. D'altra banda, en la
major part dels rius afectats per substancies toxiques altres tipus d’impactes poden

actuar simultaniament, el que ho dificulta encara més.
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En ecosistemes aquatics contaminats, la biologia i el cicle biologic dels insectes
aquatics han de ser considerats per avaluar el risc de transferéncia de contaminants a
nivells trofics superiors (Corkum et al., 1997; Smits et al., 2005; Bartrons et al., 2007).
Per aquesta rad, als Capitols 4 1 5 la transferéncia de metalls i de compostos
organoclorats va ser avaluada a través del cicle vital considerant I’E. virgo com a model.
Segons el que s’ha estudiat en el Capitol 3, el cicle vital univolti i sincronitzat d'aquesta
especie va donar I’oportunitat d'estudiar la transferéncia de contaminants durant el cicle
vital en I'habitat natural. Les nimfes de I’E. virgo eclosionen a l'abril i tenen un
desenvolupament rapid fins 1’época d’emergencies dels adults i reproduccié a finals de
juliol, quan els ous es dipositen al riu i passen la tardor i I'hivern en diapausa (Kureck &
Fontes, 1990). A causa de l'alta produccidé secundaria d'aquesta espécie a 1'Ebre (amb
una producci6 anual de 950 mg pes sec/m*/any) i a les seves emergéncies massives
durant I’estiu, I’E. virgo és font d’aliment abundant per als peixos i els ocells
insectivors. Ates que les concentracions bioacumulades de metalls 1 compostos
organoclorats en insectes aquatics varia amb el creixement i les diferents etapes del
cicle vital (Smock, 1983; Cain et al.,, 1992; Standley et al.,, 1994; Bartrons et al.,, 2007)
1 que s'han descrit diversos models de bioacumulaci6 per a diversos compostos (Smock,
1983), els Capitols 4 1 5 van demostrar que els contaminants més persistents com I'Hg,
el Cd, PCBs o DDEs van ser transferits en quantitats elevades als adults emergents 1 als
ous, encara que aquests ultims presentessin concentracions molt més baixes i en el cas

del Cd la transferéncia als ous fos minima.

Les concentracions més baixes en ous comparades amb les nimfes i els adults en la
majoria dels contaminants analitzats podrien ser un factor clau per explicar I’abundancia
poblacional de I’E. virgo en els llocs més allunyats aigiies avall del vessament de
sediments toxics. Al existir problemes de bioacumulacid lluny de la font de
contaminacio, les nimfes podrien patir efectes subletals que afectarien a la reproduccid
(Conley et al., 2009). Tanmateix, no semblava ser el cas del nostre estudi a causa les
grans quantitats d'adults emergents amb proporcions elevades de femelles (Capitol 3).
Al Capitol 5 s’explica que la baixa transferéncia materna de OCs als ous podria estar
lligada al contingut del lipids i a la seva composicio, als mecanismes del transport de
lipids 1 a l'estructura de la closca de I'ou. Aquests factors podrien fer possible que la

transferéncia de contaminants a la generacié seglient fos més baixa, encara que 1'efecte
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sobre 1'¢xit d’eclosid o sobre la supervivencia de les nimfes acabades d’eclosionar no es
va arribar a estudiar.

Els diversos patrons de bioacumulacié durant el creixement de les nimfes d’E. virgo van
variar depenent del compost analitzat. Aquestes diferéncies es poden relacionar amb la
mida de la particula ingerida, les preferéncies hidrauliques en cada un estadi de
creixement, i amb la quantitat de sediments contaminats alliberats des de la presa de
Flix depenent dels cabals. Una de les raons per explicar la concentracid6 més baixa de
contaminants en nimfes més grans recollides a principis d'agost podria ser que al
canviar les seves preferéncies hidrauliques es traslladen a les arees de lents per emergir i
per tant reflecteixen els contaminants disponibles en aquests habitats, on hi pot haver
una exposicié més baixa degut al menor transport de particules en suspensid. Per tant,
les preferéncies hidrauliques dels macroinvertebrats 1 el régim de cabal del riu sén
determinants per al coneixement de la dinamica de la bioacumulacié en [’habitat
natural. Al Capitol 2, les especies que ocupaven arees amb elevades velocitats del
corrent eren sobretot insectes filtradors com I’H. exocellata o omnivors com els
Orthocladiinae, que podrien ser indicadors de la carrega de contaminants presents en el
flux d’aigua. D'altra banda, especies que ocupaven arees de lents com ara col-lectors
(e.g., Caenis luctuosa) podria reflectir la biodisponibilitat de contaminants en arees de
deposicio de sediments en e riu. Aquest punt de vista podia ser util entendre els patrons

de contaminacid de la comunitat de macroinvertebrats a escala de mesohabitat.

A més, ates que s’ha vist que la bioacumulacié de contaminants en filtradors marins és
dependent de la temperatura (e.g., Odin et al., 1997; Loayza-Muro & Elias-Letts, 2007),
si la temperatura global augmenta d’acord amb les previsions (IPCC, 2007), la
bioacumulaci6 podria augmentar a causa de taxes de filtracié més elevades 1 de canvis
en la quimica i fisica dels contaminants (Mubiana & Blust, 2007). Aixi, a part
d'alteracions en la fenologia de les especies (e.g., avangament del cicle biologic de I’E.
virgo gairebé d'un mes el 2005 comparats amb el 1987, Capitol 3), altres canvis com
uns nivells més elevats de bioacumulaci6 amb les corresponents respostes

toxicologiques poden océrrer amb un augment de la temperatura.

Per altra banda, els resultats d’aquesta tesi demostren que ’exposicid a metalls i
compostos organoclorats van ser originats per la contaminaci6 historica dels sediments
toxics de Flix, que afecta en gran mesura la fauna aquatica, reflectit sobretot en especies

sensibles 1 en els canvis funcionals 1 estructurals de la comunitat de macroinvertebrats.
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Llavors, una recuperacié de les especies sensibles com I’E. virgo en els llocs on
actualment la contaminaci6 per metalls i compostos organoclorats és elevada seria un
indicatiu d’una millora ecologica. Ates que s’esta executant un pla de restauracidé que
consisteix en 1’extraccid dels sediments toxics de Flix (Resolucion de la Confederacion
Hidrografica del Ebro, 2006), i la Directiva Europea 2006/11/CE referent a substancies
perilloses en ecosistemes aquatics ha de ser implementada, en un futur proxim es
podran observar canvis positius en poblacions d'espécies sensibles i reduccions dels

nivells de bioacumulacid en l'ecosistema del tram baix de I'Ebre.

Com que molts altres factors ambientals son també determinants per a la composicio de
la comunitat de macroinvertebrats (régim de cabals, oxigen, disponibilitat d’aliment,
presencia de macrofits 1 altres aspectes de I'habitat) ¢s dificil separar els altres tipus
d’impacte de la contaminacid de metalls i organoclorats. Tanmateix, aquesta tesi
proporciona una prova evident de la resposta ecologica als impactes antropogenics que
esta patint el tram baix del riu Ebre actualment, posant en evidéncia canvis en els
invertebrats aquatics a diversos nivells d'organitzacio, incloent comunitats, poblacions 1

individus.

CONCLUSIONS

Les conclusions principals de la tesi, i que contesten a les qiiestions plantejades en els

objectius son les segiients:

1. A nivell de comunitat, 1’analisi basat en la taxonomia va mostrar que la composicid
de la comunitat canviava a mesura que la distancia des dels principals impactes
antropogenics incrementava (embassaments i sediments contaminats). Aquests canvis
van influir en les metriques basades en la taxonomia, amb valors més alts als llocs
situats més aigiies avall a causa de la preséncia d'especies sensible a la contaminacid
quimica.

2. La variabilitat temporal en relacio a diferents condicions hidrologiques i estacionals
va ser reflectida principalment en 1’analisi de tret biologics (composicid i meétriques
funcionals), mentre que utilitzant les métriques taxondomiques es van detectar canvis
minims.

3. D’entre totes les variables mesurades a escala de mesohabitat, les mesures directes

com la velocitat de l'aigua i el nombre de Froude i de Reynolds van explicar la major
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part de la variabilitat de la distribucié de macroinvertebrats bentonics i dels seus trets
biologics. Tanmateix, la cobertura de macrofits present en el bentos i 1'oxigen dissolt

intersticial no van ser determinants.

4. En mesurar el ninxol ecologic de cada especie de la comunitat, els taxons amb una
alta marginalitat van mostrar una menor disponibilitat d'habitat (bé tipics de corrents
rapids o de lents), mentre que altres espécies presentaven una elevada tolerancia les
diferents condicions de 1’habitat

5. La resolucio6 taxonomica va resultar important per obtenir interpretacions acurades de
les preferéncies de la comunitat al llarg del gradient hidraulic, donant rellevancia al al
grup dels Chironomidae, que van mostrar preferéncies d'habitat diferents dins de la
mateixa subfamilia, tribu o genere. Per tant, la resolucid taxonomica va influir la
resposta de les metriques de la comunitat en resposta a les condicions hidrauliques.

6. La major part dels trets funcionals dels macroinvertebrates (trets biologics) van
respondre positivament o negativament a les condicions hidrauliques (e.g. alimentacio,
locomocio) com a resultat d'una adaptacid a les condicions ambientals, mentre que
altres trets relacionats amb el cicle vital podrien reflectir adaptacions als esdeveniments
del regim de cabals o a les interaccions entre les espécies.

7. A nivell poblacional/ individual, un augment de 2°C de la temperatura mitjana diaria
de l'aire durant el periode del creixement de I’E. virgo al 2005 comparat amb el 1987,
juntament amb un valor més alt dels graus-dia acumulats el 2005, semblen ser la rad
principal per un avancament de 3 setmanes del cicle biologic d’aquesta espécie model.
8. Les estimacions de produccié secundaria de I’E. virgo després de l'establiment
d'espécies introduides amb els mateixos habits alimentaris (Dreissena polymorpha i
Corbicula fluminea) van mostrar valors més alts el 2005 que el 1987, probablement a
causa de la gran disminucio poblacional de naiades autoctones,l’activitat filtradora de
les quals podria haver estar substituida progressivament per aquestes especies no-
autoctones.

9. La cadena trofica del tram baix del riu Ebre presenta problemes importants pel que fa
a la bioacumulaci6 de les substancies toxiques originades principalment de
’alliberament de sediments procedents dels sediments contaminats de Flix. Una gran
varietat de contaminants, incloent-hi els metalls pesants i compostos organoclorats, van
ser bioacumulats a elevades concentracions per poblacions de macroinvertebrats

filtradors aigties avall de la font de contaminacio.
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10. Diferents patrons de la bioacumulacié van ser observats al llarg del creixemeent del
de I’E. virgo 1 al llarg de les etapes del seu cicle biologic. Les nimfes i els adults
emergents van presentar les concentracions més altes de metalls i de compostos
organoclorats, representant un risc elevat pel que fa a la seva transferéncia a nivells
trofics superiors. La transferéncia materna de contaminants als ous es va donar, encara
que es va detectar a nivells molt més baixos comparat amb concentracions en femelles
adultes.

11. Els diversos contaminants analitzats van presentar differents patrons de
bioacumulacio, atribuits principalment a la seva biodisponibilitat, que pot variar
depenent del cabal del riu, 1 de l'afinitat de cada compost pels materials organics.

12. Es van observar diferéncies interespecifiques en la bioacumulacié, amb nivells més
alts en espécies sensibles com I’E. virgo 1 més baixos en especies tolerants com I’H.

exocellata, degut principalment als seus trets ecofisiologics.

En general, la resposta de la comunitat als diversos tipus d’estrés ambiental pot ser
complexa, 1 encara més si es t¢ en compte la contaminacié per metalls pesants i
composts organoclorats combinats amb alteracions hidrologiques. Tanmateix, ja que
només aquelles especies relativament sensibles a la contaminacioé quimica contribueixen
a la detecci6 de canvis a nivell de comunitat, en aquest estudi s’ha demostrat que I’E.
virgo és un bon bioindicador del risc ecologic causat per contaminants toxics als grans
rius com I'Ebre. D'altra banda, aquest organisme ha estat préviament utilitzat en assajos
de laboratori, incrementant la seva aplicabilitat a altres nivells de 1'organitzacio (ex., Us

de biomarcadors).

D'altra banda, el coneixement de la resposta de la comunitat de macroinvertebrats
bentonics 1 de la seva estructura funcional a les condicions hidrauliques pot tenir
aplicabilitat guiar la gestid de cabals ecologics al tram baix del riu Ebre, proporcionant
la informacid necessaria de cada especie 1 que pot ser la base per a 1"is dels models de

I'habitat utilitzant els macroinvertebrats aquatics.
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General introduction

Ecosystems benefit people well-being by its contribution to material provisioning,
supporting and regulation of environmental processes and cultural values (Figure 1). In
this context, rivers provide water supply for the basic human activities and profits,
namely domestic needs, agriculture, industry, power generation, transportation, fishing
and other recreational activities (Allan & Castillo, 2008). As a result of the
intensification of these human activities, the deterioration of freshwater ecosystems is
been particularly notable during the last 50 years, mainly due to the alteration of natural
processes, the overexploitation of resources and to pollution. Large rivers, specially the
lower courses, receive a wide range of human impacts where hydrological and
geomorphological alterations, land-uses, contaminants and the introduction of alien
species have been considered the main pressures (Petts et al., 1993; Poff et al., 2007;
Klok & Kraak, 2008; Strayer et al., 2008). Consequently, threats as habitat alteration
and loss, change in trophic structure and decline in water quality have lead to changes in
ecosystem processes and to biological impairment. Moreover, the predictions of climate
change (IPC, 2007) with a reduction of precipitations and a temperature increase
depending on the region, together with the projected water withdrawals will exacerbate
the level of stress. For instance, the Iberian Peninsula has been included within one of
the most threatened areas regarding water stress, pollution and erosion in the near future

(Tockner et al., 2009).

Fauna inhabiting freshwater habitats (considering invertebrates, amphibians, fish and
birds) represents a species richness value of more than 82.500, where aquatic
invertebrates are the most diverse group (see Tockner et al., 2009). However, freshwater
fauna showed the highest biodiversity decline compared to terrestrial and marine

ecosystems during the last 40 years (Millenium Assessment, 2005). As stress increases,
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tolerant and generalist species become dominant and sensitive species become
vulnerable or extinct, resulting in a homogenization of the community and loss of
diversity and ecosystem functions. These functional loss reflected in the
impoverishment of the freshwater communities can have important implications for the
ecosystem services, not only influencing rivers but also the estuarine and marine
ecosystem. In order to protect the aquatic resources, European environmental legislation
developed the EU Water Framework Directive (European Commission, 2000), which
consider the ecological integrity of biological communities. The key purposes of this
European Directive were reflected in its Article 1, and, according to this legislation, a
good ecological status has to be achieved for every European Union state member by

2015.

Environmental changes e Well-being constituents
—  Climate Material provisioning
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Figure 1. Relationships among Biodiversity, Ecosystem Services, and Human Well-being (Modified from Millennium Ecosystem

Assessment: http://www.millenniumassessment.org/en/Synthesis.aspx and adapted to freshwater ecosystems).

Macroinvertebrates have been widely applied in the bioassessment of streams and rivers
as bioindicatos because they play a key role in aquatic ecosystems and respond

considerably to environmental stressors and disturbances (Rosenberg & Resh, 1993).
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Their high biodiversity and biomass contribution into the aquatic foodweb made them
organisms of study for the evaluation of pollution status of waters since the beginning
of the 20" century until nowadays (Bonada et al., 2006), when they have been
integrated in the environmental policies as one of the most important organism groups
to define their ecological integrity (European Commission, 2000). By considering these
organisms, different approaches have been developed according to the focus of the
study and the level of organization. At community level, the taxonomic composition of
macroinvertebrates has been the main biomonitoring approach by using multimetric
biotic indices based on species tolerance to pollution (Bonada et al., 2004; Bonada et
al., 2006) and standarized protocols (e. g. RIVPACS, GUADALMED). Ultimately, the
use of several biological invertebrate traits (e.g. body size, reproduction, dispersal) has
been considered as an alternative or complimentary tool, assuming that changes in trait
composition have consequences on ecosystem functioning (Dolédec et al., 1999;
Statzner et al., 2005; Statzner & Beche, 2010). This multitrait approach is based on the
concepts of the River Habitat Templet (Townsend & Hildrew, 1994) which a priori
predicts the species trait response to natural environmental disturbance, and set the basis
to predict anthropogenic impacts in freshwaters (Bonada et al., 2006; Henle et al.,
2006). Although studies considering population or individual level are not as abundant
as those at community level (Bonada et al., 2005), they increased during the last 10
years, mainly regarding bioaccumulation of contaminants or ecotoxicology (Hare et al.,
2001; Barata et al., 2005; De Lange et al., 2005; Cain et al., 2006; Buchwalter et al.,
2007) and morphological abnormalities in response to pollutants (Diggins & Steward,
1998; Bonada et al., 2005; Skinner & Bennet, 2007). However, many of these methods
observing responses at organism level do not result in changes in the community. For
instance, mentum deformities in tolerant Chironomus riparius Meigen or the high levels
of bioaccumulation in Hydropsyche spp. did not change their abundances at highly
polluted sites (Cain et al., 2004; De Haas et al., 2005). Despite tolerant species do not
contribute to changes in the community, this fact gives them the ability to act as
ecosystem sentinels and detect pollution levels and gradients at large spatial scales.
Thus, because the responses to stressors as pollutants observed at community level
might be a result of effects on relatively sensitive species (e.g. Ephoron virgo [Olivier],
see Klook et al., 2008), methods at population and individual level in human impacted
areas are crucial for these sensitive species. In general, the combined use of a tolerant

and sensitive species could provide a more integrative assessment tool (Adams &
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Greeley, 2000) since the detection of responses at population level of key species can

predict changes at community or even at ecosystem level.

According to these considerations, the use of different bioassessment approaches
(community composition and metrics, population dynamics and bioaccumulation)
depending on the human impact considered (e.g. flow alterations, pollution, temperature
changes, presence of alien species) were tested in the present thesis in the context of the

lower Ebro River.
Study context: the lower Ebro River

The Ebro River is located in the NE Iberian Peninsula and has a drainage basin of
85,362 km® with a length of 910 km, being the largest river in Spain in terms of water

discharge (11.982 hm’/year at the lowermost part, see www.chebro.es), one of the most

important rivers of the Mediterranean and one of the largest catchments in Europe
(Tockner et al., 2009). The source of the Ebro River starts at “Picos de Europa” located
in the Cantabria mountain range, and flows from north-west to south-east to the
Mediterranean Sea, where it ends forming the Ebro Delta. Along its course, the Ebro
receives the waters of the Segre, Cinca, Aragon, Gallego and Jalon rivers, considered its
main tributaries. A Mediterranean-continental climate is present for the most part,
except in the Pyrenees area in the North where there is a transition to mountain climate,
in the headwaters where there is an Atlantic climate, and in the middle part where there
is a semi-arid climate. The Ebro basin has a mean annual precipitation ranging from 250
a 2200 mm with the highest and lowest values in the North-West and South-East,
respectively (Figure 2). Accordingly, the mean annual temperatures are the lowest in the
Pyrenees and the highest in the semi-arid area, registering a minimum between 0-12 °C

and a maximum between 7-25 °C.

The population density in this territory is low compared to the Spanish mean, with 33
people/Km” and a total of 2,800,000 people mainly inhabiting the middle course of the
river. The Ebro basin is affected by multiple impacts with industrial, urban and
agricultural origins (Pujol & Sanchez-Cabeza, 2000; Lacorte et al., 2006; Terrado et al.,
2006), although the main land use is agriculture, which represents up to the 90 % of
water consumption in the basin due to irrigation (irrigated area of 783.948 ha). The river
is strongly regulated by the construction of more than 190 large dams which impound

up to the 60% of the mean annual runoff for hydropower generation and irrigation
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purposes (Vericat & Batalla, 2006). On the other hand, the Ebro basin has an important
biodiversity value, since the 3.2% of the catchment area is protected, including 3
biosphere reserves (210.338 ha), 2 national parks (56.370 ha), 3.500.000 ha included in
the Natura 2000 Network and 15.573 ha included in the RAMSAR convention (see

www.chebro.es).

Legend

precipitation
Value
P 200 mm
0 =5 0 100
- 250 mm A3

Figure 2. Mean annual precipitation in the Ebro basin (Extracted from CHE, 2005).

The context of the present thesis was carried out in the lower course of the Ebro River
considering the last 100 km from river mouth, located in the Catalan part of the Ebro.
This part of the river has a natural mean annual flow of 426 m*-s™ at Asco (Ebro Water

Authority, URL: http//: www.chEbro.es) and is regulated by a complex of three large

reservoirs built between 1940 and 1970: Mequinenga, Riba-Roja and Flix, with a
capacity of 1534 hm’, 207 hm’, and 11 hm’, respectively (Figure 3). The presence of
these reservoirs has changed the hydrology, geomorphology and ecology of the river by
altering the magnitude, timing and duration of flows (Batalla et al., 2004), the sediment
dynamics (Vericat & Batalla, 2006, 2007), the water temperature regimes and
geochemistry (Ibafiez et al.,1995; Sabater et al.,2008; Prats et al., 2010). Therefore, river
regulation is been considered the main anthropogenic impact in the system. A tendency
of mean annual flow reduction of 29% has been reported during the 20™ century, mainly
attributed to irrigation usage but also to the evaporation occurring in the reservoirs

(Ibaiiez et al., 1996), which affects the salt wedge dynamics at the estuarine area. When
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comparing recent hydrological data with the historical context, the actual situation is
characterized by the reduction of high flows in autumn and winter, a slightly high flow
in spring and early summer due to reservoir release after snowmelt in the Pyrenees, and

by an increment of minimum flows in summer (Figure 4) (Sdnchez & Ibafiez, 2008).

RIBARRCH A RESERY (IR

MECHUTHER & RESERY W

Figure 3. The lower Ebro River with the main reservoirs and delta (Extracted from Ibafiez et al., 1995).

During the last 20 years the dissolved nutrient concentrations presented a decreasing
trend for phosphate, mostly attributed to the increase of waste water treatment plants in
the basin, although the levels of nitrates were similar due to agriculture land use (Ibafiez
et al., 2008). Consequently, together with the presence of zebra mussel (Dreissena
polymorpha [Pallas]) in the reservoirs and the proliferation of macrophytes in the river
section, a strong decrease in phytoplankton biomass has been reported (Sabater et al.,

2008; Ibafiez et al., 2008).
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Figure 4. Water discharge in the lower Ebro River (Tortosa) under historical (grey) and actual conditions (black line) for dry
hydrological years (upper figure), intermediate (central figure) and humid (lower figure) hydrological years.(Extracted from
Sanchez & Ibafiez, 2008)

Within the other human impacts in the area, the presence of a nuclear power plant built
in 1984 in Ascd, 5 km downstream of the lowermost dam, produces an increase of water
temperature up to 3 °C which can vary depending on the water discharge (Prats et al.,
2010). Moreover, considering the effects of global warming (IPCC, 2007), an increase
of 3.2 °C has been predicted for 2070-2100 in the Ebro area (CHE, 2005), and effects on
phenology of terrestrial species of birds, insects and plants have been already observed
(Gordo & Sanz, 2005). Regarding pollution loading, the highest impact in the area is the
deposition of more than 300,000 t of industrial solid wastes from alkali-chlorine
electrolysis and phosphate fertilizer industry located in the lowermost reservoir at Flix,
which mainly contains heavy metals and organochlorine compounds(Grimalt, 2006).
The chemical plant in Flix was created in 1899 and was located nearby the Ebro River
due to its strategic position in terms of raw material procurement and transport
infrastructures (Figure 5; Sanchez & Visa, 1994). Due to the construction of the Flix

reservoir in 1949, industrial waste products and natural sediments that previously were
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transported by the river started to be deposited in the dam. However, since large floods
were still possible due to the low capacity of the dam, only part of the material was
retained. When the upstream Riba-Roja and Mequinenga hydropower dams were built
in the late 1960s, natural sediments were retained upstream of Flix and only industrial
products were deposited. The largest quantity of polluted sediments was deposited from
1973 to 1984, due to the product from phosphate fertilizer, until the moment that waste
of those products was banned. The pollutants from these sediments can be transported
downstream (Gomez-Gutiérrez et al., 2006) and have been detected in organisms of the
foodweb of the lower Ebro River, starting from the pollution source until the delta
(Schuhmacher et al., 1993; Ramos et al 1999; Mafiosa et al 2001; Sanchez-Chardi et al.,
2007; Cid et al., 2010; Suarez-Serrano et al., 2010; Barata et al., 2010). To be brief, a
general chronology of the main human impacts in the lower Ebro River since the
beginning of the 20" century until today and their main effects in the ecosystem are

presented in Figure 6.

Figure 5. The chlor-alkali industry in Flix in the beginning of the 20th century (Extracted from Sanchez-Visa, 1994).

The study area in the present thesis was located within the freshwater part of the lower
Ebro, extending from the Flix dam to the city of Tortosa. The lowermost areas which
are under the influence of the salt wedge were not included since our study did not focus
on communities from transitional waters (however, see Guillén et al., 1992; Ibafiez et
al., 1997 for a detailed description of the estuary and its hydrological characteristics). At
this part of the river, the riverbed is mainly composed of gravels, cobbles and sand in

the interstices (Mufioz & Prat, 1994; Batalla & Vericat, 2009) and several fluvial islands
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and side-arms can be present, providing higher habitat heterogeneity (Figure 7).
However, the riparian vegetation covers a limited area at each margin of the river, since
fluvial terraces have been modified by agriculture (see Limnos, 1998; Prats et al., 2010).
Although the native vegetation is predominant, with species such as tamarisk (7Tamarix
sp.), poplar (Populus nigra Linnaeus), white poplar (Populus alba L.) and willows
(Salix sp.), reed (Phragmites australis [Cav.] Steudel) and reedmace (7ypha sp.), at
places highly anthropized the main vegetation is composed by the introduced giant-reed

(Arundo donax L.) (Fernandez-Gonzélez, 1990; Molina-Holgado, 2003; Curcd, 2007).

Since the beginning of the 80’s, ecological and limnological research has been
performed in the lower Ebro at the main reservoirs, the downstream freshwater part of
the river, the estuary and delta, describing the main community structure and processes
and assessing the main ecosystem impacts (de Sostoa et al., 1985; Mufioz, 1990; Muiioz
& Prat, 1994; Ibafiez et al., 1995; Ibafiez et al., 1996; Limnos, 1998; Maiiosa et al.,
2001; Ibafiez & Prat, 2003; Val et al., 2003; Benejam et al., 2009; Cid et al., 2008,
2010; Suarez-Serrano et al., 2010; within others). Regarding the freshwater part of the
lower Ebro, considered in the present thesis, previous descriptions of the community
composition have been done, mainly on macroinvertebrates, ictiofauna, and
phytoplankton. The macroinvertebrate community in this area was dominated by
Chironomidae such as Cricotopus spp. and Oligochaeta, although filter-feeders such as
Hydropsyche exocellata Dufour and Ephoron virgo [Olivier], collector-gatherers such
as Caenis spp. and grazers such as Theodoxus fluviatilis L. were characteristic (Mufioz
& Prat, 1994, Limnos, 1997). Nowadays, the macroinvertebrate community includes
abundant populations of non-native species such as the zebra mussel (D. polymorpha)
and the Asian clam (Corbicula fluminea [O.F. Miiller]) (Jimenez-Muer, 2001; Sabater
et al., 2008; Navarro et al., 2006), while native species such as the freshwater mussel
Margaritifera auricularia (Spengler) are endangered and populations decline (Altaba,
1990; Araujo & Ramos, 2000). Populations of the blackfly Simulim erythrocephalum
(De Geer) have become important in the river, mainly associated to the high
proliferation of macrophyte beds they occupy, and causing problems of public health in
the area. The fish community in the studied area is composed by a high proportion of
alien species such as the European catfish (Silurus glanis L.) introduced in the late 60’s

into the reservoirs. The extintion of native anadromous species such as the Atlantic
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General introduction

Figure 7. The lower Ebro River: landscapes and substrates

sturgeon (Acipenser sturio L.), or the decline of twait shad (Alosa fallax [Lacepede])
has been mainly attributed to physical barriers, urban and industrial impacts and to river
regulation (Sostoa & Lobon-Cervia, 1989; Fernandez & Farnos, 1999), although recent
data showed a slight population recovery of the twait shad in the area (Lopez et al.,
2007). Other important species are considered endemic (Barbus graellsii Steindachner
and Chondrostoma miegii Steindachner), vulnerable (Anguilla anguilla L.) or
threathened (Salaria fluviatilis Asso) (Doadrio, 2002; Ibafiez & Prat, 2003). Nowadays,
the phytoplankton community of the Ebro below the reservoirs is very poor and mainly
composed by centric diatoms and colonial and unicellular chlorophytes such as
Cyclotella sp., Stephanodiscus sp., Coelastrum microporum Nageli, Pediastrum sp.,
Gymnodinium sp. and Peridinium sp.(Sabater & Muiioz, 1990; Sabater & Klee, 1990;
Sabater et al., 2008). In the late 80s, although the reservoirs were already present, the
high dissolved phosphate concentrations and the absence of zebra mussel in the
reservoirs propitiated a more abundant community although their actual composition

appears to be similar. On the other hand, the benthic algal community is mainly
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dominated by Cladophora sp. and by a diverse diatom community with species such as
Amphora pediculus (Kiitzing) Grunow, Cocconeis placentula var. lineata Ehrenbergh,
Navicula cryptotenella Lange-Bertalot, Nitzschia dissipata (Kiitzing) Grunow, N. palea
(Kiitzing) W.Smith and N. incosnpicua Grunow among the most abundant ones (Rosa
Trobajo personal communication). Average benthic chlorophyll a algal concentrations
were recorded as 50-250 mg/m” in 2005 and 2006 (Sabater et al., 2008). The
proliferation of macrophyte beds throughout the lower part of river during the last 10
years is also of important concern since induces ecological changes that affect public
health and economy in the area (Ibafiez et al., 2008; Batalla et al., 2009). The reported
macrophyte taxa are Potamogeton pectinatus L., Myriophyllum spicatum L.,
Ceratophyllum demersum L. (Limnos, 1998; Andreu, 2007), mainly present in slow-

flow areas although P. pectinatus may be found in all habitats.

With all this in mind, the different type of impacts and pressures suffered by the lower
Ebro freshwater aquatic ecosystem are integrated in the present thesis considering the
effect on aquatic macroinvertebrates at different levels of organization. In the following

section, the main objectives and structure of the thesis are presented.
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Objectives

The general objective of the present study was to assess the effects of the main
environmental stressors on the freshwater aquatic ecosystem of the lower Ebro River
using the benthic macroinvertebrate community as bioindicator. To achieve this
objective, different organization levels (i.e. community, population and individual) and

different approaches were integrated (Figure 8) in function of the type of stressor.

Level of organization Approach used Is there a response to...
. Impact of reservoirs and
Taxonomm pollution loading from the

Community composition sediment dump?

Chapters 1 & 2
Biological trait Habitat constraints:
L hydraulics, oxygen and
composition macrophytes?

Secondary Water temperature
production increase?

Chapter 3

Life hist Introduction of invasive
Ife nistory macroinvertebrates?

, . Pollution loading from the
Bioaccumulation sediment dump

of pollutants considering species
growth and life cycle?

Chapters 4 & 5

Figure 8. Organization of the chapters according to level of organization, approach used and main questions of the study.
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Objectives

The thesis was divided into 5 chapters, corresponding to 5 article manuscripts (two of
them already published, one submitted, and two to be submitted). More concretely, each

chapter aimed to answer the following questions:

Chapter 1. Is the taxonomic and biological trait composition of the community
influenced by the distance from the reservoirs and dump of polluted sediments? Is there

a temporal variability? Are community metrics influenced by these factors?

Chapter 2. Do habitat constraints such as hydraulics, oxygen and macrophyte cover
determine the macroinvertebrate assemblages? Which are the hydraulic preferences of
the community? Is taxonomy resolution important to asses these preferences? Is there a
biological trait response to these environmental factors? Are community metrics

influenced by hydraulics?

Chapter 3. Is there an influence of water temperature change on the secondary
production and life history of aquatic insects? Is there a change in populations of native
filter-feeders such as Ephoron virgo after the establishment of alien species with same

feeding habits (Corbicula fluminea and Dreissena polymorpha)?

Chapter 4 & 5. Is there a bioaccumulation of pollutants in the freshwater ecosystem of
the Ebro River? Are these pollutants originated from the Flix sediment dump? Which
are the patterns of bioaccumulation along growth and life cycle stages of sensitive
species as Ephoron virgo? Are there differences between the compounds analyzed? Are
there differences in bioaccumulation between sensitive (Ephoron virgo) and tolerant

(Hydropsyche exocellata) species?

The answers to these questions were developed at each chapter and integrated in the
overall discussion. Finally, the concluding remarks and future perspectives were

presented.
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Article 1. Estudi comparatiu de I’analisi de la taxonomia 1 dels trets biologics dels
macroinvertebrats: importancia de la regulacid del cabal i la contaminacié de sediments

al tram baix del riu Ebre

Paraules clau: Macroinvertebrats, trets biologics, riu Ebre, grans rius, diversitat

funcional

Els cursos dels grans rius estan sotmesos a I’impacte de multiples pressions
antropogeniques. En aquest estudi, les condicions hidrologiques 1 la contaminacio de
metalls pesants 1 compostos organoclorats a 1’embassament de Flix van ser considerats
per explicar els canvis temporals i1 espaials de la comunitat de macroinvertebrats
bentonics 1 els seus trets biologics. Les diferents situacions hidrologiques a la primavera
1 la tardor van explicar una major variabilitat dels trets biologics en comparacié amb la
composicid taxonomica, que només variava lleugerament d'acord a les escales
temporals 1 espacials. Si bé després d'un esdeveniment de cabals relativament elevats
(primavera) la comunitat es caracteritzava per una major presencia de trets tipics de
resisténcia / resiliencia (alta taxa de reproduccid, augment de la mobilitat), després d'un
periode de cabals relativament baixos i constants la composicié funcional era més
diversa degut a un major nombre de trets biologics. En conseqiiéncia, la riquesa i
diversitat funcional de la comunitat va ser més elevada sota condicions estables.
Malgrat 1'elevada variabilitat temporal dels trets biologics, la composicio de certs trets
biologics era diferent seguint un gradient de disminucio dels impactes aigilies avall de
les preses i la contaminacio de Flix. Les proporcions de filtradors que excaven el
sediment i s'alimenten de detritus fi augmentaven com més elevada era la distancia dels

impactes, mentre que els depredadors i aquells que es
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reprodueixen asexualment seguien un patrd oposat. Al llarg d'aquest gradient, les
metriques funcionals basades amb els trets bioldogics no van mostrar una resposta
evident. Malgrat aix0, els valors de les métriques estructurals basades amb la taxonomia
dels macroinvertebrats, incloent els indexs biologics com 'IBMWP, incrementaven a
mesura que la distancia des de la presa de Flix augmentava, a causa de la preséncia
d'espécies relativament sensibles com 1’Ephoron virgo o Choroterpes pictetii. En
general, els nostres resultats van mostrar que les diferents condicions hidrologiques van
condicionar els altres impactes com la contaminacid (per exemple, metalls pesants i
organoclorats contaminacid) ja que l'efecte combinat d’un cabal elevat pot causar una
exposicio més elevada als contaminants degut a una major remobilitzacié de sediments

des de ’embassament.

Article 2. Les condicions hidrauliques com a element clau per a les comunitats de
macroinvertebrats bentonics, la composicio dels trets biologics i la diversitat en un riu

regulat.

Paraules clau: preferéncies hidrauliques, trets biologics, diversitat, macroinvertebrats,

Chironomidae, riu Ebre

Ates que les condicions hidrauliques son un dels principals factors que determinen la
distribuci6 dels macroinvertebrats aquatics en rius, les preferéncies de cada especie i la
seva estructura funcional basada amb els seus trets biologics es van caracteritzar al llarg
d'un gradient hidraulic al tram baix del riu Ebre mitjancant 'analist OMI (de 1’angles,
Outlier Mean Index o també anomenat Niche analysis) i el métode d'analisi quarta
cantonada (de I’angleés, Fourth Corner Method). Al riu, es van agafar mostres
quantitatives de macroinvertebrats bentonics al mateix temps que la velocitat mitjana de
l'aigua, la profunditat, el percentatge de cobertura dels macrofits i 'oxigen dissolt al
bentos. El nombre de Froude i el nombre de Reynolds també es van calcular. De tots
els parametres mesurats, la velocitat mitjana d'aigua va ser la millor variable explicativa
de la distribuci6 de macroinvertebrats i de I'estructura funcional. Totes les métriques,
tant estructurals com funcionals, es van correlacionar negativament amb la velocitat del
corrent, mentre que la densitat de macroinvertebrats va mostrar una tendéncia oposada,
a causa de la preséncia d’unes quantes especies dominants en arees on la velocitat de

I’aigua era elevada. Els taxons que presentaren una elevada marginalitat pel que fa al
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seu ninxol ecologic (en aquest cas, basat en la hidraulica) mostraven una disponibilitat
d’habitat més estreta (arees amb rapids i lents) mentre que altres espécies presentaven
una tolerancia més elevada a un ampli rang de condicions. Concretament, el grup dels
Chironomidae van mostrar diferents preferéncies hidrauliques dins de la mateixa
subfamilia, tribu o genere, reflectint la importancia especifica per la delimitacio del
ninxol ecologic. D'acord amb la distribucié de macroinvertebrats, moltes de les
caracteristiques funcionals van respondre a les condicions hidrauliques (per exemple,
alimentacio, locomocid), mentre que les relacionades amb el cicle vital podrien reflectir
més aviat adaptacions al régim hidrologic o interaccions entre especies. Al vincular la
diversitat i riquesa de la comunitat de macroinvertebrats amb les seves preferéncies
hidrauliques 1 la resposta dels seus trets biologics, es va demostrar que la realitzacid
d’aquest tipus d’estudis amb una elevada resolucié taxondomica millorard la nostra
comprensid de la resposta de la comunitat a les condicions hidrauliques i per tant

augmentara el seu potencial per a la seva aplicacio la gestio del cabal ecologic dels rius.

Article 3. Cicle vital 1 producci6 de la palometa Ephoron virgo (Olivier, 1791)
(Ephemeroptera: Polymitarcyidae) al tram baix del riu Ebre: comparativa després de 18

anys.
Paraules clau: Ephoron virgo; cicle vital; produccioé secundaria; temperatura; riu Ebre

El cicle biologic de 1I’Ephoron virgo (Ephemeroptera: Polymitarcyidae) es va estudiar
durant la primavera 1 'estiu de 2005 al tram baix del riu Ebre en comparacié6 amb un
estudi previ realitzat en 1987 (Ibafiez et al., 1991). Els resultats van mostrar un avang
del cicle biologic i un augment de les estimacions de produccid. Al 2005, el
desenvolupament de les nimfes va arribar a una mida maxima un mes abans que al
1987, 1 el pic d’emergencies d'adults es va iniciar tres setmanes abans. La comparacid
de la relacio entre femelles i mascles adults (F: M), va resultar en una important
predominancia de femelles al 2005 (1:4), mentre que al 1987 es va observar el contrari
(2:1). La produccié secundaria d’aquesta especie va ser més elevada al 2005 que al
1987, obtenint 950 mg pes sec/m*/any utilitzant el métode de l'increment sumatori (de
I’anglés, Increment Summation Method) i 1080 mg pes sec/m*/any, utilitzant el métode
de I’extraccié sumatoria (de 1’angleés, Removal Summation Method). Durant I’etapa del

creixement de les nimfes al llarg de 2005 es van detectar temperatures de I’aigua més
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elevades que al 1987, en correlacié amb una temperatura de l'aire també més elevada.
Per tant, I’increment de la temperatura va ser en major part la causa principal dels

canvis observats en el cicle de vida Ephoron virgo.

Article 4. Pautes de bioacumulacié de metalls en dos macroinvertebrats filtradors:
distribuci6 espaial, diferéncies interespecifiques 1 variabilitat al llarg del

desenvolupament
Paraules clau: metalls pesats; Ephoron virgo; Hydropsyche; cicle vital; riu Ebre

Aquest estudi es va basar en la bioacumulacid de metalls de dos insectes aquatics
(Ephoron virgo 1 Hydropsyche spp.) per tal d'avaluar la distribucié espacial dels metalls,
les diferencies interespecifiques entre ambdos filtradors 1 la dinamica de bioacumulacié
en les etapes de desenvolupament d’E. virgo. Els metalls Hg, Cd, Ni, Cr, As, Pb, Cu, Ti,
Zn 1 Mn es van quantificar en els insectes 1 en les particules en suspensid, ambdos
mostrejats aigilies avall 1 aigiies amunt d'una planta quimica a la localitat de Flix, on hi
son dipositats més de 300.000 tones de sediments contaminats. Les concentracions de
mercuri van ser un ordre de magnitud superior aigiies avall dels sediments contaminats,
demostrant que la contaminacié de Hg té el seu origen a la planta quimica. En canvi, el
Cd, Ni, Cr, Pb, Ti, Zn i Mn en els invertebrats aquatics mesurats va mostrar que
contaminacio per metalls ja era present aigiies amunt en altres parts del riu, malgrat no
tenir concentracions tan elevades. Es van observar diferéncies interespecifiques en la
bioacumulaci6 de tots els metalls analitzats, excepte per al Mn. Les concentracions en
I’E. virgo van ser significativament més altes que en 1" Hydropsyche exocellata,
destacant el Cd, que va mostrar valors deu vegades més grans. Quan es va analitzar el
patré de bioacumulacio dels metalls al llarg del cicle de I’E. virgo, I’'Hg 1 el Cd van
augmentar paulatinament fins que les nimfes van assolir 11 mm i posteriorment en els
ultims estadis quan les nimfes estadis estaven a punt d'emergir. En canvi, el Cr, Pb, Ti 1
Mn van disminuir al llarg dels primers estadis de creixement, seguit d'un estat
d'equilibri fins els estadis finals. Per al Cu, As 1 Zn es va obtenir valors similars al llarg
de tots el creixement. Les diferéncies de bioacumulaci6 entre els mascles i les femelles
adults d’E. virgo van ser marcades per al Cd, Cu i Mn. La persisténcia de I’Hg i del Cd
va ser més elevada al llarg dels diferents estadis de desenvolupament ja que es van

detectar concentracions relativament elevades en els ous i en els adults. Com que el
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comportament dels tots els metalls analitzats va ser diferent en les dues espécies 1 durant
les etapes del cicle biologic de I’E. virgo, aquests resultats haurien de ser considerats en
la interpretacio de la concentracié de metalls en insectes aquatics quan s’avalua el risc

de transferéncia dels metalls al llarg de la cadena alimentaria dels ecosistemes fluvials.

Article 5. Bioacumulacié de compostos organoclorats en [’efemeropter filtrador

Ephoron virgo al llarg del seu cicle biologic en un riu amb contaminaci6 cronica.
Paraules clau: compostos organoclorats; Ephoron virgo; cicle biologic; riu Ebre

El total dels compostos organoclorats (OC), penta-i HEXA-clorobenze, (PECB 1 HCB)
hexaclorociclohexans (HCH), dicloro-tricloroetans (DDT) i policlorobipenyls (PCB), es
van avaluar al llarg de les etapes del cicle biologic de I’efemeropter Ephoron virgo en el
riu Ebre, on 1’ecosistema rep una contaminacio cronica per aquests compostos a causa
de la presencia dels sediments toxics a I’embassament de Flix. Aquest organisme va ser
seleccionat per la seva alta sensibilitat als contaminants, la seva rellevancia ecologica, i
el seu potencial de bioacumulacié com a filtrador. La bioacumulacié dels contaminants
es va avaluar mitjancant el contrast dels nivells d’organoclorats aigiies avall del focus
de contaminacié comparant-los am els d'un punt de control aigiies amunt. L'augment
dels valors de HCB, HCH, DDE i PCB al llarg del creixement de les nimfes van
demostrar la bioconcentracié d’aquests compostos durant el creixement. Els adults
d’aquesta especie capturats durant les emergencies van mostrar els nivells més alts
d’organoclorats, amb augments de 2 a 8 vegades el valor que tenien les nimfes. Aquest
fet pot tenir implicacions importants en avaluar la transferéncia d’aquests contaminants
a nivells trofics superiors, ja els adults son una font d'aliment més accessible per a molts
tipus de depredadors. Les diferéncies de bioacumulacid entre els mascles 1 les femelles
adults d’E. virgo van ser marcades per al DDE 1 PCB, on els mascles tenien
concentracions més elevades. No obstant aixd, i com a conseqiiencia d'una baixa
transmissio materna de contaminants, els ous contenien unes concentracions fins a 5
vegades menys que el valor de les mares. Els resultats van demostrar una important
variabilitat en la bioacumulaciéo de compostos organoclorats al llarg del cicle biologic
d’aquesta espécie, 1 per tant, ¢és un factor important a tenir en compte quan s’avalua el
risc de transferéncia de contaminants en ecosistemes aquatics i riberencs, i quan es vol

establir un vincle entre els resultats procedents d’estudis ecotoxicologic en condicions
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de laboratori amb les de les condicions en I'habitat natural. En general, I’elevada
concentracio de compostos organoclorats detectats en [’espécie estudiada posa de

manifest el risc ecologic de les comunitats aquatiques en la part baixa del riu Ebre.
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Abstract

Lower courses of large rivers receive the impact of multiple stressors. In this study, the
hydrological conditions reflecting river regulation and the distance from the main dams
together with the existence of a point source pollution of heavy metal and
organochlorine compounds were considered to understand the temporal and spatial
changes of the macroinvertebrate community and their biological traits. Furthermore,
taxonomic and functional diversity metrics were used. The different hydrological
situations in spring and autumn explained a higher variability of the biological traits
compared to the taxonomic composition, which varied only slightly according to the
temporal and spatial scales. While after an event of high flow the community was
characterized by a major importance of resistance/resilience traits (high reproduction
rate, higher mobility), after a period of constant flow the trait composition was more
diverse and different strategies cohabited. Accordingly, functional diversity metrics
were higher at stable flow conditions (Rao functional diversity). Despite of the high
temporal variation of the biological traits, the trait composition changed in both studied
seasons following a downstream gradient of decreasing impacts. Proportions of filter-
feeders burrowing on the sediment and feeding on fine detritus increased with
increasing distance from the source of impacts, while predators followed the opposite
pattern. Also asexual reproduction was predominant in sites closer to the impact source.
Along this impact gradient functional diversity metrics, including biological indeces,
did not show a clear response, however in spring taxonomic metrics were higher at the
lowermost sites due to the presence of relatively sensitive species. In general, our
results showed that the different hydrologic conditions conditioned the other impacts
such as pollution (i.e., heavy metal and organochlorine pollution) since the combined
effect of a high water discharge with higher pollution exposures can occur due to the
higher sediment remobilization.

Keywords: macroinvertebrates, biological traits, Ebro River, large rivers, functional
diversity
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1. Introduction

Human activities along the last century have lead to a progressive deterioration of
freshwater ecosystems, by the alteration of natural processes, the overexploitation of
resources and the pollutant loading. Large rivers, specially the lower courses, are a
melting pot of stressor sources where hydrological alterations and land-uses coupled
with pollution and the introduction of alien species are frequent and co-ocurring
pressures affecting the river ecosystem (Petts et al., 1993; Poff et al., 2007; Klok &
Kraak, 2008; Strayer et al., 2008).

Because benthic macroinvertebrates play a key role in aquatic ecosystems and respond
considerably to environmental stressors and disturbances, they have been widely
applied in the bioassessment of streams and rivers (Rosenberg & Resh, 1993) and
integrated in the environmental policies as one of the most important organism groups
to define their ecological integrity (European Commission, 2000). At community level,
the taxonomic composition of macroinvertebrates has been the main approach for the
biomonitoring of running waters by the use of many different metrics and indices,
reviewed in Bonada et al. (2006), which is now fully implemented in all European and
worldwide environmental policies, with a general use of the multimetric indices
(Buffagni et al., 2006; Munné & Prat, 2009). More recently, studies assessing the
effects of environmental stressors across lotic ecosystems have considered the use of
several biological invertebrate traits (e.g. body size, reproduction, dispersal) as an
alternative tool (e.g. Dolédec et al., 1999, Statzner et al., 2001; Statzner et al., 2005;
Statzner and Béche, 2010), assuming that changes in trait composition have
consequences on ecosystem functioning (Statzner et al., 2004). This multitrait approach
is based on the concepts of the River Habitat Templet (Townsend & Hildrew, 1994)
which a priori predicts the species trait response to natural environmental disturbance,
and set the basis to predict anthropogenic impacts in freshwaters (Bonada et al., 2006;
Henle et al., 2006). Moreover, compared to the taxonomic approach, it presents a higher
temporal and spatial stability across regions since the variability attributed to species
composition of different areas is reduced to a several functional modalities (Statzner et
al., 2004; Béche et al., 2006; Bonada et al., 2007b). In the context of large rivers,
although many different human impacts occur at the same time, the response of specific

biological traits has been reported in Europe (Dolédec et al., 1999; Gayraud et al., 2003;
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Bady et al., 2005; Statzner et al., 2005; Dolédec & Statzner 2008; Archaimbault et al.,
2010).

According to the functional approach, the use of species traits has been incorporated in
measures for the quantification of functional biodiversity in ecosystems (e.g. trait vs
species richness, see Diaz & Cabido, 2001). In freshwaters, several studies have
addressed simultaneously the taxonomic and functional diversity (Bady et al., 2005;
Bonada et al., 2007a; Béche & Resh, 2007; Statzner et al., 2007; Béche & Statzner,
2009), obtaining different results depending on the study purpose. For example, Bady et
al. (2005) obtained that functional diversity showed a higher accuracy with less
sampling effort, and Bonada et al. (2007a) observed differences in functional diversity
between the Mediterranean and temperate regions but not in taxonomic diversity.
Therefore, including the measurement of functional diversity seems to be essential for

an accurate assessment of the ecosystem.

As many of the large European rivers, the Ebro River is affected by multiple impacts
coming from industrial, urban and agricultural activities (Lacorte et al., 2006; Terrado et
al., 2006) and is strongly regulated by the construction of more than 190 dams which
impound up to the 60% of the mean annual runoff for hydropower generation and
irrigation purposes (Vericat & Batalla, 2006). The lower part of the river, considering
the last 100 km from river mouth, is regulated by a complex of three large reservoirs
that alter the sediment dynamics (Vericat & Batalla, 2006), the downstream flow and
water temperature regimes and geochemistry (Ibafiez et al.,1995; Sabater et al., 2008;
Prats et al., 2010). The proliferation of macrophyte beds throughout the lower part of
river during the last 10 years is also of important concern since induces ecological
changes that affect public health and economy in the area (Ibafiez et al., 2008; Batalla et
al., 2009). Moreover, this section of the river receives a permanent influx of heavy
metals and organochlorine compounds originated from point source pollution due to the
deposition of 300,000 t of industrial solid wastes located in the lowermost reservoir
(Grimalt, 2006). These pollutants can be released downstream and thereby incorporated
in the food web (Ramos et al 1999; Mafiosa et al 2001; Cid et al., 2010; Suarez-Serrano
et al., 2010; Barata et al., 2010) and cause potential sublethal effects (Bosch et al., 2009;
Navarro et al., 2009). Finally, while populations of non-native species such as the zebra
mussel (Dreissena polymorpha), the Asian clam (Corbicula fluminea) and the European

catfish (Silurus glanis) are abundant and spread out in the area (Jimenez-Muer, 2001;
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Sabater et al., 2008; Navarro et al., 2006; Carol et al., 2009), native species such as the
freshwater mussel Margaritifera auricularia are endangered and populations decline
(Araujo & Ramos, 2000). In this context, information on the macroinvertebrate
community of the Ebro River is scarce, having only four published papers in the last
fifteen years (see Gallardo et al., 2008, 2009a, 2009b, 2009¢) and only two publications
considering the lower course of the river (see Mufioz & Prat, 1994; Ibaiiez et al., 1995).
As far as we know, the only published macroinvertebrate data assessing the impacts in
this part of the river is related with metal bioaccumulation of single species (Cid et al.,

2010) or with endangered freshwater mussels (Altaba, 1990, 1997).

Because comparisons between structural and functional approaches applied to the same
dataset are not abundant, the aim of this study was to compare the use of taxonomic and
biological trait approaches to assess the community structure of the lower Ebro River at
temporal and spatial-reach scales and how this is reflected in the metrics. The main
objectives were: (1) to study whether different hydrological conditions caused by river
regulation (spring vs autumn) determined the community taxonomic and trait
composition, (2) to test whether macroinvertebrate assemblages and trait structure were
randomly distributed or not along a spatial gradient, according to distance from the
main origin of impacts, mainly the sediment contamination, and (3) to explicitly
quantify the taxonomic diversity and functional diversity at both seasonal and reach
scales and if this can be related to the effects of river regulation and the sediment

contamination.

2. Material and Methods
2.1 Study area

The Ebro River is located in the NE Iberian Peninsula and has a drainage basin of
85,550 km? with a length of 928 km, being the largest river in Spain and one of the most
important rivers discharging to the Mediterranean Sea. The lower part of the river (100
km from the river mouth) has a mean annual flow of 426 m*-s™ (Ebro Water Authority,

URL: http//: www.chEbro.es) and is regulated by two main hydropower dams

constructed in the late 1960s: Mequinenca with a capacity of 1534 hm’, and Riba-Roja,

with a capacity of 207 hm’. The latter dam regulates the water flow of the Cinca and
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Segre Rivers, the largest tributaries of the Ebro. Downstream of Riba-Roja the Flix Dam
is the smallest one, with a capacity of 11 hm’. Moreover, a nuclear power plant was
built in 1984 in Ascd, 5 km downstream of the last dam. The study area is the
freshwater part of the lower Ebro River, without the influence of the salt wedge (see
Guillén et al., 1992; Ibanez et al., 1997 for a detailed description of the area and its
hydrological characteristics), extending from the Flix dam to Tortosa, downstream of
the Xerta weir (Fig. 1). The riverbed is mainly composed of gravels, cobbles and sand

(Mufioz and Prat, 1994; Batalla & Vericat, 2009).
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Fig.1 Sampling reaches in the lower Ebro River.

2.2 Sampling

Samples were taken in the end of May 2007, after the relative high flows of April, and
in mid October 2007, after a period of low and constant flows during summer and

beginning of autumn (Fig. 2).

In total, 5 reaches of 2 Km each were studied in order to have the highest representative
variability of the system. The reaches were located along a spatial gradient downstream
of the Riba-roja dam, where the effects of the dam regulation are originated and also
downstream of the Flix dam where a large deposit of toxic sediments already exists. The
main contaminants present in this sediment dump have been described in detail by
Grimalt (2006). In previous studies (Cid et al., 2010) we described the effects of these

contaminants in taxa present in the Ebro. As an example, data of the main pollutants
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found in the caddisfly Hydropsyche exocellata are shown in Table 1, which clearly
indicate the presence of both heavy metals and organochlorine compounds along the
river. Since the present study aims to analyze the effects of contaminants at community

level, Table 1 was not further analyzed along this paper.
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Fig.2 Mean daily discharge (m*s™") in the lower Ebro River below the dams for the year 2007. Arrows show the two sampling

periods.

Table 1 Sampling reaches selected for the study.

Reach location Reach code Km' Hg (ug-g")> YPCB (ng-g')’ YDDT (ng-g’)

Flix EO05 3 0.93 800 222
Vinebre E04 10 - - -
Mora EO03 21 046 338 116
Ginestar E02 28 - - -
Xerta EO1 55 0.29 288 97

'River distance from the last dam and from the sediment dump.
*Concentrations in Hydropsyche exocellata (dry weight) from spring 2007. Hg data extracted from Cid et al., (2010) and PCB and
DDT data from Cid et al., unpublished data (in prep).

Measurements of temperature, conductivity and oxygen were taken in the centre of each
reach, since we considered that the reach was relatively homogeneous. The dissolved
oxygen (DO) in water, conductivity, temperature was measured in situ with a YSI 556
multiprobe. Water samples for pigment, suspended organic matter and nutrients analysis
were taken at 3 points across each reach (in the beginning, middle and in the end). For
pigments and suspended organic matter, the methods of Steinman et al., (1996) for
extraction were followed. The methods of Graffhoff et al., (1999) were used for the

analysis of dissolved nitrites, nitrates, phosphates and Silicates.
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The benthic macroinvertebrates were collected using a kicking net with a mesh size of
250 um. The riverbed was disturbed and the subsequent sample was deposited in a tray
in order to clean large cobbles (when present) of attached animals. In order to integrate
all the habitat variability at each reach, benthic samples were composed by 5 different
subsamples collected at different locations along a reach. Because the main channel was
more than 2 m deep in all sampling sites, the sampled stations were limited to the wade
able area (0-1 m). Afterwards invertebrate samples were preserved in 4% formaldehyde
and taken to the laboratory to be identified. The identification of macroinvertebrates

was done at the lowest possible taxonomic level.
2.3 Biological traits

Eleven biological traits containing 62 categories obtained from a published database
(Tachet et al., 2000) were used to describe the macroinvertebrate community (Table 2).
The traits in this database have an affinity score assigned for each taxa ranging from 0

to 5, from null affinity to high affinity, respectively (Chevenet et al., 1994)

When the taxonomic level of identification was higher than the level available for trait
information in the database, the level present in the traits was assigned for that taxa.
Because Oligochaeta were identified at a coarse level, the affinity scores were
calculated by summing the affinity scores of the genera of this taxonomic group known
in the Ebro and re-scaling the results to a 1-5 scale. When taxa identified were not
present in the trait database they were excluded from the analysis, mostly
microcrustaceans (Copepoda, Ostracoda, Cladocera) and early larval stages of
Hydroptilidae and Coenagrionidae. Taxa representing only a 0.01 % of total abundance
were omitted from the analysis (usually only one individual present in one subsample in

one season).
2.4 Statistical analyses

For the analysis of the taxonomic community structure a log-transformed taxa-
abundance dataset was used to perform a correspondence analysis (CA). In order to
analyze the functional structure, a dataset of relative abundance of traits per sample was
used to perform a fuzzy correspondence analysis (FCA) (Chevenet et al., 1994). In order
to obtain the latter dataset, the affinity of each taxon for each trait category was

multiplied by the taxon abundance (see Chevenet et al., 1994). In order to test the
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statistical significance of CA and FCA, a random permutation test (Monte Carlo test,
1000 permutations) was used. Afterwards, Pearson correlation analysis was obtained in
order to relate the physical and chemical environmental variables with the two axes of
the CA and FCA and to detect any pattern according to the community distribution.

Table 2 Biological traits and categories for macroinvertebrates present in this study (see Tachet et al. (2000). Codes extracted from

Mellado et al. (2008).

Biological traits Category Code
Maximal size <0.25 cm <0.25
>0.25-0.5 cm >0.25-0.5
>0.5-1 cm >0.5-1
>1-2 cm >1-2
>2—4 cm >2-4
>4-8 cm >4-8
Life cycle duration <l year 1
>1 year >1
Potential no. reproductive cycles per year 1 1
>1 >1
Aquatic stages Egg egg
Larva lar
Pupa pu
Adult ad
Reproduction type Ovoviviparity ov
Isolated eggs, free efr
Isolated eggs, cemented ec
Clutches, cemented or fixed cfx
Clutches, free cfr
Clutches, in vegetation cv
Clutches, terrestrial ct
Asexual reproduction asx
Dispersal Aquatic passive aqp
Aquatic active aqa
Aerial passive aep
Aerial active aca
Resistance form Eggs, statoblasts ee
Cocoons co
Cells against desiccation cdes
Diapause or dormancy dia
None no
Respiration Tegument teg
Gill gi
Plastron plst
Spiracle (aerial) spi
Locomotion and substratum relation Flier fli
Surface swimmer sswim
Full water swimmer fswim
Crawler craw
Burrower (epibenthic) bur
Interstitial (endobenthic) int
Temporarily attached tatt
Permanently attached patt
Food Fine sediment and microorganisms s-m
Detritus < 1 mm fde
Plant detritus > 1 mm cde
Living microphytes Imph
Living macrophytes IMph
Dead animal > 1 mm dan
Living microinvertebrates Iminv
Living macroinvertebrates IMinv
Vertebrates ver
Feeding habits Absorber ab
Deposit feeder depf
Shredder shr
Scraper scr
Filter feeder fil
Piercer (plants or animals) pier
Predator (carver/engulfer/swallower)  pred
Parasite par
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Pearson correlation analysis was also made with the relative abundance of trait
categories along the first two axes of the fuzzy correspondence analysis in order to test

significant changes trait categories.

To calculate explicit taxonomic and functional measures of the community, the taxon
and trait richness and the Shanon-Wiever, Simpson and Rao indices were calculated for
the genus and trait relative abundance per sample. The Rao index (Champely & Chessel,
2002; Bady et al., 2005; Bonada et al., 2007a) is calculated by using the dissimilarity
matrix (measured, for instance, as Euclidean distance) of the dataset of relative
abundance of species or traits per sample (see above explanation for this dataset).
Nonparametric Kruskal-Wallis tests were performed to detect seasonal differences.
Moreover, we calculated the IBMWP biological index (Alba-Tercedor & Sanchez-
Ortega, 1988; Alba-Tercedor et al., 2004) to assess the biological quality of the Ebro,
which is the most used biological index in Spain and has been recently intercalibrated

with the Intercalibration Common Metric index (ICMi) (see Munné & Prat, 2009).

All the statistical multivariate analysis and several graphs were carried out using R free
software (Ihaka & Gentleman, 1996) with ADE4 (Thioulouse et al., 1997) and Vegan
(Oksanen et al., 2010) libraries. Sigma Plot (Systat Software Inc.) was used as

complementary software for graphics.

3. Results
3.1 Taxonomic and trait composition of the macroinvertebrate community

The lower Ebro’s zoobenthos was mainly dominated by oligochaetes, chironomids
(Orthocladiinae), amphipods, Nemertea (Prostoma graecense) and by the invasive asian
clam Corbicula fluminea (Fig. 3). Other taxa such as the Turbellaria and Hydrozoa were
also very abundant. Ephemeroptera (Baetis sp., Caenis luctuosa, Ephoron virgo) and
Trichoptera (Hydroptila sp., Hydropsyche exocellata) can be also relatively abundant,
but not at the high densities as the former ones. The community composition is similar
to those described by Mufioz and Prat (1994) with the exception of the introduced alien
species such as Corbicula fluminea, absent previous to our study, which has become a

dominant species.
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Mermithidae 1
Hydra sp..——
Helobdella stagnalis Linnaeus A
Prostoma graecense (Bohmig) —FH—
Dugesia sicula Lepori 1+
Echinogammarus longisetosus Pinkster —/——3+—
Proasellus meridianus (Racovitza) {H
Micronecta sp.H
Aulonogyrus sp.-
Dryops sp.-
Ferrissia (Pettancylus) clessiniana (JickeliyH
Melanopsis tricarinata dufourii (Férrussac)
Radix sp.
Physella acuta (Draparnaud) -
Theodoxus fluviatilis L.
Dreissena polymorpha (Pallas) +
Corbicula fluminea (O.F. Milller) /m/—————
Ephoron virgo (Olivier) 1H
Choroterpes pictetii (Eaton) H
Caenis luctuosa{H
Baetis sp.{3
Hydroptila sp.{H
Orthotrichia angustella (McLachlan)
Psychomyia pusilla (Fabricius)
Hydropsyche exocellata Dufour A
Ecnomus tenellus (Rambur)H
Simulium erythrocephalum (De GeerHH
Ceratopogoninae
Orthocladiinae - }——
Chironomini {4
Tanypodinae i
Tanytarsini {3
Oligochaeta B |

25 50 75 100 125 150 250 300 350 400 450

o

Abundance

Fig. 3 Mean abundance and standard deviation of each taxa in the lower Ebro River in 2007.

The functional structure of the benthic community was dominated by taxa with a size
between 0.5-1 cm, with a lifespan less than one year and with multivoltine life cycle
(Fig. 4). Reproduction was mainly by clutches cemented or fixed and by ovoviviparity,
and the main dispersal method was aquatic passive. Most of the taxa had no resistance
forms and respiration mode was by tegument and gills. Those having aquatic stages as
larvae and egg were predominant, and the most frequent locomotion modes were
crawling, swimming and burrowing. Filter-feeders and deposit feeders were the most
abundant and the main food sources were fine detritus particles (<Imm) and living
microphytes as diatoms. Within the traits, feeding habits and food were correlated with
the number of reproduction cycles per year, locomotion was correlated with resistance
form, and aquatic stages were correlated with life cycle duration. The other traits
analyzed in this study (dispersal, reproduction, maximal size and respiration) presented

more independence (Fig. 4, circle).
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Fig. 4 Mean proportion and standard deviation of each trait category in the lower Ebro River weighted by taxon abundance and

correlation circle illustrating the relationship among biological traits. See table 2 for category codes.

3.2 Structural and functional variability of the macroinvertebrate community

Both the CA based on taxonomy and the FCA performed with relative abundances of

the biological trait categories revealed a temporal effect (along the first axis) and a

gradual spatial effect with increasing distance downstream of the dams (on the second

axis) (Fig. 5). Both analysis were statistically significant (Monte Carlo test, P<0.001).

For the CA based on the genus abundances, the first and second axes explained 28.9%

and 24 % of the total variability, respectively (Fig. 5a). In this analysis, once the spring

and autumn samples were delimited, the latter presented a strong separation of the first

two reaches below the dams (E05 and E04) from those more downstream (E03, EO2 and

EO01). For the FCA performed with traits, the explained variability was much higher
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than in the CA since the first and second axes explained 50.3% and 22.8%, respectively
(Fig. 5b). Here, the longitudinal change of the community according to the functional

structure was more gradual.

a. Taxonomy

B
2/
3 EO1(A)
a -
4 E02(A)
EQ3(A)
Eo1(s) EQ3(S)
E02(S)a
E04(S) 1ST AXIS 28.9%
EQ5(S)
E05(A) E04(A)
b. Biological traits

Eigenvalues §
&
2/
3
[=]
z EQ1(S)

E01(A)
E03(A £28)
¢ )EPZ(A) E03(S)
1ST AXIS 50.3%
=E04(A)
E04(S)
EQ5(S)
EO5(A)

Fig. 5 Results of the Correspondance Analysis (CA) performed on the relative abundance of the species (a), and of the Fuzzy
Correspondence Analysis (FCA) performed on the relative abundance of the biological trait categories of macroinvertebrates (b).
EO5 is the reach located a few km downstream of the dam and EO1 the one more downstream (see Table 1). Label A and S in

reaches are Autumn and Spring, respectively.

The correlation analyses of the environmental variables with the first two axes of the
CA (taxonomy) and of the FCA (biological traits) are shown in Table 3. Since the first

axis of both analysis were related to temporal changes, they showed significant
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correlation with water temperature, pH, conductivity, salinity, phosphates (P-PQOy,), total
dissolved phosphorous (TDP), total dissolved nitrogen (TDN) and silicates (Si), having
all variables higher values in autumn. Moreover, the first axis of the FCA showed a
correlation with the concentration of phaeopigments, also with higher concentrations in
autumn. The spatial change of the community structure observed along the second axis
of both ordinations was significantly correlated with river distance, with higher factorial
scores in the reaches located more downstream (Fig. 6). Within the physic and
chemical variables, only chlorophyll (chl a) and nitrites (N-NO,) showed a significant
correlation (decreasing concentrations along the second axis), having higher

concentrations in the reaches closer to the dam.

Table 3 Pearson correlation analysis of environmental variables and the first two axis of the correspondence analysis (CA) based
on genus abundances and of the fuzzy correspondence analysis (FCA) based on biological traits. The level of significance is

indicated with * (P<0.05) or** (P<0.01) or ***(P<0.001).

Taxonomy Biological traits
Variables 1st AXIS 2nd AXIS 1st AXIS 2nd AXIS
Km 0.14 0.72* 0.02 0.88%**
U (m/s) -0.26 0.27 0.29 0.25
T* (°C) 0.93***  0.00 -0.91%**  0.03
pH 0.88***  -0.18 -0.83*%*  -0.24
Cond (us/s)  0.94***  -0.09 -0.94%**  -0.09
Salinity (ppt) 0.93***  -0.09 -0.93%*% -0.09
DO (mg/l) -0.51 0.04 0.54 0.30
DO (%) -0.16 0.04 0.20 0.33
SPM (mg/l) -0.10 -0.16 -0.10 -0.02
OM (mg/l)  -0.01 0.18 0.00 -0.18
OM (%) 0.02 0.35 0.16 -0.16
Chla (ug/l) 0.32 -0.74%* -0.41 -0.67*
Phaeo (ng/l) 0.47 -0.62 -0.66* -0.54
P-PO, 0.88***  -0.26 -0.96%**  -0.20
TDP 0.89***  -0.15 -0.90***  -0.13
N-NH4 0.57 -0.08 -0.44 -0.21
N-NO, -0.47 -0.77** 0.30 -0.85%*
N-NOs 0.71* -0.22 -0.84*%*  -0.07
TDN 0.84%* -0.13 -0.89***  -0.03
Si -0.74%* 0.08 0.76* 0.35
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Fig. 6 Factorial scores of the second axis of the correspondance analysis (CA) on the relative abundance of taxa(a), and of the fuzzy
correspondence analysis (FCA) on the relative abundance of trait categories (b) plotted against river distance downstream of the

dam and sediment dump. See Table 1 for locate stations at river km.

The seasonal and spatial patterns of taxa are shown along the first and second axis of the
CA in Fig. 7. The first axis showed a gradient starting from species more abundant in
spring (e. g. the crustaceans Echinogammarus longisetosus and Proasellus meridianus
and the Orthocladiinae) or only present in spring (e.g. the Ephemeroptera Ephoron
virgo and Choroterpes pictetii) from those predominant in autumn (e.g. Simulium
erythrocephalum, Prostoma graecense and Dugesia sicula). Permanently abundant taxa
along both seasons were the Oligochaeta, Caenis luctuosa, Corbicula fluminea,
Theodoxus fluviatilis, and Hydropsyche exocellata, among others. The longitudinal
pattern along the second axis of the CA separated those species in the first reaches close
to the dam (left part of the graph) from those located more downstream (Fig. 7b). As the
river km increased from the dam, the number of Ephemeroptera taxa was higher, as
Ephoron virgo, Choroterpes pictetii and Baetis sp. while crustaceans as Proasellus
meridianus, the chironomids Tanypodinae and Tanytarsini and the Trichoptera
Ecnomus tenellus were more abundant in the first km. The gastropod Melanopsis
tricarinata was exclusive in the last reach located 40 km from the dam (EO1). Within

the invasive species, the zebra mussel (Dreissena polymorpha) was predominant in the
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first reaches close to the dam while the Asian clam (Corbicula fluminea) increased the

abundances with increasing distance from the dam.
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Fig. 7 Position of taxa on the first axis (a) and second axis (b) of the correspondence analysis using taxonomy. The position of each
taxa (dots) corresponds to the weighted mean of their distribution in sites and the horizontal lines are the standard deviation. The

first axis represents the taxa distribution according to seasonality and the second according to the longitudinal gradient.
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The correlation ratios of the biological traits with the first two axes of the fuzzy
correspondence analysis explain the contribution of each trait to the temporal and spatial
variability observed (Table 4). The first axis (temporal) was mainly explained by
changes in the feeding habits, reproduction, food, respiration and dispersal. Many of
these categories also contributed to the variability on the second axis and therefore to
the longitudinal patterns, as feeding habits, reproduction and food. On the contrary, the
aquatic stages and life cycle duration were the traits with a lowest contribution to the

variability of the analysis.

The macroinvertebrate community in spring was characterized by significantly higher
abundances of shredders (Table 5), occupying the positive side of the first axis, while
absorbers and piercers were significantly more abundant in autumn, occupying the
negative side also with predators (Fig. 8). The proportions of filter-feeders, deposit
feeders and scrapers were more homogeneous along both seasons since they are the
main feeding strategies in the community. The macroinvertebrates in spring had plant
detritus >1 mm and living microphytes as the distinctive food sources, while in autumn
the living macroinvertebrates were predominant, thus a high proportion of predators
was present. The characteristic reproduction type in spring was ovoviviparity and
clutches (free or terrestrial) and an aquatic passive dispersal while in autumn the
reproduction was by clutches in vegetation or clutches cemented and the dispersal was
aquatic active. The other traits (maximal size, reproductive cycles per year, locomotion,
resistance form, aquatic stages and life cycle duration) did not largely contribute to
explain the variability, however they also inform about the characteristics of the

community at each season.

Table 4 Correlation coefficients of biological traits with the first two axes of the fuzzy correspondence analysis.

Biological trait 1ST AXIS 2ND AXIS
Feeding habits 0.0580 0.0274
Reproduction 0.0532 0.0147
Food 0.0420 0.0110
Respiration 0.0301 0.0036
Dispersal 0.0230 0.0044
Maximal size 0.0212 0.0242
Reproduction cycles/year 0.0163 0.0008
Locomotion 0.0128 0.0166
Resistance form 0.0120 0.0169
Aquatic stages 0.0077 0.0020
Life cycle duration 0.0001 0.0039
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Table 5. Pearson correlation analysis of biological traits and the first two axis of the fuzzy correspondence analysis (FCA). The
level of significance is indicated with * (P<0.05), ** (P<0.01) or ***(P<0.005). The first axis is related with temporal variability

and the second axis with the longitudinal gradient across reaches (see Fig. 7).

Biological trait Category 1st AXIS 2nd AXIS
Maximal size <0.25 cm -0.31 -0.74%*
>0.25-0.5 cm -0.76%* -0.12
>0.5-1 cm 0.87*** -0.03
>1-2 cm -0.62 0.32
>2-4 cm 0.87%%* -0.43
>4-8 cm -0.33 0.67*
Life cycle duration <1 year 0.12 0.63*
>] year -0.12 -0.63*
Potential no. reproductive 1 -0.92*** (.20
cycles per year >1 0.92%*** -0.20
Aquatic stages Egg -0.83%* 0.36
Larva 0.79** 0.37
Pupa 0.71%* -0.28
Adult -0.62* -0.47
Reproduction type Ovoviviparity 0.86%** -0.32
Isolated eggs, free 0.29 0.85%*
Isolated eggs, cemented -0.39 0.48
Clutches, cemented or fixed -0.96***  -0.03
Clutches, free 0.73* -0.31
Clutches, in vegetation -0.45 0.41
Clutches, terrestrial 0.80%** 0.11
Asexual reproduction -0.32 -0.68*
Dispersal Aquatic passive 0.87#%* -0.30
Aquatic active -0.98***  -0.03
Aerial passive -0.09 0.35
Aerial active 0.16 0.90***
Resistance form Eggs, statoblasts 0.31 0.85%**
Cocoons -0.89***  -0.17
Cells against desiccation -0.41 0.67*
Diapause or dormancy -0.28 -0.24
None 0.53 -0.67*
Respiration Tegument -0.91***  -0.18
Gill 0.94*** 0.21
Plastron -0.56 -0.59
Spiracle (aerial) -0.79%* -0.02
Locomotion and Flier -0.41 0.44
substratum relation Surface swimmer -0.55 -0.49
Full water swimmer -0.35 -0.73*
Crawler 0.64* 0.18
Burrower (epibenthic) -0.03 0.85%**
Interstitial (endobenthic) 0.92%*** -0.34
Temporarily attached -0.62%* -0.12
Permanently attached 0.06 -0.73%*
Food Fine sediment and microorganisms 0.45 -0.04
Detritus < 1 mm 0.62%* 0.62%*
Plant detritus > 1 mm 0.82%* -0.36
Living microphytes 0.60 0.58
Living macrophytes -0.02 -0.04
Dead animal > 1 mm -0.41 -0.45
Living microinvertebrates -0.10 -0.73%*
Living macroinvertebrates -0.94%*%*  .0.17
Vertebrates -0.37 0.36
Feeding habits Absorber -0.88***  -0.34
Deposit feeder 0.59 0.40
Shredder 0.85%** -0.51
Scraper -0.22 0.64*
Filter feeder -0.42 0.77%*
Piercer (plants or animals) -0.83***  -0.20
Predator (carver/engulfer/swallower) -0.60 -0.68*
Parasite 0.421 0.35
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Fig. 8 Distribution of the biological trait categories on the first two axes of the fuzzy correspondence analysis (FCA) including both

seasons. (See Table X for trait category codes).

Along the second axis (longitudinal gradient), shredders and predators were in the
negative side and corresponding to the community in the first reaches (E05 and E04),
while filter-feeders, scrapers and parasites were on the positive side and thereby more
abundant starting from the third reach (E03) located 21 km downstream. Locomotion
also created a gradient along this axis, with a higher proportion of organisms
permanently attached to the substrate or swimming in the water surface in the first
reaches and a higher proportion of burrowers and fliers with increasing river distance to
the dams. The macroinvertebrates with cells against desiccation and eggs as resistance
form were positioned in positive part of the first axis, thus being present in the more

downstream reaches. On the other hand, those not having any resistance form, diapauses
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or cocoons were mainly present in the first reaches below the dam (negative part of the
second FCA axis). Organisms reproducing by ovoviviparity and by free clutches were
predominant in reaches close to the dam while the opposite pattern was observed for

those reproducing by clutches in vegetation or by isolated eggs (either free or cemented

eggs).

3.3 Taxonomic and functional-based community metrics

Although most of the community (richness, Simpson’s diversity, Shannon’s diversity)
and some trait metrics (trait Simpson’s diversity and Rao’s diversity) did not show any
significant difference between spring and autumn, trait richness, trait Shannon’s
diversity and trait Rao’s diversity were significantly higher in October (Fig. 9). In the
case of richness, a similar number of taxon between seasons resulted in higher
functional richness in autumn. On the other hand, slightly higher taxonomic diversity
resulted in significant differences for functional diversity (Shannon’s and Rao’s
indexes). The functional Simpson’s diversity did not show a significant seasonality,
although its values were also higher in autumn, probably because this index gives more

relevance to the evenness of traits than to the trait richness.
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Fig. 9 Mean and standard deviation of richness, Simpson’s diversity, Shannon’s diversity and Rao’s diversity in spring and autumn

based on taxonomy(a) and with biological traits (b). P-values from Kruskal-Wallis test are indicated.

When assessing the longitudinal gradient as a function to the distance to the source of
impacts, different patterns were obtained for every sampling period. In spring, a trend of
increasing values of taxonomic metrics (richness, Simpson’s, Shannon’s, Rao’s
diversity) was observed with increased distance downstream of the dam (Fig. 10).
Functional metrics showed less variability with distance from the source of impacts
(e.g. trait Rao diversity), although Simpson and Shannon appeared to slightly increase.
In autumn, after a period of constant flows, the longitudinal patterns were less variable

and had higher values than in spring, according to the observed temporality.
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Fig. 10 Richness, Simpson’s diversity, Shannon’s diversity and Rao’s diversity along river km downstream of the dam in spring

and autumn based on taxonomy (a) and with biological traits (b).

From the point of view of biotic indices, the IBMWP index followed a similar pattern
than the taxonomic richness, either in every season or along the longitudinal gradient
(Fig. 11). According to this index and considering the fluvial type (i.e., main courses of
rivers), the biological quality of the lower part of river was good either in spring or
autumn. However, when assessing the quality considering the distance from the main
dams, the first 10 km have a lower quality than the following reaches located more

downstream (more than 20 km). Most of the taxa found are highly tolerant to pollution
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and the relatively high values of the IBMWP index were attributed to the high
community richness. This is clearly seen in Fig. 12, where the proportion of
macroinvertebrates at each category of the IBMWP is showed. Only very few intolerant
taxa (scores 7-10) are present while a relatively high proportion of taxa are not included

in the index (e.g., species as Corbicula fluminea and some native species as Melanopsis

tricarinata).
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Fig. 11 Mean value and standard deviation of the IBMWP index in spring and autumn and along river km downstream of the dam.
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Fig. 12 Mean value and standard deviation of each IBMWP score in the lower Ebro River macroinvertebrate community weighted
by taxon abundance. n.i.= taxa not included in the index IBMWP. The higher the IBMWP scores the more sensitive are the species

to pollution.

4. Discussion
4.1 Importance of temporal patterns at different hydrological conditions

In the lower Ebro River, the biological trait composition was determined by the
temporal variability, as well as in the analysis based on the taxonomic composition,
although in the latter the difference was not so marked. This evidences the importance

of temporal changes in communities whose biological traits are favored under certain
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environmental conditions (Southwood, 1988; Townsend and Hildrew, 1994). For
instance, in Mediterranean rivers the temporal heterogeneity structuring benthic
communities due to seasonal changes related with discharge fluctuations is well
described (Gasith & Resh, 1999; Béche et al., 2007; Bonada et al., 2007b; Punti et al.,
2009). However, although located in the Mediterranean region, the Ebro is a highly
regulated river as the flow variability is determined by the flow released from dams, and
the frequency, timing and duration of flow related events are altered as in many other

regulated rivers (Poff et al., 1997b).

In this study, there was a relatively high flow period in April previous to our spring
samplings which could generate a medium habitat disturbance compared with the floods
present in the Ebro before the dam construction, while the constant low flow observed
from June to October lead to a stabilization of habitat conditions and an increase in
dissolved nutrients and salinity. After a disturbance, inhabiting organisms should be
those exhibiting more resilience or resistance (Townsend & Hildrew, 1994), i.e. those
with an ability to recolonize or those with and ability to persist. Accordingly, most of
the taxa that colonized the habitat in spring predominantly presented several
reproduction cycles per year, linked with their fast development and population growth
(e.g. Orthocladiinae). In the same theoretical templet, small body size and short lifespan
should be expected. However, inconsistencies were found in crustaceans with a lifespan
more than one year and a size up to 4 mm (E. longisetosus) or Ephemeroptera with one
reproductive life cycle per year and a maximal size of 1-2 cm (E. virgo). These
controversy has been previously observed in other studies including highly diverse
communities and it has been attributed to trade-offs between traits (Resh et al., 1994;
Statzner et al., 1997). Moreover, traits related with life cycle seem to be determined by
long term adaptation to predictive natural flow events under certain climatic conditions
(Williams, 1996; Lytle & Poff, 2004). On the other hand, the univoltine species which
their life cycle is synchronized with water temperatures are important in the lower Ebro
(Cid et al., 2008). Thus, it is important to distinguish which traits can be favored or
disfavored by local discharge events and which traits might be independent of those
short-term habitat fluctuations. For instance, locomotion is considered one of the traits
more dependent on habitat characteristics (Williams, 1996; Bonada et al., 2007b).
Highly mobile organisms have been predicted to adapt to habitats under high temporal
variability (Mackay, 1992; Townsend & Hildrew, 1994) which can be related with the
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refugia availability (Gjerlov et al., 2003). In the lower Ebro, the proportion of highly
mobile organisms in spring was important and was linked with high abundances of
crawlers with the ability to move into the hyporreos (e.g. Orthocladiinae, Proasellus

meridianus).

In autumn, the stable habitat conditions propitiated a community with a wider variety of
traits, since those trait categories favored by the stable conditions cohabited with those
adapted to more unstable habitats (Usseglio-Polatera, 1994; Townsend et al., 1997). For
instance, swimmers and fliers (e.g. Dryops sp.) cohabited with those attached to the
substrate (e.g. Simulium erythrocephalum). The predominance of shredders in spring
moved to a widening of the feeding strategies in autumn, as absorbers, piercers,
predators, filter-feeders and scrapers cohabited as a result of a higher competition and
specialization (Southwood, 1988; Townsend & Hildrew, 1994; Useglio-Polatera, 1994).
Thus, the higher habitat heterogeneity (patchiness) due to a combination of different
hydraulic condition provided a higher combination of traits (Townsend et al., 1989;
Bonada et al.,, 2007b). Furthermore, an excessive proliferation of periphyton is
common in regulated rivers, being enhanced under low flow conditions (Biggs, 2000).
The low flows together with the higher nutrient concentration in autumn might have
enhanced the periphyton growth since many piercers attached to substrate such as
hydroptilid caddisflies (Orthotrichia angustella, Hydroptila sp.) and scrapers as snails
(Melanopsis tricarinata, Theodoxus fluvitilis) were more abundant than in spring.
Similar patterns were observed by Suren & Jowett (2006) after a period of low flows in
a New Zealand gravel bed rivers under regulation. Those combination of environmental
factors also favor the proliferation of rooted macrophytes (i.e. Potamogeton pectinatus),
which, in turn, change the hydraulic conditions in the habitat they occupy and contribute
to its homogenization (Batalla & Vericat, 2009). Moreover, we should consider that if a
low flow situation prevailed throughout the year the effects to the ecosystem could be
critical and different results might be obtained. Thereby, the combination of medium-
sized flows in spring and the following stabilization until the beginning of autumn

determined a community with more traits.

The observed temporal change in some of the biological trait metrics reflected a change
in the taxonomic composition, since similar number of genus present in autumn
proportioned a higher functional structure. The effects on functional diversity by habitat

change due to flow variability had been reported in US Mediterranean streams (Béche
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& Resh, 2007), where a negative relationship of functional diversity (measured with
Simpson’s and Rao’s indexes) with increasing flow was found in perennial streams.
Both results are in agreement with the theoretical relation between functional diversity
and environmental constraints proposed by Mouillot et al. (2006) for fish assemblages,
where functional diversity decreases with increasing environmental stress. On the other
hand, another explanation for the lower trait richness and diversity in spring could be
obtained because those species exclusive in this period did not contribute to a higher
functional diversity, since they might present similar traits as those present during both
seasons. For instance, regarding the feeding habits, Ephoron virgo which is only present
in spring has the same feeding strategy as a filter feeder than the alien Corbicula
fluminea which was very abundant either in spring or autumn. Thus, it might be
possible that different patterns were obtained if alien species were not present in the

area or not considered in the analysis (see Gayraud et al., 2005).
4.2 Importance of the longitudinal changes

Several studies have applied the trait response to detect human impacts as a measure of
ecosystem functioning at many scales (Dolédec et al., 1999; Charvet et al., 2000;
Statzner et al., 2001; Gayraud et al., 2003; Usseglio-Polatera & Biesel, 2002; Lecerf et
al., 2006, Tomanova et al., 2008; Dolédec & Statzner, 2008; Péru & Dolédec, 2010;
Archaimbault et al., 2010) even if the same traitsdid not present the same importance
among studies. For instance, life cycle duration, body form, reproduction and number of
descendants per life cycle were the traits presenting more variability with increasing
human impact in the Rhone River (Dolédec et al., 1999), while in the context of large
European rivers other traits such as the feeding habits, food and maximal size were
determinant (Gayraud et al., 2003). This inconsistency on the trait response might be a
result of the different kind of impacts and combination of them which affect differently
some traits or others (Dolédec & Statzner, 2008). In our study area, the main human
impacts are derived from river regulation and heavy metal and organochlorine pollution.
Thus, since the effects of discharge variation have been discussed in the previous
section, the effect of the main dams including the presence of heavy metal and
organochlorine contaminants in the lowermost reservoir was considered for the
discussion according to a spatial gradient. Possible differences due to mesohabitat
conditions at each reach were discarded since samples integrated several sites within a

reach and no longitudinal differences were observed according to water velocity.
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The results of Dolédec & Statzner (2008) according to the trait response to heavy metal
pollution in large European Rivers demonstrated that within the trait categories they
selected (i.e. maximal size < 1 cm, animal food of all size and gill respiration) only the
proportion of small organisms decreased with increasing heavy metal impact. Their a
priori predictions assumed that for small organisms (with large surface-volume ratios)
the external contact with metals could be critical. Thus, the way of exposure to heavy
metals should determine the specific response of traits. In our study area, the heavy
metal pollution is mainly originated by the release of pollutant loading from the
sediment dump in the Flix dam, and the ingestion of particulate matter has been
suggested as the main way of exposure in macroinvertebrates (Cid et al., 2010). For that
reason, we considered that feeding habits and food (both traits correlated) should be the
traits with a higher response to increasing distance from the sediment dump. Concretely,
the proportion of filter-feeders feeding on detritus < Imm where pollutants might be
adsorbed appeared to be lower in the first reaches close to the impact (Fig. 13).
Moreover, Dolédec & Statzner (2008) pointed out that the biotic interactions might
increase the complexity of trait response to this type of stress since metal pollution can
increase predation activity (Clements, 1999; Pollard & Yuan, 2006), although De Lange
et al. (2004) obtained that predation was independent of sediment contamination. In our
case, a higher abundance of predators was observed in the first reaches downstream of
the sediment dump (Fig. 13). Recently, Archaimbault et al. (2010) obtained a high
response in feeding habits and food, dispersal, reproduction and respiration when
assessing sediment pollution containing either heavy metals or organochlorine
compounds in French streams. In agreement with their results, our study also found a
higher proportion of invertebrates with asexual reproduction and feeding on
microinvertebrates in the more impacted sites and more scrapers and aerial active
dispersal in the less impacted sites. On the contrary, they observed an increase in filter-
feeders in impaired sites and obtained no differences for those feeding on fine detritus.

Moreover, we did not found any significant response in any modality of respiration.
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Fig. 13 Relationship between the proportion of filter feeders and predators with increasing distance from the source of impacts.

Linear regressions are shown.

These differences can be due to the river size studied, since different responses can be
expected when comparing effects of pollutants in medium-size streams or large rivers,
according to their different ecological processes and dynamics. Thus, although relative
abundance of biological traits discriminated between levels of contamination
(Archaimbault et al.,, 2010), it is difficult and complex to obtain a mechanistic
explanation based on a priori predictions (Dolédec & Statzner, 2008). Because other
ecophysiological traits linked to phylogeny and evolution are involved in the ability of
insects to deal with metal pollution (Buchwalter et al., 2008), the response of some
biological traits could be weak. Poff et al. (2006) suggested that one of the main
requisites for the selection of appropriate traits to detect environmental impacts was
their phylogenetic independence. Therefore, the role of biological traits could be
difficult to interpret since only those taxa with high elimination rates and/or high
detoxification capacity can thrive in metal polluted areas. As an example in the present
study, the metal tolerant Hydropsyche exocellata (Sola et al., 2004) was distributed
along all reaches while the pollutant-sensitive E. virgo (De Haas et al., 2002) had the
highest densities in the lowermost and less impacted area. Thus, the assessment of
pollutant-enriched freshwaters should be also addressed with other approaches widely
used in this field such as bioaccumulation, biomarkers or bioassays using keystone

species (Bonada et al., 2006). In another perspective, the quantification of several traits
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such as dispersal (e.g. aerial dispersal can transfer pollutants to the terrestrial foodweb),
aquatic stages (e.g. the pupae can be more susceptible to predation by fish), feeding
habits (e.g. filter feeders can incorporate pollutants in the particulate matter) and
respiration (e.g. gill respiration can be critical when dissolved metals are present) can be
useful tools for the application of accurate ecological risk assessment studies and for the
selection of bioassay organisms in areas with high pollutant loading to the ecosystem

(Ducrot et al., 2005).

The community metrics along the spatial gradient presented different trends for spring
and autumn and for the taxonomic and biological trait approaches. In spring, while the
genus richness and all taxonomic diversity indexes, including the biological index
IBMWP, increased with the distance from the dams, the functional metrics only showed
a slight increase for Simpson and Shannon trait diversity. These different trends showed
that an increase in the taxonomic values with increasing distance did not generate an
increase in function for this season. The observed trend of higher taxonomic richness
and diversity with increasing distance from the dams in spring can be due to the absence
or low abundances in the first reaches of those species considered sensitive to metal and
organochlorine pollution such as E. virgo (De Haas et al., 2002), which are only present
in spring due to its univoltine life cycle. Thus, we should consider that sensitive species
can create a spatial pattern only in that period which is not reflected in most of the
metrics of the biological traits. On the other hand, the observed decreasing gradient of
chlorophyll and N-NO, concentration with increasing distance from the dams could
have an indirect effect on macroinvertebrate composition. In autumn, the picture was
different since the community metrics presented higher values and changes along the
spatial gradient were not so marked. It might be due to the mentioned homogenization
of the community after the flow stability period and, as explained above, to the absence
of species that can be more affected by the pollution and dam impacts in the area.
Moreover, the disturbance due to pollutant loading can be higher in spring in the lower
Ebro, related with the high flows released in April that might had provoked a
remobilization of sediments from the dam and affect at a major level the reaches close
to the source. Therefore, a higher discharge event might be combined with a higher

pollution release from the sediment dump in spring.
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4.3 Relationship of taxonomic and functional community metrics

The explicit measures of functional diversity compared to those based on taxonomic-
structure can reveal alternative results since the functional differences in a community
are considered (e.g. Bady et al., 2005; Bonada et al., 2007a). Moreover, the
incorporation of several metrics as the widely applied richness or Simpson’s and
Shannon’s diversity (emphasizing the evenness and richness component, respectively)
to Rao’s diversity (based on dissimilarities) can contribute to a better interpretation of
functional diversity (Diaz & Cabido, 2001; Béche & Statzner, 2009). Within all metrics
used, functional Rao diversity appeared to be the best metric to distinguish the temporal
variability according to the different hydrological situations. Moreover, it showed that
despite the slight differences observed for the other metrics, the functional
dissimilarities were not so important along the impact gradient. However, since
functional metrics detect the increase or decrease in function but not which traits vary
along the gradient, the approach presented by Péru & Dolédec (2010) combining both
functional metrics based with all traits and with each individual trait should be a

considered in future bioassessment studies.

In agreement with Béche & Resh (2007), a high correlation between several functional
metrics was found in our study (Table 6). Although our analysis is at a local scale, the
trait Rao’s diversity was correlated with all the other functional measures of diversity,
indicating the summarizing power of this index (Champely & Chessel, 2002).
Moreover, the Rao’s diversity is considered one of the most appropriate indexes for
measuring functional diversity when using multiple traits (Botta-Dukat, 2005). On the
other hand, the relationship between the taxonomic and functional metrics was reflected
by the trait Simpson’s diversity, which was significantly correlated with all taxonomic
measures, followed by trait Shannon’s diversity which was not only significantly related
with genus richness. Comparable results were also obtained by Béche & Resh (2007)
and Statzner et al. (2007) regarding the correlation of the trait Simpson’s diversity with
taxonomic metrics. Recently, Péru & Dolédec (2010) also obtained a positive
relationship between trait Rao’s index and taxonomic richness and Simpson’s index.
According to the framework presented by Poff (1997a) and Statzner et al. (2004), the
correlation of taxonomy and traits in running waters occurs because traits might be

filtered at multiple spatial scales by environmental factors which determine the local
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trait composition, thus being under an important influence of the abiotic constraints

(Béche & Statzner, 2009). However, the significant positive relationship obtained by

Table 6 Pearson correlation analysis of community metrics based on taxonomy and biological traits considering all data and both

seasons. The level of significance is indicated with * (P<0.05), ** (P<0.01).

Taxonomy Biological traits

Richness Simpson Shannon Rao Richness Simpson Shannon Rao

Taxonomy Richness

Simpson .70*

Shannon .80** 98**
Rao 0.38 0.47 0.51
Biological traits Richness 0.09 0.1 0.16 0.31
Simpson .70* 3% 2% .66*% 0.36
Shannon 0.52 2% 78%* .68% 0.56 93%*
Rao 0.19 0.57 0.58 0.57 .72% .64* Rkl

Béche & Resh (2007) between trait Rao’s diversity and taxa richness and between trait
and taxa richness was not observed in our study. A possible explanation for not
detecting any relationship between trait richness and taxon richness is the scale of the
study. Because this two metrics do not follow a linear relationship when analyzing large
scale datasets with higher species richness (see Statzner et al., 2007 and Béche and
Statzner, 2009), it is difficult to detect any relationship if samples correspond to those
having relatively low taxonomic richness but high trait richness (Fig. 14). Thus, trait
richness can be greater than expected since the genus-poor sites are not necessarily

always the poorest in trait categories (Statzner et al., 2007).
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Fig. 14 Contextualization of the lower Ebro samples into the relationship between taxonomic richness and trait category richness

obtained by Statzner at al. (2007) for European rivers.
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To our knowledge, only a few authors have discussed the correlation of explicit
taxonomic diversity measures with functional ones in freshwaters (e.g. Béche & Resh,
2007; Statzner et al., 2007; Béche & Statzner, 2009; Péru & Dolédec, 2010). Thus,
despite the local scale of this study, the extension of the classical taxonomic approach
by the use of functional diversity metrics provided contrasting results to be addressed in

human impacted rivers.

4.4 General remarks

In summary, our results reflected a higher relevance of the temporal variability
compared to the longitudinal gradient mainly for the macroinvertebrate functional
composition in the lower Ebro River, since the taxonomy showed a lower response to
temporal changes. This temporal variability seemed to be related with the different
hydrological conditions, which changed according to the dam operations. In wet years,
the dam operations can reflect the natural flow events but decreased in intensity.
Therefore, since our study was carried out in a wet year (2007), the spring floods
together with the presence of point source pollution created clearer temporal and spatial

patterns than in dry years when the river flow remains more constant.

For the studied period, the autumn floods which occurred in historically natural
conditions did not exist in the hydrograph and constant flows prevailed. Although this
stable habitat conditions after the high flow in spring created a wider trait category
spectrum, these results are disconnected from what would be expected under a situation
closer to natural events. The adapted life history traits of native species to predictable
natural flow events (Lytle & Poff, 2004) will be desynchronized of the environmental
constraints. For instance, the absence of native freshwater mussels along all reaches and
both seasons was an indicative of their decline since their complex life cycles depending
on fish might be highly affected. Moreover, the higher water conductivity and nutrient
load in autumn due to a combination of land uses and lower flow can be a key factor
determining the dynamics of the macroinvertebrate community. Although the different
hydrological situations created a temporal heterogeneity in trait composition, Statzner &
Béche (2010) pointed out that it can be difficult to distinguish those traits responding to
discharge variation without direct physical measurements (e.g. velocity, shear stress).

For this reason, further research on the trait response to hydraulic conditions is needed.
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When assessing the impact gradient from the dams, the trait response was related
mostly to feeding habits, locomotion and reproduction. However, the strong temporal
effect together with the phylogenetic link of the sensitivity of species to pollution could
have blurred our results. Moreover, in the context of a sediment dump, the combined
effect of a high water discharge with higher pollution exposures could occur since

remobilization of sediments is also higher under this situation.

In agreement with the multivariate analysis, functional metrics distinguished better the
temporal changes than the taxonomic metrics. Functional Rao diversity clearly showed
the higher trait dissimilarity after habitat stability, since many habitats were colonized
and different strategies cohabited. On the other hand, the taxonomic metrics, including
the biotic index, followed better the impact gradient, but only in spring, due to the
presence of relatively pollutant sensitive species such as E. virgo and a higher pollutant
exposure due to the sediment remobilization after a higher discharge. Functional metrics
only detected slight changes in the community along the pollution gradient which
indicates that a mechanistic understanding of selected trait modalities would be
necessary for a better performance of traits as indicators of biological impairment

(Statzner & Dolédec, 2008).

Because our study was limited to wadeable areas and they are those more affected by
discharge variation, the temporal and longitudinal patterns on the main deep channel
could differ and further research in these areas in needed. However, since wadeable
areas are those more frequently sampled for bioassessment purposes in gravel-bed rivers
where methods as dredges cannot be applied, the present study provides a good
approach in the study of the macroinvertebrate community in the lower Ebro River. On
the other hand, due to the dominance of Chironomidae and Oligochaeta in this study, a
higher taxonomic resolution for these groups would be necessary in the future for a
better characterization of the macroinvertebrate distribution. Moreover, a study
considering a larger spatial scale in the Ebro River, including the highly diverse mid-
Ebro floodplain (see Gallardo et al., 2008, 2009, 2009b, 2009c), would improve the
understanding of the community changes downstream of the main impact sources (dams

and sediment dump).
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SI1. Summary of the mean vaules (=SD) of physical and chemical variables measured at the five studied
reaches for each season. For every variable n=3.

EO1 E02 E03 E04 EO05

Mean SD Mean SD Mean SD Mean SD Mean SD

T (°C) Spring 194 0.1 192 0.1 21.1 0.0 204 01 185 0.1
Autumn  21.5 0.0 226 0.0 222 0.1 226 00 215 0.0

pH Spring 80 00 8.0 0.1 8.1 0.0 8.1 0.0 8.1 0.0
Autumn 8.3 0.0 8.3 0.0 82 00 8.3 0.0 8.3 0.0

Cond (us/cm) Spring 709 2 704 1 683 1 674 1 660 2
Autumn 1456 3 1474 1 1463 2 1474 1 1456 3

Salinity (ppt) Spring 039 0.00 039 000 036 000 036 0.00 037 0.00
Autumn  0.79 0.00 078 0.00 0.78 0.00 0.78 0.00 0.79 0.00

DO (mg/1) Spring  9.637 0.015 9.093 0.450 9.583 0.031 8.800 0.053 9.077 0.310
Autumn 7.847 0.099 9.077 0.110 7.880 0.130 9.077 0.110 7.847 0.099

DO (%) Spring 1050 0.1 98.6 52 107.8 04 977 08 97.1 3.6
Autumn  89.3 1.1 1054 1.3 90.9 1.5 1054 1.3 893 1.1

SPM (mg/l)  Spring 335 048 295 0.70 357 0.10 297 064 2.00 030
Autumn 234 008 277 0.17 277 0.0 275 021 3.64 025

OM (mg/l) Spring 063 023 077 013 127 016 1.05 035 073 0.18
Autumn  0.88 0.09 089 0.09 084 0.06 0.68 009 097 0.04

OM (%) Spring 199 106 265 36 356 56 349 60 364 4.0
Autumn  37.3 25 322 25 303 1.7 2438 1.3 266 22

Chla(ug/l)  Spring 0.605 0339 0.446 0.234 0.578 0.328 1.085 1.455 0.810 0.427
Autumn 1.066 0.205 0.587 0.163 0.876 0.200 1.445 0.016 2.033 0.195

Phaeo (pg/l) Spring 0.675 0336 0.713 0.329 0.783 0.514 0.275 0.073 0.953 0.449
Autumn 0.859 0.182 0.860 0.312 1.361 0.317 1.493 0.198 2.130 0.099

P-PO4 (mg/l) Spring 0.016 0.002 0.017 0.004 0.016 0.003 0.015 0.003 0.011 0.001
Autumn 0.030 0.006 0.042 0.003 0.041 0.001 0.045 0.007 0.045 0.006

TDP (mg/l)  Spring  0.040 0.001 0.039 0.002 0.033 0.001 0.036 0.002 0.034 0.003
Autumn 0.071 0.006 0.069 0.004 0.065 0.006 0.069 0.007 0.075 0.005

N-NH, (mg/l) Spring  0.016 0.003 0.029 0.003 0.024 0.004 0.033 0.001 0.068 0.003
Autumn 0.060 0.025 0.080 0.018 0.047 0.044 0.070 0.035 0.036 0.027

N-NO, (mg/l) Spring  0.023 0.001 0.017 0.001 0.019 0.002 0.026 0.006 0.048 0.003
Autumn 0.003 0.000 0.009 0.000 0.013 0.001 0.022 0.002 0.056 0.005

N-NO;(mg/l) Spring 1932 0.113 1915 0.074 1.236 0.087 1.472 0.2838 1.409 0.105
Autumn 1.847 0.108 2.371 0.281 2437 0.070 2399 0.061 2.434 0.021

TDN (mg/l)  Spring  2.140 0.006 2.161 0.058 1.623 0.160 1.632 0.204 1.815 0.050
Autumn 2.649 0.047 2.816 0.050 2.721 0.154 2.794 0.013 2.851 0.015

Si (mg/1) Spring  2.250 0.036 2.266 0.013 2.168 0.038 2.113 0.052 2.010 0.048
Autumn 1.760 0.392 1309 0.384 1.726 0.491 1.847 0.102 1.462 0.254
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SI 2. Abundance of the macroinvertebrate taxa used for the analysis.

Spring Autumn
Taxon E01 E02 E03 E04 EO5 EO01 E02 E03 E04 E05
Hydra sp. 0.0 13.0 40 140 0.8 0.0 3.0 1.0 3.0 522
Dugesia sicula Lepori 0.6 1.5 2.0 1.0 0.2 23 185 160 33 53.2
Prostoma graecense (B6hmig) 0.0 1.3 0.4 0.0 0.0 1.3 7.8 21.0 10.0 233.0
Mermithidae 0.0 1.0 0.8 0.0 0.0 0.5 0.0 26 0.0 0.0
Oligochaeta 357.6 5485 330.8 1682 97.8 11.5 20.0 170.8 70.0 535.8
Helobdella stagnalis (Linnaeus) 0.0 0.0 0.0 0.0 0.0 0.5 0.0 02 03 0.0
Corbicula fluminea (O.F. Miiller) 366 13.0 262 258 24 520 1263 1002 393 2.6
Dreissena polymorpha (Pallas) 0.2 0.0 0.4 0.6 0.6 0.0 0.0 0.0 0.0 1.8
Ferrissia (Pettancylus) clessiniana (Jickelli) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 7.8 0.8
Melanopsis tricarinata dufourii (Férrussac) 0.6 0.0 0.0 0.0 0.0 1.5 0.0 0.0 0.0 0.0
Physella acuta (Draparnaud) 0.0 0.5 22 0.0 0.2 0.0 1.8 12 0.0 0.0
Radlix sp. 0.2 0.0 0.0 0.0 0.0 0.0 0.3 00 13 0.0
Theodoxus fluviatilis (L.) 0.0 0.3 4.6 0.8 0.0 1.5 3.0 0.0 0.0 0.0
Echinogammarus longisetosus Pinkster 16.8 245 42,6 133.0 478 0.0 2.5 0.8 0.0 30.8
Proasellus meridianus (Racovitza) 0.6 1.3 1.6 70 12.8 0.0 0.3 0.0 0.0 9.0
Baetis sp. 5.2 5.8 0.8 6.4 0.0 70 238 11.8 13 0.2
Caenis luctuosa (Burmeister) 4.8 5.0 8.8 2.2 0.8 1.8 0.3 20 938 3.8
Choroterpes pictetii (Eaton) 3.8 6.5 2.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ephoron virgo (Olivier) 14.4 3.5 1.2 0.0 0.2 0.0 0.0 0.0 0.0 0.0
Micronecta sp. 0.0 0.0 0.0 0.0 0.8 0.0 0.0 00 33 224
Aulonogyrus sp. 0.0 0.5 0.2 0.2 0.0 0.0 0.0 0.0 0.0 0.0
Dryops sp. 0.0 0.0 0.2 0.0 0.0 0.8 1.3 04 0.0 0.0
Ecnomus tenellus (Rambur) 1.0 0.0 0.2 0.0 0.0 0.3 1.3 0.8 23 6.4
Hydropsyche exocellata Duféur 0.2 0.0 0.8 0.8 0.0 0.3 0.3 08 1.3 1.4
Hydroptila sp. 0.0 1.3 152 0.0 0.4 0.0 1.5 6.8 0.0 10.4
Orthotrichia angustella (McLachlan) 0.2 0.0 0.0 0.0 0.0 0.0 3.0 1.0 03 0.0
Psychomyia pusilla (Fabricius) 0.8 0.0 0.0 0.0 0.0 0.3 0.0 00 28 0.0
Tanypodinae 1.0 0.5 0.0 24 34 0.3 0.8 02 05 34
Orthocladiinae 1862 123.8 521.8 456.8 116.8 1.3 9.8 7.6 83 22.6
Chironomini 182 125 0.0 4.8 0.8 0.3 0.0 08 03 32
Tanytarsini 1.2 1.5 0.8 0.2 0.0 0.8 1.0 02 05 40.8
Ceratopogoninae 0.6 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0
Simulium erythrocephalum (De Geer) 0.4 0.0 24 0.0 0.0 0.5 118 44 00 0.0
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Spring Autumn
Trait Category E01 E02 E03 E04 EO5S EO01 E02 E03 E04 EOS
Maximal size <0.25 cm 0.000 0.000 0.000 0.000 0.020 0.000 0.000 0.000 0.039 0.049
>0.25-0.5 cm 0.106 0.105 0.164 0.085 0.117 0.115 0.166 0.159 0.195 0.150
>0.5-1 cm 0.338 0.354 0.351 0.363 0352 0316 0.317 0.257 0.287 0.310
>1-2 cm 0258 0.269 0.211 0.195 0.175 0.240 0.238 0.309 0.233 0.261
>2-4 cm 0.188 0.187 0.180 0.253 0.256 0.137 0.151 0.139 0.121 0.184
>4-8 cm 0.110 0.084 0.094 0.103 0.081 0.192 0.128 0.135 0.125 0.047
Life cycle duration <1 year 0.584 0.491 0.506 0.428 0.418 0.460 0.458 0.426 0.517 0.438
>1 year 0.416 0.509 0.494 0.572 0.582 0.540 0.542 0.574 0.483 0.562
Potential no. reproductive 1 0.358 0.408 0.410 0.353 0278 0.475 0.520 0.466 0.460 0.457
cycles per year >1 0.642 0.592 0.590 0.647 0.722 0.525 0.480 0.534 0.540 0.543
Aquatic stages Egg 0.297 0318 0.335 0.289 0274 0.334 0.343 0.353 0370 0.305
Larva 0395 0.369 0.328 0.360 0.352 0.350 0.316 0.314 0.294 0.321
Pupa 0.167 0.130 0.135 0.148 0.158 0.073 0.120 0.109 0.101 0.138
Adult 0.141 0.183 0201 0.203 0216 0.243 0.222 0.224 0.235 0.237
Reproduction type Ovoviviparity 0.209 0.188 0.205 0.310 0.360 0.210 0.163 0.136 0.109 0.182
Isolated eggs, free 0.168 0.121 0.108 0.075 0.082 0.115 0.077 0.097 0.100 0.050
Isolated eggs, cemented 0.117 0.109 0.125 0.057 0.033 0.132 0.098 0.061 0.138 0.103
Clutches, cemented or fixed ~ 0.234 0.289 0.319 0.248 0.207 0.319 0.423 0479 0.445 0.384
Clutches, free 0.113 0.094 0.048 0.099 0.108 0.057 0.054 0.043 0.043 0.100
Clutches, in vegetation 0.000 0.000 0.001 0.000 0.000 0.008 0.006 0.003 0.000 0.000
Clutches, terrestrial 0.063 0.054 0.076 0.074 0.086 0.046 0.061 0.044 0.032 0.026
Asexual reproduction 0.095 0.145 0.118 0.136 0.123 0.113 0.119 0.138 0.133 0.155
Dispersal Aquatic passive 0.525 0.543 0.559 0.632 0.691 0.514 0.448 0.456 0.512 0.484
Aquatic active 0.200 0.223 0.226 0.192 0.158 0.300 0.338 0.338 0.307 0.333
Aerial passive 0.137 0.122 0.114 0.085 0.080 0.080 0.107 0.112 0.098 0.113
Aerial active 0.138 0.113 0.101 0.091 0.071 0.107 0.108 0.094 0.083 0.070
Resistance form Eggs, statoblasts 0256 0.219 0.169 0.123 0.122 0.165 0.139 0.161 0.125 0.080
Cocoons 0.095 0.116 0.102 0.091 0.109 0.162 0.142 0.194 0.162 0.176
Cells against desiccation 0.027 0.018 0.022 0.025 0.014 0.056 0.038 0.036 0.033 0.007
Diapause or dormancy 0.069 0.058 0.107 0.071 0.101 0.138 0.115 0.052 0.104 0.122
None 0.553 0.589 0.600 0.691 0.655 0.480 0.566 0.557 0.575 0.615
Respiration Tegument 0.555 0.604 0.572 0.535 0.527 0.604 0.626 0.700 0.733 0.701
Gill 0.441 0.391 0.408 0.462 0456 0.365 0.323 0270 0.232 0.256
Plastron 0.000 0.000 0.002 0.000 0.009 0.011 0.008 0.004 0.017 0.022
Spiracle (aerial) 0.004 0.005 0.018 0.002 0.009 0.020 0.042 0.026 0.017 0.022
Locomotion and substratum  Flier 0.000 0.001 0.002 0.001 0.000 0.008 0.006 0.003 0.000 0.000
relation Surface swimmer 0.005 0.026 0.017 0.026 0.008 0.011 0.028 0.020 0.028 0.034
Full water swimmer 0236 0.263 0.236 0.253 0.303 0.248 0.261 0313 0.273 0.321
Crawler 0396 0.398 0.428 0.388 0.413 0417 0363 0369 0.359 0.381
Burrower (epibenthic) 0.210 0.133 0.113 0.113 0.091 0.187 0.129 0.124 0.173 0.059
Interstitial (endobenthic) 0.075 0.069 0.069 0.095 0.117 0.045 0.051 0.043 0.041 0.058
Temporarily attached 0.071 0.110 0.130 0.115 0.056 0.080 0.159 0.125 0.112 0.129
Permanently attached 0.009 0.000 0.006 0.008 0.013 0.004 0.003 0.002 0.013 0.018
Food Fine sediment and 0.042 0.043 0.039 0.035 0.044 0.038 0.022 0.036 0.041 0.039
microorganisms
Detritus < 1 mm 0379 0319 0.291 0.251 0271 0.259 0.218 0.255 0.220 0.208
Plant detritus > 1 mm 0.074 0.076 0.088 0.108 0.134 0.085 0.065 0.037 0.058 0.075
Living microphytes 0252 0.220 0.241 0.241 0.242 0.248 0.217 0.193 0.228 0.158
Living macrophytes 0.071 0.080 0.104 0.080 0.085 0.064 0.105 0.099 0.055 0.078
Dead animal > 1 mm 0.025 0.028 0.029 0.034 0.034 0.026 0.033 0.031 0.060 0.039
Living microinvertebrates 0.107 0.141 0.133 0.190 0.136 0.110 0.152 0.113 0.174 0.189
Living macroinvertebrates 0.049 0.092 0.075 0.062 0.054 0.164 0.187 0.235 0.161 0.214
Vertebrates 0.000 0.000 0.000 0.000 0.000 0.006 0.000 0.001 0.002 0.000
Feeding habits Absorber 0.043 0.067 0.048 0.039 0.052 0.082 0.091 0.137 0.125 0.145
Deposit feeder 0.290 0.279 0.232 0.207 0.223 0.205 0.126 0.196 0.215 0.180
Shredder 0.173 0.176 0.186 0.239 0.317 0.110 0.090 0.054 0.085 0.202
Scraper 0.152 0.150 0.193 0.157 0.127 0.187 0.221 0.151 0.176 0.092
Filter feeder 0.244 0.182 0.203 0.209 0.136 0.276 0.264 0.234 0.233 0.150
Piercer (plants or animals) 0.005 0.017 0.040 0.003 0.017 0.023 0.057 0.060 0.036 0.050
Predator 0.057 0.081 0.056 0.111 0.090 0.086 0.139 0.115 0.116 0.169
(carver/engulfer/swallower)
Parasite 0.034 0.049 0.044 0.036 0.038 0.032 0.012 0.053 0.014 0.014
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SI 4. Community metrics.

Spring Autumn
E01 E02 EO03 E04 EO5S EO1 E02 EO03 E04 EO5
Taxonomy Richness 22 20 23 17 15 19 21 21 19 19
Simpson diversity 0.904 0.913 0911 0.890 0.856 0.894 0.923 0.912 0917 0.926
Shannon diversity 2.609 2.672 2.699 2.421 2.198 2.554 2748 2.664 2.662 2.739
Rao diversity 080 059 062 039 036 093 0.69 059 1.07 0.64
Biological traits Richness 55 55 58 56 57 59 58 59 58 57
Simpson diversity 0.969 0.970 0.970 0.968 0.967 0.971 0.971 0.969 0.969 0.970
Shannon diversity 3.674 3.688 3.698 3.659 3.651 3.717 3.721 3.690 3.704 3.703
Rao diversity 080 059 062 039 036 093 0.69 059 1.07 0.64
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SUMMARY

1. Given that the hydraulic conditions are one of the main factors determining
the macroinvertebrate distribution, we characterized the species preferences
and their functional structure along a hydraulic gradient in the lower Ebro
River (NE Spain) by using the niche separation analysis and the fourth corner
method analysis. Quantitative benthic samples were taken simultaneously
with the mean water velocity, depth, the percentage cover of macrophytes in
the benthic habitat and the interstitial dissolved oxygen. Froude number and
Reynolds number were also calculated.

2. Of all the measured parameters, the mean water velocity was the best
explanatory variable for the benthic macroinvertebrate distributions and
functional structure. All structural and functional metrics were negatively
correlated with current velocity while macroinvertebrate densities showed the
opposite pattern due to the dominance of a few species in areas with high
current velocity.

3. The taxa presenting high hydraulic niche marginality occupied narrower
habitat conditions (slow and fast flowing areas) while other species were
more tolerant to a wider range of conditions. Chironomidae showed different
habitat preferences within the same subfamily, tribe or genus, reflecting the
importance of species niche separation.

4. According to the macroinvertebrate distribution, many of the functional
characteristics of macroinvertebrates responded to the hydraulic conditions
(e.g. feeding, locomotion) while those related with life cycle seemed to reflect
adaptations to flow regime events or species interactions.

! Correspondence: Nuria Cid , Department of Ecology, Faculty of Biology, University of Barcelona, Barcelona, Catalonia, Spain.

E-mail: ncid@ub.edu
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5. By linking the macroinvertebrate community metrics, their hydraulic
preferences and their biological trait response, we demonstrated that a high
taxonomic resolution will improve our understanding of the community
response to the hydraulic conditions and therefore increase its potential
application in guiding river flow management.

Keywords: hydraulic preferences, biological traits, diversity, macroinvertebrates,
Chironomidae, Ebro River

Introduction

The importance of the physical habitat structuring the assemblages of aquatic
invertebrates in running waters is widely recognized and the hydraulic conditions are
considered one of the main influencing factors (Hynes, 1970; Statzner & Higler 1986;
Statzner et al., 1988; Quinn & Hickey, 1994; Hart & Finelli, 1999; Rempel et al., 2000;
Meérigoux & Dolédec, 2004). Because of the ecological key role played by invertebrates
in stream ecosystems, their study related to the hydraulic habitat has been so far of great
interest for stream ecologists in order to understand their distribution, diversity and
behavior (Lancaster & Hildrew, 1993; Quinn & Hickey, 1994), as well as ecological
processes (Peckarsky et al., 1990; Rader, 1997) and flow adaptations (see Statzner,
2008). In order to characterize the hydraulic conditions, most of these studies included
direct measurements near the riverbed, as shear velocity and substrate size composition,
and hydraulic parameters as Froude number or Reynolds number (Quinn & Hickey,
1994; Rempel et al., 2000; Mérigoux & Dolédec, 2004). Also the mean water velocity
was considered a good explanatory variable of the community composition when
assessing mesohabitat hydraulic conditions in areas where substrate composition is
relatively homogeneous across the sampled area (Quinn & Hickey, 1994; Syrovatka et

al., 2009; Buffagni et al., 2010).

In the context of the River Habitat Templet, the spatial and temporal heterogeneity of
the habitat should be reflected in the functional composition of community
characteristics as a result of an adaptation to the environmental conditions (Townsend &
Hildrew, 1994; Poff et al., 2006). Thus, the adaptation to hydraulic conditions can result
in differences of biological traits, as feeding strategies or body size (Rempel et al.,
2000; Lamoroux et al., 2004; Mérigoux & Dolédec, 2004; Bonada et al., 2007), being a

valuable approach because it gives a good understanding of ecosystem function
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(Statzner et al., 2001). Moreover, the trait response to direct hydraulic stressors is
crucial when assessing the effect of discharge variability, since it provides a clearer

interpretation according to a priori hypotheses (Statzner & Béche, 2010).

On the other hand, the influence of the environmental constraints (in this case, the
hydraulic conditions) and interespecific interactions can determine lineage
diversification for aquatic insect communities (Murria, 2010). Thereby,
phylogenetically close species can differ in the ecological niche they occupy. If the
ecological niche of species at reach scale is mainly determined by hydraulics, there can
be species-specific hydraulic preferences within the same family or genus (Lancaster &
Belyea, 2006; Dolédec et al., 2007). Thus, the taxonomy resolution achieved in a study
can be determinant to understand the relation of the local macroinvertebrate
assemblages with hydraulics. Detailed studies with high taxonomic resolution are scarce
and usually focus only on one group of macroinvertebrates (Collier, 1993; Ruse, 1995;
Syrovatka et al., 2009). Usually, in most of the studies on hydraulic preferences of the
macroinvertebrate community the groups of Chironomidae and Oligochatea have been
only identified at family or tribe level (Mérigoux & Dolédec, 2004; Dolédec et al.,
2007; Buffagni et al., 2010) due to the high taxonomy effort they require. Therefore,

their specific requirements at genus or species level are unkown.

In addition, macroinvertebrates have been considered as indicators for the assessment of
anthropogenic hydrological alterations (Gore, 2001; Suren & Jowett, 2006; James &
Suren, 2009; Dunbar et al., 2010). Hence, the quantification of their distribution patterns
according to the hydraulic conditions is essential. Although several studies defining the
hydraulic habitat preferences have been done (Mérigoux & Dolédec, 2004; Dolédec et
al., 2007; Buffagni et al., 2010), the knowledge of hydraulic preferences of invertebrates
in large rivers is still limited (Mérigoux et al., 2009; Blettler et al, 2008) as it is their
biological trait response (Statzner & Béche, 2010). In regulated rivers, the
hydrodynamic conditions are determined by the flow released from dams which can
lead to changes in habitats and communities downstream and therefore affecting
macroinvertebrate composition and diversity (Poff et al., 2010). The lower Ebro River,
as many of the European large rivers, is highly regulated with altered natural flow
regimes that affect downstream physical dynamics (Batalla et al., 2004; Vericat &
Batalla, 2006) and ecological processes (Ibafiez & Prat, 2003; Ibafiez et al., 2008).

Within this context, since no data relating macroinvertebrate fauna and hydraulic
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preferences has been previously obtained, the knowledge of the distribution patterns of
the macroinvertebrate community is essential for future biological assessments in the

lower Ebro River.

In the present study we show the results of macroinvertebrate distributional patterns and
biological trait composition along different hydraulic conditions in the lower Ebro
River, analyzed under the concept of niche separation (Dolédec et al., 2000) and using
the fourth corner method (Legendre et al., 1997; Dray & Legendre, 2008). Moreover,
we contribute to the general knowledge of invertebrate hydraulic preferences in large
rivers, including Chironomidae and Oligochaeta at high taxonomic resolution, and to
their biological trait response, assessing the taxonomic and functional diversity. Thus,
the main objectives were: (1) to determine the spatial variation of the macroinvertebrate
community and their biological trait response along a hydraulic gradient and (2) to

relate structural and functional community metrics to hydraulic characteristics.

Methods
Study area and sampling

The Ebro River is located in the NE Iberian Peninsula and has a drainage basin of
85,550 km* with a length of 928 km. The lower part of the river (100 km from the river
mouth) has a mean annual flow of 426 m>-s™ and is regulated by two main hydropower
dams constructed in the late 1960s: Mequinenga with a capacity of 1534 hm’, and Riba-
Roja, with a capacity of 207 hm’. The latter dam regulates the water flow of the Cinca
and Segre Rivers, the largest tributaries of the Ebro. Downstream of Riba-Roja the Flix

Dam is the smaller one, with a capacity of 11 hm”.

Samples were taken in the end of June 2007 at two sites in the lower Ebro River close to
each other. Site 1 and site 2 were located upstream and downstream of the town of Mdra
d’Ebre, respectively (Fig 1), separated only 10 Km to minimize intersite differences.
The end of spring was considered to be the best sampling period because the episode of
high flow in April was followed by a relatively constant flow during May and June (Fig
2), and thereby the macroinvertebrate community was sampled under quite stable flow

conditions. Moreover, this sampling period would include several key univoltine
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species as Ephoron virgo (Olivier), only present in the river in spring and summer (Cid

et al., 2008).

O City ortown
— Sampling site
I Dam

Fig.1. Sampling location in the lower Ebro River.
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Fig.2. Mean daily discharge (m*s™) in the lower Ebro River below the dams for the hydrological year 2006-2007. Note: sampling
period was in the end of June 2007 (arrow).

Since the main channel was more than 2 m deep in both sampling sites, the sampled
mesohabitats were limited to the wadeable area (0-1 m) along two fluvial islands
present at each site in order to collect a high variablity of the hydrodynamic conditions.

Within this area, three mesohabitats (pool, run and riffle) were delimited by the mean
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velocity and depth and the relative macroinvertebrate samples to be taken were assessed

by the proportions occupied by each mesohabitat at each site (Table 1).

The benthic macroinvertebrates were collected using a Surber net of 50x50 cm with a
mesh size of 500 pm. The samples were randomly taken and a total of 36 Surber
samples were taken. The riverbed was disturbed and the subsequent sample was
deposited in a tray in order to pick up attached animals from large cobbles (when
present). When water velocity was zero, the sampled area corresponding to the Surber
was also collected with a kick net by actively filtering the removed substrate into the net
in order to not lose any organism. Afterwards invertebrate samples were preserved in

4% formaldehyde and taken to the laboratory to be identified.

Basic hydraulic measurements as depth and current velocity at 0.6 of total depth below
water surfacewere were taken where the Surber net had to be placed, using a Braystoke
BFM 001 current meter. Since the substrate in the sampling area is relatively
homogeneous (composed mainly by pebbles, gravels and sand) we did not sample the
substrate for grain size characterization at each Surber and only a sample per range of
velocities was taken (see Table 1). Also the periphyton biomass (organic matter and
chlorophyll a) present in the benthos were measured with 3 replicates at each range of

velocities.

The dissolved oxygen (DO) in interstitial water and the % of macrophytes (%Mpht)
covering the sampled area were also taken as descriptors of habitat at each Surber
sample. The dissolved oxygen was measured in sifu with a YSI 556 multiprobe by
pumping the interstitial water. Since macrophytes are spread out across all hydraulic
habitats in the sampling area (mainly Potamogeton pectinatus Linnaeus, see Ibafiez et
al., 2008 and Batalla & Vericat, 2009) and the Surbers were taken randomly, we
obtained benthic samples with variable cover of macrophytes in order to determine if
their presence could have any effect on the benthic invertebrate distribution. The % of
macrophytes in the surber was calculated visually by estimating the area they occupied
into the Surber area. Because we wanted to assess the effect of Potamogeton only in the
sediment inhabiting organisms, when macrophytes were present, only sediment
dwelling macroinvertebrate were taken, avoiding the analysis of macroinvertebrates
living in floating plant beds. In order to do this, the floating part of the macrophyte was

cut previously to the sampling and only animals present in the root part were taken.
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For periphyton (chlorophyll a and organic matter), the methods of Steinman et al.
(1996) for sampling and extraction were followed. For the sediment sampling a core
sampler of 20 cm diameter similar to a cylindrical shovel was used. In the laboratory,
the samples were dried and sieved with an electromagnetic sieve shaker (CISA
Barcelona, model RP20), separating each particle size into the following fractions
(Malavoi & Souchon, 2002): >64 mm (cobble and coarser material), 32-64 mm (coarse
pebble), 16-32 mm (fine pebble), 2-8 mm (fine gravel), 0.5-2 mm (coarse sand) and
0.0625-0.5 mm (fine sand). Each particle class was weighed and from the weight of

each core sample, the percentage of each size class was calculated.

Hydraulic parameters that were calculated from direct measurements included: Froude
number (Fr) = U/(g d)”z, Reynolds number (Re) = (U d)/v, where d = water depth, g =
acceleration due to gravity (9.8 m” s™), U = current velocity at 0.6 depth below water

surface and v = kinematic viscosity of water (0.01 cm’s™).

Therefore, the macroinvertebrate composition was described by the following
parameters: water depth, mean water velocity, Fr, Re, DO and % macrophytes in

benthos. See Table 1 for mesohabitat general characteristics in the sampled area.

The identification of macroinvertebrates was done at the lowest possible taxonomic
resolution, including larvae of Chironomidae and Oligochaeta, except Microcrustacea
and Hydracarina which were kept at class or suborder level, respectively. The
invertebrate taxa were identified according to Tachet et al. (2000), Vieira (2000) and
Miiller-Liebenau (1969). Oligochaetes were identified using keys in Brinkhurst (1971)
and Tachet (2000). Chironomidae were identified using keys of Wiederholm (1983),
Nocentini (1985), Ferrarese (1983), Rossaro (1982), Schmid (1993), Rieradevall &
Brooks (2001), Heiri et al. (2004) and Brooks et al. (2007). For some taxa the presence

of pupae made possible the identification at species level.

116



Chapter 2

Table 1. Mesohabitat general characteristics in the sampled area. The upper part of the table shows the range of measurements
included at each Surber sample and the lower part are measurements relative to each range of velocities.

Pool Run Riffle

Site 1 Site 2 Site 1 Site 2 Site 1 Site 2
Surbers n=11 n=6 n=9 n=6 n=1 n=3
U 0.6 (cm/s) 0-159 0-14.1 29.2-70.1 52.4-87 432 746 -853
Fr 0-0.07 0-0.08 0.10-0.32 0.19-0.35 026 0.36-0.48
DO (mg/l) 882-11.48 797-11.78 452-11.5 9.23-11.48 11.15  9.54-9.92
D (cm) 50 -84 30-80 48 - 83 34-100 29 32-43
% Macrophyte 0-25 0-25 0-100 0-50 0 0-50
O.M (mg/cm?)* 1.88+0.62 1.64+0.63 2.04+131 1.44+1.07 3.53+3.26 3.9+0.75
%0.M* 1492+ 1.46 20.56+3.62 15.64+1.92 1985595 1891+293 20.14+3.46
Chl a (ng/em?®)* 843+£205 581+094 320+1.65 428+1.01 9.57+10.14 8.15+2.48
Cobble and coarser material (>64 mm) 7.63 0.00 0.00 11.56 21.00 12.46
Coarse pebble (32-64mm) 14.33 48.88 0.00 34.01 2391 37.08
Fine pebble (16-32mm) 26.37 39.86 40.82 36.43 26.81 40.07
Coarse gravel (8-16 mm) 24.34 8.28 44.59 15.96 13.76 7.97
Fine gravel (2-8 mm) 17.95 0.78 7.67 1.96 6.76 0.63
Coarse sand (0,5-2 mm) 3.92 0.29 0.19 0.03 1.04 0.37
Fine sand (0,0625-0,5 mm) 5.47 1.90 6.74 0.05 6.72 1.41

* 3 replicates were taken at each range of velocities.

Biological traits

Eleven biological traits and 62 categories obtained from a published database (Tachet et
al., 2000) were used for the functional characterization of the macroinvertebrate
community (Table 1). The traits in this database have an affinity score assigned for each
taxa ranging from 0 to 5, from null affinity to high affinity, respectively (Chevenet et
al., 1994).

When the taxonomic level of identification was higher than the level available for trait
information in the database, the level available for the traits was assigned for that taxa
(e.g. Thienemaniella sp. for Orthocladiinae, Hemerodromia sp. for Hemerodromiinae).
When taxa identified were not present in the trait database they were excluded from the
analysis. This was the case, for instance, of microcrustaceans (Copepoda, Ostracoda,
Cladocera) and early larval stages of unidentified Hydroptilidae. Taxa recorded only in
one sample and with abundance lower than 0.1 % of total abundance were omitted from

the analysis.
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Table 1. Biological traits and categories for macroinvertebrates present in this study (see Tachet et al., 2000).

Biological traits

Category

Maximal size

Life cycle duration

Potential no. reproductive cycles per year

Aquatic stages

Reproduction type

Dispersal

Resistance form

Respiration

Locomotion and substratum relation

Food

Feeding habits

<0.25 cm

>0.25-0.5 cm

>0.5-1 cm

>]-2cm

>2—4 cm

>4-8 cm

>8 cm

<1 year

>] year

<1

1

>1

Egg

Larva

Nymph

Imago

Ovoviviparity

Isolated eggs, free
Isolated eggs, cemented
Clutches, cemented or fixed
Clutches, free

Clutches, in vegetation
Clutches, terrestrial
Asexual reproduction
Aquatic passive

Aquatic active

Aerial passive

Aerial active

Eggs, statoblasts
Cocoons

Cells against desiccation
Diapause or dormancy
None

Tegument

Gill

Plastron

Spiracle (aerial)

Flier

Surface swimmer

Full water swimmer
Crawler

Burrower (epibenthic)
Interstitial (endobenthic)
Temporarily attached
Permanently attached
Fine sediment and microorganisms
Detritus < 1 mm

Plant detritus > 1 mm
Living microphytes
Living macrophytes
Dead animal > 1 mm
Living microinvertebrates
Living macroinvertebrates
Vertebrates

Absorber

Deposit feeder

Shredder

Scraper

Filter feeder

Piercer (plants or animals)
Predator (carver/engulfer/swallower)
Parasite

118

Chapter 2



Chapter 2

Data analyses

The relation of environmental variables with the macroinvertebrate fauna was explored
comparing a taxa-density dataset with a hydraulics dataset including water velocity, Re,
Fr and depth corresponding to each Surber sample. Hydraulic data and
macroinvertebrate abundances were log transformed. These two datasets were used to
perform the Outlying Mean Index analysis (OMI) (Dolédec et al., 2000), following the
methods described in Mérigoux & Dolédec (2004). This is a multivariate method which
analyses “niche separation” and “niche breadth” of species in a community assemblage.
The resulting OMI values represent quantification of the marginality or tolerance of
each taxa to the measured environmental variables, that is, the higher is the value the
higher the marginality. We considered the OMI analysis since it has been used before to
describe the habitat preference of species along environmental gradients (Malard et al.,
2003; Mérigoux & Dolédec, 2004; Thuiller et al., 2004) and because, in comparison to
other widely used multivariate methods, OMI gives equal weighting to samples whether
they are poor or rich in species, and because it does not assume an a priori response
curves of species thus it can describe unimodal (according to a Canonical
correspondence analysis, CCA) or linear (according to a Redundancy analysis, RDA)
response curves to the environment. In order to test the statistical significance of the
marginality for each taxon, a random permutation test (Monte Carlo test, 1000
permutations) was used. The permutation test checks if the mean position of each taxa
according to the environmental gradient is different from a theoretical general mean

(Dolédec et al., 2000).

The Fourth Corner method analysis (Legendre et al., 1997; Dray & Legendre, 2008)
was performed to test the relationship of each macroinvertebrate trait category with the
environmental variables. This method uses different permutation models depending on
the hypothesis to be tested. We used the Model 5 because is strictly equivalent to RLQ
method proposed by Dolédec et al. (1996) which uses three tables: R (samples x
environmental variables), L. (samples x taxa) and Q (taxa x trait categories). The first
two tables (R and L) correspond to those previously used in the OMI analysis and the
third one (Q) is the table corresponding to the affinity of each taxa for each trait
category (see Biological traits section). The output of the analysis is a Pearson product-
moment correlation coefficient (r) for each environmental variable used with its

associated P-value obtained by random permutations (999 runs).
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In order to determine the taxonomic and trait diversity along the hydraulic gradient, the
taxon and trait richness and Shanon-Wiener, Simpson and Rao diversity indices were
used. The Rao index (Champely & Chessel, 2002; Bady et al., 2005; Bonada et al.,
2007) is calculated by using the dissimilarity matrix (measured, for instance, as
Euclidean distance) of the dataset of relative abundance of species or traits per sample
(see above explanation for this dataset). In order to obtain the dataset of relative
abundance of traits per sample, the affinity of each taxon for each trait category was
multiplied by the taxon density abundance (see Chevenet et al., 1994; Mérigoux &
Dolédec, 2004; Bonada et al., 2007). Linear regressions were performed to fit the

relationship between hydraulics and diversity.

All the statistical multivariate analysis and graphs were carried out using R free
software (Ihaka & Gentleman, 1996) with ADE4 (Thioulouse et al., 1997) and Vegan
(Oksanen et al., 2010) libraries.

Results
Macroinvertebrate abundance and community metrics

A sum of 275,128 individuals of 116 macroinvertebrate taxa were collected in this
study. The predominant taxa corresponded to the Chironomids of the subfamily
Orthocladiinae representing the 40.6 % of the total abundance (e.g. Cricotopus
vierriensis grp. and C. (C.) bicinctus (Meigen), representing a 13.71% and 13.15 %,
respectively). The Amphipoda Echinogammarus longisetosus Pinkster was the most
abundant species with a 20.75 %, followed by Baetis fuscatus (L.) with a 17.39%.
Within Oligochaeta, the species Stylaria lacustris (L.) was the most representative
(1.17% of total macroinvertebrate abundance) and within Trichoptera Hydropsyche
exocellata Dufour (1.56%). Of the 116 taxa obtained, 28 were taken out of the analysis
due to their low abundance and sample occurrence (see SI 7 for details). These minor
taxa were some Naididae (e.g. Dero digitata [Miiller]), several Chironomidae (e.g.
Parametriocnemus stylatus [Kieffer], FEukiefferiella gracei [Edwards]) and other
Dipterans (e.g. Atrichops crassipes Meigen), Coleoptera (Pomatinus substriatus [P.H.
Miiller] and Potamophilus sp.), Odonata (Gomphus sp.) and Heteroptera (Naucoris

maculates Fabricius).
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The total density of macroinvertebrates was significantly related with the water velocity
(linear regression model, p-value>0.05), with higher densities at higher water velocities
(Figure 3). All the diversity measures (richness, Shannon, Simpson, Rao diversity, trait
richness, trait Shannon diversity, trait Simpson diversity and trait Rao diversity) were

correlated with water velocity, showing a significant inverse linear relationship (Figure

4).

20000
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Fig 3. Relationship between density of macroinvertebrates (ind/m?) and water velocity (cm/s).

Macroinvertebrate niche separation: OMI analysis

The results of the OMI analysis (niche separation) with the macroinvertebrate
community showed the position of each taxon according to the hydraulic gradient with a
measure of the marginality and tolerance. The first and second axis of the ordination
analysis explained 75.77% and 11.31% of the variability, respectively, being the weight
of water velocity, Re and Fr the most important parameters (see SI 1 for details of the
analysis). Although DO in sediment and % of macrophytes in the riverbed were not the
main factors explaining the macroinvertebrate distribution, they presented opposite
scores in the second axis. The global OMI analysis was statistically significant (Monte
Carlo test, P-value=0.001) and 38 taxa over 87 presented significant hydraulic
marginality (Table 1). Concretely, the family of Chironomidae presented a wide range

of hydraulic preferences, with differences within the same subfamily, tribe or genus. On
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the other hand, Oligochaeta tended to occupy areas of low water velocity, except for the

Lumbricid Eiseniella tetraedra.

The most abundant species as Baetis fuscatus, B. pavidus, Hydropsyche exocellata,
Echinogammarus longisetosus, Theodoxus fluviatilis, Dugesia sicula and the
Chironomids Synorthocladius semivirens and Cricotopus (Cricotopus) vierriensis grp.
presented a significant marginality, showing habitat preferences for high water
velocities (Figure 6). Species with lower abundances but also with significant
preferences for high water velocities were the Chironomids Rheocricotopus
(Psilocricotopus)  fuscipes, Eukiefferiella minor-fittkaui, Rheocricotopus (Ps.)
chalybeatus, Cricotopus (C.) trifascia. Both Rheocricotopus (Ps.) chalybeatus and
Cricotopus (C.) trifascia had the lowest tolerance, which implies that they appeared to

be the most specialist species for high water velocity in our study.

Abundant species presenting significant marginality but having low tolerance for high
water velocity were the group of Cricotopus (Isocladius) sylvestris, the
ephemeropterans Caenis luctuosa and Choroterpes picteti, and the Ostracoda group. In
general, though not being present at very high abundances, the highest OMI values were
obtained for species with preferences for low water velocity, showing very high habitat
marginality and very low tolerance values. For instance, this was the case of the Naidid
Nais cf. barbata, the Chironomids Polypedilum (Tripodura) scalaenum grp. and
Tanytarsus pallidicornis type (sensu Heiri et al., 2001), the Ephemeroptera Cloeon
dipterum and the group of Cladocera.

Taxa showing no significant marginality, as the Tubificid Potamothrix bavaricus, the
Chironomid Cricotopus (C.) bicinctus or the Asian clam Corbicula fluminea, showed a
preference for intermediate water velocities; however, they were distributed along all

the hydraulic conditions (see Table 2).
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Table 2. Niche parameters of the macroinvertebrate community of the lower Ebro River related to hydraulics: the inertia, the
outlying mean index (OMI), the tolerance index (Tol), and the residual tolerance index (RTol). Values in italics represent the
corresponding percentages of variability. Num is the number of random permutations out of 1000 needed to obtain a higher value
than the observed OMI. Taxa showing significant marginality are in bold.

Taxa inertia OMI Tol Rtol omi tol rtol Num Pvalue
Hydra sp. 7.56 132 372 251 1750 492 333 276 0271
Dugesia sicula Lepori 6.38 003 213 422 040 333 662 4 0.004
Prostoma graecense Bohmig 5.63 0.13 0.76 474 220 13.6 842 518 0.526
Mermithidae 8.34 196 243 3.96 2350 29.1 474 16 0.021
Potamothrix bavaricus (Oschmann) 7.53 030 095 628 4.00 126 834 978 0.976
Potamothrix hammoniensis (Michaelsen) 2.60 140 0.00 1.19 54.00 0 46 761  0.739
Tubificidae SSC 8.30 1.79 338 3.12 21.60 40.8 37.6 41 0.033
Branchiura sowerbyi Beddard 7.68 443 1.87 137 57.70 244 179 3 0.008
Lumbriculidae 8.21 078 1.83 559 9.60 223 68.1 462 0.467
Nais cf. barbata 13.56 12.28 0.01 1.27 90.50 0.1 94 14 0.025
Nais bretscheri Michaelsen 4.99 0.19 0.60 420 390 12.1 841 944 0.950
Nais cf. bretscheri 7.08 1.35  2.69 3.05 19.00 379 43 18 0.018
Ophidonais serpentina (Miiller) 5.18 1.68 146 204 3250 28.1 394 346 0376
Stylaria lacustris (Linnnaeus) 6.68 099 2.15 354 14.80 322 53 0 0.001
Slavina appendiculata (Udeken) 7.76 122 299 355 1580 38.6 457 485 0.484
Vejdovskyella intermedia (Bretscher) 8.33 285 245 3.03 3420 295 364 253 0.244
Eiseniella tetraedra (Savigny) 11.04 225 276 6.03 20.40 25 54.6 41 0.040
Erpobdella sp. 3.77 263 022 092 69.80 59 243 488 0.468
Piscicola geometra (L.) 5.78 040 092 445 690 16 77.1 451  0.407
Corbicula fluminea (O.F. Miiller) 5.86 003 0.85 498 0.60 144 85 453 0472
Dreissema polymporpha (Pallas) 4.99 035 1.79 285 7.10 358 57.1 194 0.230
Ferrissia (Pettancylus) clessiniana (Jickeli) 2.14 141 0.06 0.67 6560 3 314 775  0.779
Physella (Costatella) acuta (Draparnaud) 591 008 095 488 140 161 825 739 0.748
Radlix sp. 445 052 053 340 11.60 12 76.4 627  0.663
Theodoxus fluviatilis (L.) 5.41 0.14 2.00 327 250 37 605 5 0.009
Hydracarina 5.84 012 0.69 503 210 11.8 861 140 0.137
Cladocera 12.79 12.66 0.00 0.13 99.00 0 1 0 0.001
Copepoda 7.85 190 2.81 3.14 2420 357 40 7 0.012
Ostracoda 7.13 098 245 370 13.70 344 519 0 0.001
Caridean larvae 5.75 1.83 142 250 31.80 248 435 14 0.007
Echinogammarus longisetosus Pinkster 5.98 0.11 240 347 180 401 58 0 0.001
Proasellus meridianus (Racovitza) 6.03 0.07 1.09 487 1.10 181 80.8 979 0.966
Baetis fuscatus (L.) 5.50 032 175 343 570 319 624 0 0.001
Baetis pavidus Grandi 5.60 082 1.06 3.72 14.60 19 664 0 0.001
Caenis luctuosa (Burmeister) 6.38 029 2.84 325 450 446 509 2 0.006
Choroterpes picteti (Eaton) 6.63 0.14 346 3.03 210 522 457 65 0.066
Cloeon dipterum (L.) 13.56 1259 0.03 094 9280 03 69 15 0.010
Cloeon simile Eaton 9.78 447 396 135 4570 405 13.8 68 0.072
Ephoron virgo (Olivier) 5.46 0.17 214 3.16 3.10 39.1 57.8 389 0414
Pseudocloeon atrebatinus (Eaton) 6.13 0.75 0.83 455 1230 135 742 183  0.180
Platycnemis sp. 6.63 128 1.01 434 1930 152 655 105 0.09
Zigoptera (immature) 6.47 2.86 0.14 348 44.10 2.1 53.8 437 0450
Hydrometra sp. 451 1.09 052 290 2420 11.5 643 873 0.892
Micronecta sp. 7.94 212 3.74 2.09 2670 47.1 263 1 0.001
Collembola 7.20 255 204 262 3540 283 363 238 0.238
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Continued from Table 2

Taxon inertia OMI Tol Rtol omi tol rtol Num Pvalue
Aulonogyrus sp. 5.24 2.00 258 0.66 3820 493 125 587  0.600
Dryops sp. 5.41 128 041 372 2370 7.5 688 482 0473
Hydaticus sp. 10.01 439 012 550 4380 12 55 171 0.189
Laccophilus sp. 7.01 0.74 186 441 10.60 26.5 629 242 0.247
Ceraclea dissimilis (Stephens) 12.17 324 387 506 26.60 31.8 41.6 78 0.064
Ceraclea sobradieli (Navas) 6.96 034 1.08 554 480 155 79.6 615 0.651
Ecnomus tenellus (Rambur) 4.83 1.69 094 2.19 3510 19.5 454 33 0.026
Hydropsyche exocellata Dufour 5.96 040 1.87 3.69 6.60 314 62 0 0.001
Hydroptila sp. 5.64 002 1.13 448 040 201 795 239 0.247
Hydroptilidae stage 1-4 6.01 006 094 502 090 156 835 617 0.554
Mystacides azurea (L.) 6.02 2.17  1.84 201 36.00 305 334 172 0.194
Orthotrichia angustella (McLachlan) 7.11 2.65 2.64 182 3730 371 256 0 0.001
Psychomia pusilla (Fabricius) 5.16 008 0.87 422 150 168 81.7 735 0.697
Ablabesmyia longistyla Fittkau 5.63 091 211 2.61 16.10 37.5 464 6 0.003
Procladius sp. 10.36 755 211 070 7290 204 6.7 4 0.011
Thienemannimyia sp. 5.62 036 123 403 640 219 71.7 434 0432
Potthastia gaedii (Meigen) 5.01 1.66 0.80 256 33.10 159 51 67 0.057
Cricotopus (1.) sylvestris grp. 8.07 134 4.02 271 16.60 49.8 33.6 0 0.004
Cricotopus (C.) albiforceps (Kieffer) 2.64 121 037 1.06 4570 142 401 174 0.152
Cricotopus (C.) bicinctus (Meigen) 6.07 001 1.80 427 020 296 702 166 0.187
Cricotopus (C.) trifascia Edwards 4.48 221 038 1.89 4930 85 421 2 0.004
Cricotopus (C.) vierriensis grp. 5.84 0.02 221 3.61 040 378 61.8 15 0.018
Eukiefferiella minor-fittkaui 5.29 053 190 2.86 10.10 359 54 29 0.013
Orthocladius (O.) obumbratus Johansen 6.51 .11 290 250 17.00 445 385 104 0.0838
Paratrichocladius rufiventris (Meigen) 6.05 0.72  0.84 449 12.00 139 742 490 0.490
Rheocricotopus (Ps.) chalybeatus (Edwards) 6.12 1.27 059 426 2070 9.6 696 0 0.001
Rheocricotopus (Ps.) fuscipes (Kieffer) 5.91 035 1.60 3.96 590 27.1 67 19 0.032
Synorthocladius semivirens (Kieffer) 5.08 036 1.09 3.63 7.00 214 716 O 0.001
Thienemanniella flaviforceps (Kieffer) 6.24 0.63 1.77 3.84 10.10 284 61.6 9 0.015
Cryptochironomus sp. 7.48 198 3.63 1.87 26.50 48.5 25 23 0.014
Dicrotendipes nervosus grp. 9.63 6.50 235 0.78 67.50 244 8.1 15 0.023
Polypedilum (Polypedilum) nubifer (Skuse) 7.40 4.01 1.65 1.73 5420 224 234 190 0.195
Polypedilum (Tripodura) scalaenum grp. 10.86 841 186 0.58 7750 17.2 54 4 0.010
Harnischia sp. 4.83 092 0.17 373 19.10 3.6 773 212 0.236
Polypedilum type A (sensu Brooks et al., 2007) 8.37 2.66 431 139 31.80 51.6 16.6 6 0.009
Cladotanytarsus sp. 6.04 1.18 1.05 3.81 19.60 174 63.1 488  0.492
Rheotanytarsus sp. 6.39 084 143 413 13.10 223 64.6 104 0.097
Tanytarsus chinyensis grp. 4.29 1.83 041 2.05 4280 95 47.7 585 0.596
Tanytarsus pallidicornis type (sensu Heiri et al., 2001) 12.44 12.24 0.00 0.20 98.40 0 1.6 29 0.017
Virgatanytarsus sp. 6.37 0.83 275 279 13.00 432 438 164 0.135
Hemerodromia sp. 7.01 1.12 0.77 5.13 1590 11 73.1 714 0.756
Simulium erytrocephalum (De Geer) 7.13 0.82 214 416 11.60 30.1 584 14 0.015
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Cladocera o
Tanytarsus pallidicornis type —o—
Nais cf. barbata ——0—
Cloeon dipterum——o——

Polypedilum (Tripodura) scalaenum grp.
Procladius sp.
Dycrotendipes nervosus grp.

Branch|ura sowerbyi O

Polypedilum (Polypedilum) hubifer

Cloeon simile

Vejdovskyella intermedia

Ortotrichia angustella

Polypedilum type A

Collembola

Micronecta sp.

Mystacides azurea

Cryptochironomus sp:-

Caridea larvae

Copepoda

Ophidonais serpentina

Hydaticus sp.

Ecnomus tenellus O

Zigoptera immature

Hydra sp.

Potthastia gaedii

Cricotopus (I.) sylvestris grp.
Nais cf.bretscheri

Orthocladius (O.) obumbratus
Ostracoda

Stylaria lacustris

Ablabesmyia longistyla
Cladotanytarsus sp.
Virgatanytarsus sp.
Laccophilus sp.
Rheotanytarsus sp.
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—ou— Potamothrix hammoniensis
Ferrissia (Pettancylus) clessiniana
O Paratrichocladius rufiventris
() Caenis luctuosa
5L e
Harnischia sp.
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Figure 6. Position of niche taxa on the first OMI sample scores for macroinvertebrate assemblages in the lower Ebro River along the
hydraulic gradient. The position of each taxa (dots) corresponds to the weighted mean of their distribution in sites and the horizontal
lines are the standard deviation representing the niche amplitude. The size of each dot is relative to the abundance. The bottom
vertical bars correspond to the Surber sample scores along the gradient, with increasing water velocity, Re and Fr from right to left.
The vertical line across the panel is the theoretical position of a hypothetical species present at all the habitat gradient.
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Biological traits and habitat constraints: Fourth corner method

Of the total 62 trait categories analyzed, 32 presented significant r-values for mean
velocity and Froude number and 29 for Reynolds number. Fewer relationships were
obtained for depth, DO and % macrophyte in sediment, with 16, 13 and 14 significant
trait categories, respectively (Table 3). Thus, the functional characteristics of taxa were
mainly influenced by the variables regarding hydraulics. Out of the 11 analyzed traits
only the life cycle duration was not influenced by the hydraulic conditions but appeared
to be influenced by the DO in sediment. The maximal size, potential number of
reproductive cycles per year, the aquatic stages, the reproduction type, dispersal,
resistance form, respiration, locomotion and substratum relation, food and feeding
habits showed a significant relationship with the hydraulics at least in one of their

categories.

Among those traits presenting significant r-values, several trait categories were
correlated with high values of current velocity, Re and Fr. These traits were a body size
between 2 and 4 cm, one potential reproductive life cycle per year, aquatic stages as
egg, a reproduction by ovoviviparity or clutches cemented or fixed, with no resistance
forms or if present as eggs or statoblasts, and respiration by gills. Locomotion is
characterized by crawlers and organisms temporarily attached, and food and feeding
habits were correlated with filter-feeders and scrapers and feeding on coarse plant
detritus and dead animals. In contrast, the smallest organisms (< 0.5 cm) and those
having a higher potential body size (>8 cm) were negatively correlated with current
velocity, Re and Fr. The lower the values of this variables, the higher the proportion of
organisms with more than one reproductive cycle per year, aquatic stages as larva, a
reproduction by free isolated eggs, free clutches or asexual, an aerial passive dispersal,
cocoons as resistance form and respiration by the tegument, plastron or spiracle. Full
water swimmers, burrowers and interstitial organisms followed the same pattern, as well

as deposit feeders and piercers.

Although depth, DO and % macrophytes were not correlated with many trait categories
some were significant. DO in sediment was negatively correlated with those organisms
with a body size between 4-8 cm, those with a lifespan more than one year, clutches in
vegetation or asexual reproduction, aquatic passive dispersal, cocoons as resistant form,

living in the interstices and feeding as absorbers, deposit feeders and parasites. Those
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traits positively correlated with the % of macrophyte in sediment were medium-large
sizes, one reproductive life cycle per year, reproduction by clutches cemented or fixed
or clutches in vegetation, breathing by spiracle, moving as a flier or being temporarily

atached and feeding on living macroinvertebrates.

Table 3. Results from the fourth-corner method (Model 5) using macroinvertebrate density, biological traits and habitat variables.
The numbers presented are the r-values corresponding to the correlation of each trait category with the habitat. The level of
significance is indicated with * (P<0.05), ** (P<0.01) or ***(P<0.001). Those P-values nearly significant are indicated with
‘(P<0.1).

Trait Category U(cm/s)  Fr Re D (m) DO (mg/l) %Mpht
Maximal size <0.25 cm -0.115%** -0.114*** -0.108** -0.008 -0.003 -0.046*
>0.25-0.5 cm -0.095**  -0.100**  -0.078**  0.023 0.029° -0.019
>0.5-1 cm 0.015 0.013 0.009 -0.032’ 0.025 -0.027
>1-2 cm 0.009 0.008 0.023 0.053** -0.019 0.044*
>2-4 cm 0.086%**  0.096*%** 0.052* -0.057**  0.017 -0.009
>4-8 cm 0.010 0.004 0.021 0.015 -0.064**  0.036*
>8 cm -0.069**  -0.063*  -0.063* 0.065%* -0.004 -0.042*
Life cycle duration <1 year -0.006 -0.005 -0.011 -0.017 0.051* -0.027
>1 year 0.006 0.005 0.011 0.017 -0.051* 0.027
Potential no. <1 0.004 0.002 0.034° 0.063** -0.021 0.032’
reproductive cycles 1 0.060%*  0.058**  0.059**  0.002 0.015 0.046*
per year >1 -0.060%*  -0.058**  -0.062** -0.009 -0.012 -0.048*
Aquatic stages Egg 0.094%**  0.097*** 0.091*** -0.003 -0.016 0.022
Larva -0.048* -0.047*%  -0.062**  -0.023 0.000 -0.014
Pupa -0.033’ -0.034° -0.036’ -0.006 0.033” -0.012
Adult 0.002 0.000 0.017 0.026 -0.025 0.007
Reproduction type Ovoviviparity 0.059* 0.064**  0.034° -0.048* 0.018 -0.017
Isolated eggs, free -0.041* -0.038’ -0.038’ 0.035° 0.006 -0.001
Isolated eggs, cemented -0.036’ -0.033° -0.026 0.032’ 0.013 -0.038°
Clutches, cemented or fixed 0.075%* 0.070** 0.069** -0.033’ -0.014 0.040*
Clutches, free -0.108*** -0.112%** -0.093*** 0.030’ 0.028 -0.009
Clutches, in vegetation -0.005 -0.012 0.020 0.032° -0.043* 0.050*
Clutches, terrestrial 0.018 0.018 0.010 -0.019 0.018 0.008
Asexual reproduction -0.079**  -0.079**  -0.063* 0.043* -0.050* -0.014
Dispersal Aquatic passive -0.009 -0.008 -0.001 0.014 -0.046* -0.023
Aquatic active 0.026 0.026 0.023 -0.001 0.018 0.011
Aerial passive -0.063**  -0.064**  -0.064** 0.003 0.034° -0.004
Aerial active 0.035 0.034’ 0.025 -0.025 0.021 0.026
Resistance form Eggs, statoblasts 0.062%*  0.065**  0.042* -0.032° 0.007 0.023
Cocoons -0.101%%* -0.104*** -0.069**  0.069** -0.042* -0.022
Cells against desiccation 0.018 0.019 0.020 0.021 0.003 0.004
Diapause or dormancy -0.019 -0.022 -0.003 0.007 0.000 0.014
None 0.053**  0.056**  0.029° -0.043* 0.029° -0.007
Respiration Tegument -0.110%** -0.116*** -0.069**  0.082***  -0.027 -0.001
Gill 0.129%**  0.140*** 0.085%** -0.065**  0.035’ -0.018
Plastron -0.090**  -0.086** -0.084** 0.015 0.009 -0.019
Spiracle (aerial) -0.031° -0.047* -0.020 -0.053* -0.030° 0.065**
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Trait Category U(cm/s)  Fr Re D (m) DO (mg/l) %Mpht
Locomotion and Flier -0.031° -0.038* -0.017 0.011 0.007 0.046*
substratum relation Surface swimmer 0.009 0.006 0.004 -0.028 0.011 0.015
Full water swimmer -0.056**  -0.059**  -0.046* 0.015 0.013 -0.012
Crawler 0.067**  0.069*%*  0.054* -0.040* 0.021 -0.012
Burrower (epibenthic) -0.040* -0.037° -0.035° 0.044* 0.010 -0.009
Interstitial (endobenthic) -0.053**  -0.055**  -0.036* 0.039* -0.070**  -0.015
Temporarily attached 0.051%* 0.049* 0.040% -0.026 -0.020 0.051%*
Permanently attached 0.015 0.016 0.007 -0.018 0.030° -0.023
Food Fine sediment + -0.111%**  -0.119*** -0.089*** (.006 -0.068**  -0.005
microorganisms
Detritus < 1 mm -0.047* -0.044*%  -0.055* 0.002 -0.011 0.010
Plant detritus > 1 mm 0.082%**  (.085*%**  0.066** -0.045* 0.016 -0.010
Living microphytes 0.010 0.014 0.012 0.023 -0.006 -0.043
Living macrophytes -0.030° -0.025 -0.034° 0.011 0.054%* -0.055
Dead animal > 1 mm 0.071**  0.069**  0.074**  -0.011 0.036’ -0.006
Living microinvertebrates 0.006 0.007 0.003 0.006 0.012 0.004
Living macroinvertebrates 0.015 0.010 0.017 -0.011 -0.016 0.046*
Vertebrates -0.016 -0.023 0.008 0.017 -0.024 0.025
Feeding habits Absorber -0.023 -0.027 -0.016 0.016 -0.095***  0.025
Deposit feeder -0.128%%*  -0.129*** -0.110%** 0.045* -0.039* -0.040%
Shredder 0.013 0.017 0.000 -0.034° 0.017 -0.022
Scraper 0.033” 0.033” 0.042* 0.008 0.016 -0.018
Filter feeder 0.091***  0.094*** 0.066**  -0.033" 0.010 0.036’
Piercer (plants or animals) -0.085*** -0.089*** -0.072*** (.008 0.029° -0.021
Predator 0.005 0.004 0.012 0.020 0.002 0.010
(carver/engulfer/swallower)
Parasite 0.013 0.011 0.014 -0.011 -0.042* 0.083**

Discussion

Hydraulic conditions as determinant of the macroinvertebrate community composition

Within the habitat parameters analyzed, the mean water velocity was the main

explanatory variable in this study, followed by Fr and Re. Thereby the hydraulic

conditions determined the macroinvertebrate distribution, which was in accordance to

previous studies defining the invertebrate preferences from lentic to lotic habitats
(Quinn & Hickey, 1994; Rempel et al., 2000; Mérigoux & Dolédec, 2004; Mérigoux et
al., 2009; Sagnes et al., 2008; Buffagni et al., 2010). Because there is a relationship

between the water column velocity and shear stress, in areas where substrate has similar

characteristics the hydraulic explanatory variables can be simplified by using current

velocity (Quinn & Hickey, 1994; see Syrovatka et al., 2009 and Dolédec et al., 2007).
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Thus, accordingly to the relatively homogeneous substrate composition within the
sampled area of the Ebro, the current velocity summarized all the other measured

hydraulic variables.

Differences in diversity metrics and abundance were observed along the hydraulic
gradient. The high invertebrate density at high velocity areas can be influenced by the
high abundance of plocon (Cladophora sp.) that could provide food for scraper taxa
such as Cricotopus spp. and increase the substratum to be colonized by filter feeder
species like Hydropsyche, as observed by Muifloz & Prat (1994) in high current areas of
the lower Ebro. This can be related with the high nutrient load received by the Ebro
River (see Ibafiez et al., 2008; Sabater et al., 2008) which might have propitiated a
situation where a few dominant species occupy areas of higher water velocities due to
high food availability. Doisy et al. (2001) observed that the relation of
macroinvertebrate density and hydraulics changed depending on the season according to
the population dynamics of dominant species along the year. Accordingly, as described
in other European rivers (Mérigoux & Dolédec, 2004), species as H. exocellata are very
abundant in spring, which can directly influence the invertebrate abundance in fast
flowing areas. On the contrary, a negative relationship between macroinvertebrate
densities and flow were observed by Rempel et al. (1999) in the Frasier River, a large
gravel bed river as the Ebro but which has natural hydrological dynamics since it is a

non regulated river and the content of nutrients is lower.

The significant negative relationship between all the community metrics (either
considering taxonomy or traits) and water velocity is likely due to the presence of a few
dominant species with similar traits in fast flowing areas. This is consistent with the fact
that the diversity indices take into account the proportion of each species or trait per
sample (Shannon, Simpson and Rao diversity). When measuring richness along a
hydraulic gradient, similar results were previously observed by Rempel et al. (1999)
from April to September in the Frasier River and by Mérigoux & Dolédec (2004) in
spring in the Ardeche River. In contrast, in a study performed in summer in two gravel-
bed rivers in New Zealand (Quinn & Hickey, 1994) a positive relationship between
richness and hydraulics was obtained, while others did not found any significant
relationship (Gore, 1978; Doisy et al., 2001). Quinn & Hickey (1994) obtained a decline
in Shannon diversity with increasing velocity in one of the studied rivers, as in the Ebro,

and an increase in the other. On the other hand, Doisy et al. (2001) observed that
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Simpson diversity was positively correlated with mean current velocity, Fr and Re. In
many of these studies Chironomidae and Oligochaeta are not included at genus or
species level and usually are the dominant taxa. In our case, even taking into account all
the community at a similar taxonomic level, few species dominated in areas with high
current velocity which were responsible of the lower values of diversity indexes. As
mentioned by Quinn & Hickey (1994), the decline in diversity with increasing velocity
in one of the studied rivers was related to the increasing dominance of Hydropsychids,
same as in the Ebro for H. exocellata, Baetis sp. or Cricotopus spp., and this could be
one of the reasons of the discrepancies across studies relating diversity indices with
hydraulics. Again, the relatively high eutrophy of the Ebro, with the subsequent
availability of food, might be responsible of the decrease of diversity indexes with
increasing water velocity. Regarding functional metrics, the negative relationship of all
the trait diversity indexes with increasing water velocity is in disagreement with the
results of Mérigoux & Dolédec (2004) in the Ardeche River, since they did not found
any significant relationship of the trait Simpson diversity with hydraulics. In our study,
all structural and functional metrics followed the same patterns and were positively
correlated (Table 4). This correlation might be a result of a strong trait filtering by the
local environmental constraints (Poff et al., 1997; Statzner et al., 2004; Béche &
Statzner, 2009), which seems to be very clear under different local hydraulic conditions
in a eutrophied river as the Ebro, despite the recent decreases in phosphorous content

(Ibafiez et al., 2008).

Table 4. Pearson correlation analysis of community metrics based on taxonomy and biological traits. All correlations are significant
for P<0.01.

Richness Shannpn S'imps.o n R.ao .
diversity diversity diversity
Trait richness 0.72 0.72 0.67 0.65
Trait Shannon diversity 0.79 0.81 0.78 0.73
Trait Simpson diversity 0.76 0.79 0.77 0.65
Trait Rao diversity 0.62 0.68 0.69 0.57

Hydraulic preferences of benthic macroinvertebrates

According to the literature, most of the macroinvertebrate hydraulic preferences
obtained in this study agreed with the ecological classification into reophilic or
limnephilic organisms (see Tachet et al., 2000; Merrit & Cummins, 2008; Wiederholm,
1983), although in the case of Chironomids the available information was scarce at

genus or species level. In the Ebro, many of the hydraulic preferences of the studied
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taxa were representative when analyzed also at family level, since a single species
corresponded to a single family. For instance, this was the case of Oligochaeta, most of
the Trichoptera and the Ephemeroptera, Odonata and Coleoptera. Thus, and as was
expected, the Trichoptera H. exocellata showed hydraulic preferences for high water
velocities, according to its feeding habits as a filter-feeder (Sagnes et al., 2008;
Meérigoux & Dolédec, 2004). On the other hand, the species E. tenellus and O.
angustella presented a significant hydraulic preference for low water velocities, while
they did not show significant results in the study of Mérigoux & Dolédec (2004),
probably due to the lower densities and seasonality of these taxa in the Ardéche River.
Ceraclea spp., P. pusilla, M. azurea and Hydroptila sp. were not very abundant, thus it
can be a reason why they did not show habitat marginality in this study. Several species
of Ephemeroptera as C. luctuosa, E. virgo and C. picteti are considered limnephilic
species (Tachet et al., 2000). However, in this study only Caenis presented hydraulic
marginality for lentic areas while E. virgo, for instance, could also be present at higher
water velocities. It has been reported that E. virgo can shift its hydraulic preferences
along growth moving to areas with lower hydraulic stress as they increase in size
(Sagnes et al., 2008). Moreover, even though this species has a synchronized life cycle,
a deviation in mean size of the cohabiting specimens exists (see Cid et al., 2008); thus,
different sizes might lead to a wider water velocity tolerance for this species. This was
not the case of Hydroptila sp., since earlier larvae stages of Hydroptilidae showed the
same hydraulic preferences as fully developed larvae. Most of Oligochaeta were found
in slow flowing areas (most of them Naididae), as observed by Syrovatka et al. (2009),
except for the lumbricid E. tetraedra and the Tubificidae SSC (without hair setae)
which showed preference for areas with higher water velocity. However, many
Naididae can be reophilic species and a wider range of hydraulic preferences of this

group could be expected if a mesh smaller than 500 pm had been used in this study.

On the other hand, other studied taxa from the Ebro presented variability for the
hydraulic preferences within the same family or within the same genus. In the case of
Trichoptera, although the two Ceraclea species cohabiting in the Ebro did not present
significant inter-genus variability for hydraulic preferences, C. dissimilis was present in
samples with higher water velocities than C. sobradieli. In the case of ephemeropterans,
the family Baetidae was represented by high abundances of the genus Baetis (B.

fuscatus and B. pavidus) with clear preferences for habitats with high water velocity.
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Many Baetis species are classified as reophilic species in other large Mediterranean
rivers (Buffagni et al., 2010), however differences between species can also exist. In our
case, the species P. atrebatinus, classified as Baetis few years ago (see Lugo-Ortiz et
al., 1999), showed very different hydraulic preferences compared to Baetis species in
the lower Ebro, occupying areas with medium to low water velocities. On the other
hand, the genus Cloeon usually inhabits still or slowly moving waters (Edmunds et al.,
1976; Tachet, 2000). Here, we observed that the species C. dipterum was only present
in samples where water velocity was null while C. simile tolerated areas with low water
velocity, although it has been reported before that both species cohabited in the same
habitat (Sowa, 1980). The group of Chironomidae was present along the whole
hydraulic gradient for the Ebro River, and different habitat preferences were also
observed within the same subfamily, tribe or genus. This was the case of the
Orthocladiinae subfamily. For instance, within the genus Cricotopus, C. (C.) trifascia
and C. (C.) albiforceps distinctly inhabited fast flowing areas, while C. (C.) bicinctus
inhabited medium-flow areas and the group of C. (1.) sylvestris had preferences for slow
flowing areas. This niche separation demonstrates why Collier (1993) found a wide
range of velocity optima when assessing the hydraulic preferences of Cricotopus spp. at
genus level, not reflecting the interspecies variability. Within the Tanytarsini, though
they were not very abundant, Tanytarsus chinyensis grp. was present in high velocity
conditions, while Tanytarsus pallidicornis type preferred more lentic habitats, which
agrees with the lotic and lentic character of this genus described by Merrit & Cummins
(2008). The observed species-specific niche separation at local scale reflects the high
diversity and adaptative radiation of the group of Chironomidae that can be influenced
by hydraulic conditions and species interactions. Thus, this wide niche variability might
be the reason why Chironomidae grouped as Orthocladiinae did not show habitat
marginality in other studies of hydraulic preferences (Mérigoux & Dolédec, 2004).
Therefore, this variability leads to the question whether taxonomy resolution might hide
hydraulic preferences of several taxonomic groups. As mentioned by Dolédec et al.
(2007), this study confirms that some macroinvertebrates which are usually being
identified at genera or subfamily level (e.g. Orthocladiinae, Baetidae), and that may
reflect variability for hydraulic preferences at a higher taxonomic resolution, should be
identified at species level for a higher accuracy in the interpretation of results.
Therefore, the taxonomy resolution in this case was fundamental to precisely determine

the local mesohabitat macroinvertebrate assemblages. Furthermore, within the
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Chironomidae, several species showed controversial hydraulic preferences according to
the literature. For instance, the Orthocladiinae S. semivirens can inhabit both flowing
and still water (Wiederholm, 1983). Compared to the Chironomid study of Syrovatka et
al. (2009), S. semivirens in the Svratka River occurred at higher proportions in habitats
with low current velocities, while in the Ebro it was very abundant in fast flowing areas.
For this species, Syrovatka et al. (2008) had previously found opposite hydraulic
preferences depending on the studied river. Thus, it means that S. semivirens is likely a
generalist species which shifts its hydraulic preferences maybe due to competitive
exclusion with other species present at the same ecological niche. In the Ebro, the
presence of Cladophora sp.in high velocity areas can provide food and shelter for this
species and, as mentioned above, can also change the near bed hydraulic conditions,
increasing its potential habitat. Likewise, the genus Rheotanytarsus is considered
reophilic (Wiederholm, 1983; Merrit & Cummins, 2008), but we found that it was
present in medium flow areas. This can be due to the relatively low densities of this
Tanytarsini, however there is a possibility that this filter-feeder could adapt to habitats
of slow flowing water where the amount of suspended particles can be abundant.
Moreover, Rheotanytarsus sp. is usually present in the lateral and bottom part of
cobbles, a microhabitat where the hydraulic stress is reduced and favors the
maintenance of its fragile tube case structure. Thus, in the context of the Ebro River,
where constant flows are predominant, this taxon might have colonized areas with an

intermediate flow.

In general, when performing analysis to quantify the hydraulic preferences of organisms
(e.g. the OMI analysis) we should consider that different results can be obtained
depending on the measured hydraulic range, the ecosystem characteristics at each study
and the taxonomic resolution achieved for the community. However, even though
considering those differences, similar patterns should be obtained for the most specialist

species within different study approaches (Dolédec et al., 2007).
Macroinvertebrate trait response to the hydraulic gradient

The hydraulic conditions determined part of the macroinvertebrate functional
composition at local scale, evidencing that the traits are a primary filter to determine the
community composition as a result of an evolutionary process (Townsend & Hildrew,

1994). This is supported by Lamoroux et al. (2004) since many traits reflected an
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adaptation to habitat conditions. However, some traits are difficult to relate to hydraulic
characteristics since life history adaptations seem to be a strategy for long-term flow
patterns (Lytle & Poff, 2004). Accordingly, life history, behavioral and morphological
traits should be differently interpreted.

Morphological traits such as small body size have been predicted to increase with
increasing flow, while intermediate and largest sizes should decrease (Statzner &
Béche, 2010). Several studies observed that the proportion of potential small
invertebrates was greater in habitats with stressful hydraulic constraints (Lamoroux et
al., 2004; De Crespin et al., 2002; Snook & Milner, 2002), in agreement with other
studies concerning flow adaptations (see Statzner, 2008). In contrast, Mérigoux &
Dolédec (2004) obtained the opposite results. Since this prediction can vary depending
on the substratum coarseness (Statzner, 1981) and the developmental stage (e.g., instar)
of the invertebrates (Sagnes et al., 2008), it can be difficult to interpret in terms of
adaptation to flow, since many evolutionary and ecological processes might intervene
(Statzner et al., 2004). In this study, we show also contradictory results since the
smallest organisms (<0.5 cm, small taxa as Naididae species, Micronecta sp. or larvae
of coleoptera as Dryops sp.) and the largest (>8 cm, only represented by the species B.
sowerbyi) were present in slow-flowing areas, and only organisms with a maximal size
of 2-4 cm were associated to areas with higher velocities. Other size categories did not
show any significant relationship with flow. The weak association of flow with other
size categories might be explained by the high proportion of organisms with a size of
0.5-2 cm across all the sampled area. Moreover, we should consider the lack of maximal
size information on Chironomidae genus and species in the trait database used (Tachet
et al., 2000). For example, small sized Orthocladiinae as Thiennemanniella sp. and
Synorthocladius sp. (with a maximal size of 0.3 and 0.4 cm, respectively; see
Wiederholm, 1983) were more abundant in fast flowing areas in this study, but were not
taken into account since the traits only considered the Orthocladiinae as a group,
including those living both in lentic and lotic environments. Therefore, within the trait
analysis of the macroinvertebrate community, the lack of biological traits for genus or
species of Chironomidae might hide some responses of traits to environmental factors

due to the high proportion of this taxonomic group in the present study.

Because the costs for macroinvertebrates inhabiting fast flowing habitats are

compensated by the food and oxygen availability (Hynes, 1970; Williams & Hynes,

135



Chapter 2

1973; Peckarsky et al., 1990) their hydraulic preferences should be in accordance to
feeding strategies, respiration and locomotion or substrate relation. As might be
expected, the proportion of filter-feeders increased with higher hydraulic stress, while
deposit feeders were abundant in slow-flowing habitats, according to other studies
(Doisy et al., 2001; Lamoroux et al., 2004; Mérigoux & Dolédec, 2004). On the other
hand, other feeding strategies (scrapers, absorbers, predator and parasites) can differ
depending on the study in question. For instance, predators did not show any significant
relationship with hydraulics in the present study, while others observed a positive
(Rempel et al., 2000; Doisy et al., 2001) or negative correlation (Lamoroux et al., 2004).
According to Statzner & Béche (2010), organisms temporarily attached to the substrate
(e.g. anal claws of H. exocellata) were favored in fast flowing areas as a result of
morphological adaptation, while swimmers decreased, in agreement with Snook &
Milner (2002) and with Horrigan & Baird (2008). The proportion of crawlers (e.g.
Baetis spp.) presents a more variable response when comparing different studies (see
Tomanova & Usseglio-Polatera, 2007; Horrigan & Baird, 2008) while burrowers (both
epibenthic and endobenthic) are clearly typical from slow flowing areas (Lamoroux et
al., 2004; Tomanova & Usseglio-Polatera, 2007; this study). Respiration by gills was
predominant in stressful habitats, according to Horrigan & Baird (2008), though
different results were obtained by Lamoroux et al. (2004). These differences in our
study can be caused by the high relative proportions of H. exocellata having non mobile
gills in comparison to E. virgo which inhabit areas of moderate velocity and its densities
were much lower. The increase of tegument respiration in lentic areas in the present
study is in agreement with Tomanova & Usseglio-Polatera (2007), while the opposite
pattern predicted by Statzner & Béche (2010) was also obtained by Horrigan & Baird
(2008). For plastron and aerial respiration, which were positively correlated with slow

flowing areas, the results were also very different depending on the study in question.

For those traits related with life history, our results suggest that organisms living in fast
flowing areas do not present resistance forms or that eggs can be a strategy to adapt to
disturbances, while cocoons were representative of slow-flowing areas. Also voltinism,
reproduction and dispersal appeared to be linked to hydraulics. Most of these results
were consistent with Lamoroux et al. (2004) except for ovoviviparity, which was
favored in fast flowing areas, and dispersal, showing different significant patterns.

However, some significant associations of life history traits with the local
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environmental variables can be misinterpreted since many other filters at a larger spatial
and temporal scale might intervene and many traits can be intercorrelated (Statzner et
al., 2004; Lamoroux et al., 2004). For instance, organisms with more than one life cycle
per year and with a short lifespan are favored in Mediterranean areas, independently of
the habitat characteristics (Bonada et al., 2007). However, the latter authors found no
significant differences for life cycle duration at different flow conditions, nor did we for
different hydraulic conditions. Although floods in the Ebro are reduced in magnitude
and frequency due to river regulation, natural floods used to occur in autumn and in
spring and, therefore, life cycle should be synchronized with those flow events as a
long-term survival strategy. Also other strategies related to life cycle as diapause stage
or aerial dispersal might be related with life-history evolutionary processes (e.g. E.
virgo). In the case of alien species, well established populations of C. fluminea in the
lower Ebro can be favored by their ovoviviparous reproduction, long life cycle and

more reproductive cycles per year (Statzner et al., 2008).

Concluding remarks

In the context of regulated rivers, within the expected hypotheses in response to flow
alteration, those concerning invertebrate communities involve shifts in species richness,
abundance and distribution (Poff et al., 2010), and the species presenting high habitat
hydraulic marginality would be those more sensitive to hydrological alterations
(Dolédec et al., 2007). Thus, the understanding of the hydraulic influence in the
community assemblage and in its functional structure can have potential applications in
the guiding management of the lower Ebro River. Moreover, as hydraulic habitat
variables determining many macroinvertebrate traits at microhabitat level can predict
reach-scale responses (Lamoroux et al., 2004), this functional approach can also be a
useful base for ecological indicators, though there is a need to include the species
biological traits of Chironomidae. In general, by delimiting the macroinvertebrate
assemblages in function of the hydraulic conditions the different species-specific niche
occupation was determined and different responses within the analyzed taxonomic
groups were observed. For instance, co-ocurrence of species for the same hydraulic
conditions existed (e.g. species of Ceraclea, Baetis, Cloeon or some Cricotopus). On

the other hand, the niche separation into different hydraulic conditions for same genus
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(e.g. within C. trifascia and C. bicinctus) was also present reflecting ecological
processes related with species competitive exclusion. Because the macroinvertebrate
assemblages were mainly defined by the different hydraulic conditions, many of the
biological traits analyzed also were structured along this gradient, though some of them
could reflect long term adaptations to flow disturbances or to species interactions.
Overall, this study highlights the complexity of species assemblages and their functional
structure at local scale, and demonstrates that the higher is the taxonomic resolution
(either for taxa analysis and the trait database used), the more precise will be our

understanding of their response according to the hydraulic conditions.
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SUPPORTING INFORMATION

SI 1. Macroinvertebrate community OMI analysis.

axis 1

axis 2

Eigenvalues
%variability
% accumulated variability
variable coordinates
D
U 0.6
Fr
Re
DO in sediment
%macrophyte
variable normed scores
D
U 0.6
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Re
DO in sediment

%macrophyte

0.55
75.77
75.77

0.17
-0.43
-0.42
-0.39
0.03
-0.13

0.23
-0.58
-0.56
-0.52
0.04
-0.17

0.08
11.31
87.08

-0.02
-0.03
-0.06
0.01
-0.18
0.21

-0.06
-0.12
-0.22
0.05
-0.62
0.74

Chapter 2

SI 2. Results of the linear regression analysis for each diversity measure and the water velocity.

coefficient intercept Multiple R® Adjusted R*> F p-value
Taxon richness -0.1770 36.87 0.44 0.42 26.6  1.08E-05
Shannon diversity -0.0063 3.52 0.43 0.41 25.7 1.38E-05
Simpson diversity -0.0003 0.97 0.37 0.35 19.8  8.78E-05
Rao diversity -0.0158 1.85 0.61 0.60 53.98 1.63E-08
Trait richness -0.0578 58.69 0.33 0.31 16.5 0.000269
Trait Shannon diversity -0.0008 3.71 0.52 0.51 373  6.19E-07
Trait Simpson diversity -0.00002  0.97 0.43 0.42 25.9 1.30E-05
Trait Rao diversity -0.0019 1.87 0.18 0.16 7.67  0.00901
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Chapter 2

SI 5. Total density (ind/m?) and occurrence of the macroinvertebrate taxa per sample unit in the lower
Ebro River. See table SI3 for the authority of taxonomic nomenclature of species.

Total Density % density  Occurrence

Cnidaria

Hydlra sp. 88 0.03 6

Turbellaria

Dugesia sp. 4864 1.77 36
Microturbellaria 20 0.01 1

Nemertea

Prostoma graecense 884 0.32 20
Nematoda

Mermithidae 272 0.10 9

Oligochaeta

Branchiura sowerbyi 156 0.06 6

Potamothrix bavaricus 24 0.01 3

Potamothrix hammoniensis 24 0.01 2

Tubificidae SSC 204 0.07 8

Lumbriculidae 36 0.01 6

Chaetogaster diaphanus 16 0.01 1

Dero digitata 4 0.00 1

Nais bretscheri 160 0.06 6

Nais c¢f. Barbata 208 0.08 2

Nais cf. pardalis 8 0.00 1

Nais cf-bretscheri 1196 0.43 11
Nais sp. 32 0.01 1

Ophidonais serpentina 60 0.02 4
Slavina appendiculata 152 0.06 4
Stylaria lacustris 3216 1.17 22
Vejdovskyella intermedia 40 0.01 3

Eiseniella tetraedra 68 0.02 6
Lumbricidae others 4 0.00 1

Hirudinea

Erpobdella sp. 8 0.00 2
Helobdella stagnalis 16 0.01 1

Piscicola geometra 96 0.03 11
Mollusca

Corbicula fluminea 2856 1.04 32
Dreissema polymporpha 120 0.04 16
Theodoxus fluviatilis 3028 1.10 33
Physella (Costatella) acuta 752 0.27 19
Radix sp. 40 0.01 6
Ferrissia(Pettancylus) clessiniana 20 0.01 2
Potamopyrgus antipodarum 4 0.00 1

Hydracarina 2480 0.90 29
Microcrustacea

Caridean larvae 1292 0.47 10

155



Chapter 2

Continued from SI 5. Total density (ind/m”) and occurrence of the macroinvertebrate taxa per sample
unit in the lower Ebro River.

Total Density % density  Occurrence

Cladocera 356 0.13 4
Copepoda 676 0.25 10
Ostracoda 3072 1.12 22
Crustacea

Atyaephyra desmarestii 32 0.01 1

Corophium orientale 4 0.00 1

Echinogammarus longisetosus 57076 20.75 36
Proasellus meridianus 252 0.09 11
Ephemeroptera

Baetis fuscatus 47844 17.39 35
Baetis pavidus 7812 2.84 27
Cloeon dipterum 20 0.01 2

Cloeon simile 68 0.02 3

Pseudocloeon atrebatinus 800 0.29 11
Caenis luctuosa 5428 1.97 29
Choroterpes picteti 1200 0.44 30
Ephoron virgo 568 0.21 20
Odonata

Coenagrionidae immature 8 0.00 1

Gomphus sp. 4 0.00 1

Platycnemis sp. 100 0.04 8

Zigoptera immature 36 0.01 2

Heteroptera

Gerris sp. 4 0.00 1

Hydrometra sp. 8 0.00 2

Micronecta sp. 476 0.17 13
Naucoris maculatus 4 0.00 1

Collembola 56 0.02 3

Neuroptera-Plannipennes

Sysira sp. 8 0.00 1
Coleoptera

Aulonogyrus sp. 20 0.01 2
Dryops sp. 48 0.02 4
Hydaticus sp. 12 0.00 2
Laccophilus sp. 52 0.02 9
Pomatinus substriatus 4 0.00 1
Potamophilus sp. 4 0.00 1
Trichoptera

Ceraclea dissimilis 28 0.01 4
Ceraclea sobradieli 52 0.02 9
Ecnomus tenellus 76 0.03 8
Hydropsyche exocellata 4292 1.56 35
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Chapter 2

Continued from SI 5. Total density (ind/m”) and occurrence of the macroinvertebrate taxa per sample
unit in the lower Ebro River.

Total Density % density  Occurrence

Hydroptila sp. 2292 0.83 35
Hydroptilidae stage 1-4 1208 0.44 26
Mystacides azurea 28 0.01 4
Ortotrichia angustella 180 0.07 13
Psycomia pusilla 740 0.27 22

Diptera-Chironomidae

Tanypodinae

Ablabesmyia longistyla 516 0.19 18
Procladius sp. 24 0.01 3
Thienemannimyia sp. 100 0.04 12
Diamesinae

Potthastia gaedii 289 0.11 7
Orthocladiinae

Cricotopus (C.) festivellus 4 0.00 1

Cricotopus (I.) sylvestris grp. 10117 3.68 15
Cricotopus (C.) albiforceps 923 0.34 7
Cricotopus (C.) bicinctus 36177 13.15 36
Cricotopus (C.) trifascia 1910 0.69 10
Cricotopus (C.) vierriensis grp. 37707 13.71 36
Eukieferiella gracei 262 0.10 1

Eukieferiella minor-fitkawi 2409 0.88 20
Orthocladius (O.) obumbratus 2527 0.92 9
Orthocladius sp. D 86 0.03 1

Parametriocnemus stylatus 38 0.01 1

Paratrichocladius rufiventris 1038 0.38 6
Rheocricotopus (Psilocrisotopus) chalybeatus 7273 2.64 18
Rheocricotopus (Ps.) fuscipes 812 0.30 25
Synorthocladius semivirens 4964 1.80 29
Thienemanniella flaviforceps 5388 1.96 20
Chironominae

Chironomini

Cryptochironomus sp. 52 0.02 8
Dicrotendipes nervosus grp. 16 0.01 3
Harnischia sp. 100 0.04 8
Polypedilum (P.) nubifer 8 0.00 2
Polypedilum (T.) scalaenum grp. 52 0.02 3
Polypedilum nubeculosum grp. 12 0.00 1

Polypedilum type A (sensu Brooks et al., 2007) 148 0.05 8
Stenochironomus sp. 4 0.00 1

Tanytarsini

Cladotanytarsus sp. 112 0.04 4
Rheotanytarsus sp. 408 0.15 12
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Chapter 2

Continued from SI 5. Total density (ind/m”) and occurrence of the macroinvertebrate taxa per sample

unit in the lower Ebro River.

Total Density % density  Occurrence

Tanytarsus chinyensis grp. 64 0.02 2
Tanytarsus forma larval 1 32 0.01 1
o el e W
Tanytarsus sp. 20 0.01 1
Virgatanytarsus sp. 236 0.09 11
Diptera-Others

Hemerodromia sp. 48 0.02 3
Ceratopogoninae spl 4 0.00 1
Simulium erytrocephalum 3756 1.37 18
Atrichops crassipes 4 0.00 1
Hexatoma sp. 4 0.00 1
Berdeniella sp. 4 0.00 1
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Chapter 2

SI 6. Environmental variables measured at each Surber sample. DO: dissolved oxygen in sediment.

Sample Depth (cm)  Velocity (cm/s) Fr Re DO (mg/l) Macrophytes (%)
1 80 0 0 0 7.97 0
2 80 0 0 0 9.57 0
3 30 14.1 0.08 42300 8.34 25
4 68 11.5 0.04 78200 11.78 0
5 37 0 0 0 9.61 0
6 78 3.8 0.01 29640 9.54 0
7 43 74.6 0.36 320780 9.69 0
8 32 85.3 0.48 272960 9.54 0
9 37 84.4 0.44 312280 9.92 50
10 37 67.5 0.35 249750 9.99 0
11 85 87 03 739500 10.12 0
12 65 64.8 0.26 421200 10.07 25
13 100 60.4 0.19 604000 11.48 0
14 54 76.4 0.33 412560 10.72 0
15 34 52.4 0.29 178160 9.23 50
16 73 14.1 0.05 102930 11.48 0
17 67 0 0 0 8.82 0
18 50 0 0 0 9.29 0
19 74 0 0 0 9.4 0
20 80 5.5 0.02 44000 9.65 0
21 60 15.9 0.07 95400 10.27 25
22 78 15 0.05 117000 11.37 0
23 84 14.1 0.05 118440 11.37 0
24 74 12.4 0.05 91760 11.37 25
25 74 11.4 0.04 84360 9.75 25
26 76 15 0.05 114000 11.02 0
27 60 66.6 0.27 399600 9.38 0
28 67 47 0.18 314900 9.16 0
29 70 34.6 0.13 242200 9.65 0
30 82 31.9 0.11 261580 9.61 0
31 50 29.2 0.13 146000 4.52 100
32 83 29.2 0.1 242360 10.63 25
33 50 70.1 0.32 350500 11.5 0
34 48 56.8 0.26 272640 9.86 0
35 76 33.7 0.12 256120 4.55 0
36 29 432 0.26 125280 11.15 0
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SI 7. Diversity indices calculated for each Surber sample.

Chapter 2

Somple  Riwness ShOMOn  Simpsn  Rao Tt G, TitSmpon it Rao
diversity
1 41 3.610 0.970 2.208 61 3.718 0.970 1.944
2 35 3.457 0.966 2.344 58 3.714 0.970 1.836
3 32 3.354 0.962 1.322 60 3.727 0.970 1.839
4 18 2.786 0.933 0.851 52 3.647 0.968 1.527
5 29 3.239 0.957 2.536 56 3.690 0.970 1.753
6 35 3.480 0.967 1.424 57 3.694 0.969 1.837
7 23 3.062 0.950 0.792 54 3.647 0.968 1.772
8 24 3.074 0.949 0.830 55 3.658 0.969 1.780
9 25 3.140 0.954 0.843 55 3.664 0.969 1.903
10 14 2.517 0913 0.218 50 3.592 0.967 1.501
11 16 2.660 0.924 0.854 56 3.653 0.968 1.645
12 22 2.963 0.943 0.655 53 3.649 0.969 1.672
13 32 3.371 0.963 0.932 58 3.686 0.970 1.938
14 24 3.086 0.951 0.671 51 3.600 0.967 1.604
15 32 3.339 0.961 0.817 55 3.678 0.970 1.777
16 49 3.787 0.975 1.915 61 3.719 0.970 1.777
17 32 3.368 0.962 2.709 58 3.710 0.970 1.906
18 33 3.408 0.964 1.800 57 3.709 0.970 1.806
19 40 3.613 0.971 1.943 59 3.717 0.970 1.922
20 30 3.318 0.960 2.326 62 3.720 0.970 2.152
21 47 3.755 0.975 1.691 59 3.723 0.970 1.932
22 31 3.364 0.963 1.192 57 3.691 0.970 1.826
23 42 3.649 0.972 1.647 60 3.717 0.970 1.950
24 38 3.572 0.970 1.646 58 3.715 0.971 1.849
25 38 3.547 0.969 1.416 60 3.718 0.970 1.828
26 34 3.459 0.967 1.027 54 3.664 0.969 1.723
27 27 3.191 0.955 0.886 57 3.689 0.969 1.809
28 30 3.323 0.962 1.080 55 3.677 0.969 1.754
29 33 3.431 0.966 1.023 55 3.680 0.969 1.846
30 29 3.292 0.961 1.026 54 3.661 0.969 1.754
31 36 3.475 0.966 1.074 60 3.699 0.970 1.888
32 31 3.320 0.960 1.196 60 3.715 0.970 1.999
33 25 3.138 0.954 0.844 53 3.643 0.968 1.667
34 23 3.043 0.949 1.085 57 3.665 0.969 1.725
35 31 3.373 0.964 1.091 59 3.709 0.970 1.827
36 29 3.276 0.959 1.426 56 3.684 0.969 1.748
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Abstract

Life history of the burrowing mayfly Ephoron virgo (Olivier, 1791) (Ephemeroptera:
Polymitarcyidae) was studied during spring and summer 2005 in the lower Ebro River
(Catalonia) and compared to a previous study performed in 1987 (Ibafiez et al. 1991).
The results showed an advancement of Ephoron virgo life cycle and an increase of
production estimates. In 2005 larval development reached the maximum size one month
earlier than in 1987, and adult emergence peak began 3 weeks earlier. Comparing adult
sex ratios (F:M), there was a major presence of females in 2005 (1:4), while the
opposite was observed in 1987 (2:1). Secondary production was higher in 2005 than in
1987, obtaining 950 mg dry weight m™ -year” with the increment summation method
and 1080 mg dry weight m™ year" using the removal summation method. Higher water
temperatures were measured for the entire 2005 larval growth period, which were
related to higher air temperatures. Therefore, that temperature increment was likely the
main cause of changes observed in Ephoron virgo life cycle.
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Introduction

Ephoron virgo (Olivier, 1791) (Ephemeroptera: Polymitarcyidae) is a burrowing mayfly
that inhabits many European and North African rivers, producing massive swarms in
some of them. The filter-feeding larvae of this species construct U-shaped cavities in the
riverbed in order to feed on suspended particles from the water currents produced by the
movement of the tracheal gills. Its life cycle has been described earlier (Kureck &
Fontes 1996; Ibafiez 1991). It is characterised by a diapause egg stage persisting during
autumn and winter which is broken in mid April when the larvae hatch. The growing
period begins at this time and lasts until August, when male subimagines and females
emerge. During a very short time males and females mate, and females oviposite. E.
virgo has been absent for decades in most of the polluted rivers in Central Europe like
the Rhine. Its return in the 1990s due to an improvement of water quality makes this
species a good bioindicator of ecological quality (Kureck & Fontes 1996) of rivers. In
the lower Ebro River Ephoron virgo usually inhabits areas of running water (Escosa et
al. 1989) with substrates made up of gravel, cobbles with sand and fine sediments in the
interstices, a habitat similar to those was observed in the Ardeche River (Mérigoux &
Dolédec 2004). The species is not present in estuarine areas of the Ebro River with high
salinity affected by the salt wedge (Mufioz & Prat 1993). At ecosystem level E. virgo is
an important prey for fish and birds and a key species in the organic matter processing
(Van der Geest et al. 2000). It enhances aerobic microbial activity by oxygenating river

sediment in the microhabitat created in the burrows (Stief et al. 2004).

The study of secondary production gives information about alterations in river function,
reflecting changes in organism activities (Benke 1993), and is an estimation of the
ecological yield of the studied population. Some secondary production studies are based
on spatial and temporal variation of the species or communities (Benke et al. 1984;
Snyder et al.1991; Buffagni & Comin 2000; Gonzalez et al. 2003a); others have
compared production in regulated rivers before and after a reservoir (Rader & Ward
1989) or the effect of floods in unstable rivers (Scrimgeour 1991). How competition
influences production rates on species in the same trophic level (Gonzalez et al. 2003b)
or how predators could decrease production (Iversen & Thorup 1987; Lugthgart &
Wallace 1992) was also described. But most of the studies are performed in small

streams and only a few are known from large rivers. Therefore our study is a
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contribution to the understanding and estimation of E. virgo secondary production in

lowland rivers.

During the last years E. virgo adult mass emergences seemed to be less abundant in the
lower Ebro than in the 1980s and the adults were not present in areas far from the river
(up to 40 km) were they used to fly in the past. This suggested that larval densities
along the river could have declined, and consequently a lower production should be
expected. As global warming has likely caused air temperature to increase during the
last 3 decades in the studied area, and significant effects on phenology of terrestrial
species of birds, insects and plants have been reported (Gordo et al. 2005), changes in E.
virgo phenology may be attributed to climatic changes. Effectively, water temperature
has also increased in the lower Ebro River basically due to higher air temperatures,
lower discharges and the presence of reservoirs and a nuclear power station (Prats et al.
in press). Thus, knowing that E. virgo egg hatching is dependent on temperature,

changes in its life cycle may be expected.

The main objective of this study was to compare results of the life history and
secondary production in 2005 with those found 18 years ago (Ibafiez et al. 1991). We
studied (1) larval densities, (2) developmental patterns, (3) life cycle period and (4)
adult emergences in order to estimate E. virgo population dynamics and secondary

production in the present ecological context.

Materials and methods
Study Site

The Ebro River is one of the four most important river discharging to the Mediterranean
Sea. It is located in NE Spain and has a drainage basin of 85 550 km? with a length of
928 km. The lower part of the river (100 km from the river mouth) is regulated by two
main hydropower dams (Mequinen¢a and Riba-Roja) constructed in the late sixties. A
nuclear power plant was built in 1984 in Asco, 15 km downstream of the dams. The
sampling zone was located 40 km from river mouth (Fig. 1), upstream the city of
Tortosa, the same site studied in 1987 (Ibafiez et al. 1991) and not influenced by the salt

wedge. The riverbed substrate consisted of sand, gravel and cobbles.
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Figure 1. Study area in the lower Ebro river, located 40 km upstream of river mouth.

In this area the river is 200 m wide with a low water flow. Its maximum depth is about
2.5 m. Due to the deep main channel it was not possible to sample across the width of
the river as it was done in 1987, but numerous areas with suitable depth and substrate
were available. Mean daily discharge and temperature from the hydrological year 2004-
2005 are shown in Fig. 2. During the sampling period, monthly mean discharge were
332.46, 217.21, 184.55, 145.44 and 108.18 m’s" for April, May, June, July and
August, respectively, while the annual mean discharge in Tortosa is 396 m’ s™ (1960-

2005, Data from the Water Authority: Confederacion Hidrografica del Ebro, C.H.E.).

Sampling of larvae and laboratory methods

The sampling period began at the end of May 2005. Samples were collected every 2
weeks until August, when samples were taken every week. In order to obtain a
quantitative estimate of larval densities we took 8 random benthic samples in the
studied area with a 0.25 m?® Surber sampler (250 um mesh net). The river bed was
disturbed to a depth of 10 cm and contents were washed into the Surber net and
deposited into a plate to identify and sort E. virgo larvae. Due to the difficulty to find
larvae in August, extra kick samples were taken to obtain more accurate body
parameters during this period. Larvae were placed in 5 ml plastic vials and remained
there for 6 months in 70% EtOH. Due to the small size of the larvae in the initial

samplings, we sorted the benthic samples in vivo at the laboratory under a dissecting
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microscope to avoid field counting errors. Larvae were measured at the laboratory
taking individual digital pictures with a Colorview Soft Imaging System camera
attached to a Nikon SMZ800 stereoscopic microscope using the image analysis software
Analysis SYS GMBH. We took three body measures to describe growth patterns: (a)
body length (BL) (mm), distance between the end of the abdomen and the frontal
process; (b) head width (HW) (mm), distance from eye to eye; and (¢) wing pad length
(WPL) (mm), length of the developing wing bud on the mesothorax (mm). The last

body measure was not possible to be taken in all individuals caught before early July.
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Figure 2. Mean daily discharge (thick lines) and mean daily temperature (light lines) during the hydrological year 2004-2005.
Arrows show sampling dates of larvae.

To determine the relationship between BL and dry weight (DW) all larvae were dried at
60°C for 24h, placed to a desiccator for 1 h and weighted on an electronic balance BEL
Ultramark 205 with a resolution of 0.00001g. Larvae weighting was done in groups of
individuals corresponding to each Surber sample. The individual mass was obtained
from the individual mean weight of all Surber samples. In order to determine the effects
of preservation on the biomass living larvae were collected from the same site. Half of
the larvae were measured and dried with the same method cited above but individually
weighted with an electronic balance Sartorius BP211D with a resolution of 0.00001 g.
The remaining larvae were stored 6 months in ethanol 70% and also measured and dried

individually. Effects of preservation with EtOH resulted in a weight loss around 50%,

166



Chapter 3

depending on the size class (Fig. 3). As studies in 1987 were performed with preserved
larvae these data were used to correct data from that year. Therefore, we applied a
correction factor for each size class to avoid an underestimation of biomass and

secondary production calculations.

=#= Non preserved
-3 Preserved

<5

13<=BL<15
15<=BL<20

BL (mm)

Figure 3. Relationship between body length (BL) and dry weight (DW) according to size classes from non preserved and preserved

larvae of Ephoron virgo.

Secondary production calculation

The production was calculated for a period of 82 days (from 20" May to 19" August
2005) using 2 methods that may be applied to species with an unequivocal univoltine
cycle: increment summation (IS) (Benke 1984; Rigler & Downing 1984) and removal

summation (RS) (Waters & Crawford 1973).

Temperatures and degree days

Degree days (DD) were calculated for each month during the hydrological year and for
the whole larval period (April-August). Due to the lack of experimental data on the
hatching temperature of E. virgo and knowing that egg hatch is in April, we assumed a
threshold temperature of 14.5 °C, corresponding to the mean monthly temperature of
water in April 2005 and in April 1987. Only for 2005 data were available at fifteen

minute intervals for water temperatures (Xerta automatic station of the Water Authority:
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C.H.E.), so we could obtain an accurate daily mean record for that period. DD estimates
were calculated using the following equation: DD=X (T-To) (Southwood 1978) where

T= daily mean temperature and To= threshold temperature for development.

It was not possible to strictly compare DD from 2005 and 1987 because in 1987 we
only had one temperature measurement per month. However, the monthly mean from
weekly measures in 2005 and the measures in 1987 (C.H.E.) were used to compare both
years. Applying the above equation but modifying the total number of DD for both
years we obtained: DD=X (Tm-To) d where Tm= monthly mean and d= number of days
in the month. To support this approximation we used daily mean air temperatures (Ebro
Observatory) to make correlation analyses with daily mean water temperatures

(available from 1996 to 2005).

Adult collection

Adults were sampled twice a week in August 2005, with a total of 8 different sampling
days during the emergence period. The sampling time began at dusk, when the
emergence occurs, and ended 50 minutes later. Due to its positive phototropism adults
were trapped using car lights situated nearby the river. We placed 2 plates under the
lights with some ethanol 70% and every 10 minutes we replaced the plates for empty
ones. Adults were counted separating males and females to obtain the sex ratio. When
the quantity of adults was too much to be counted in 10 minutes we placed them into
250 ml plastic recipients with 70% ethanol and they were counted in the laboratory. The
capture effort was always the same, using the same light intensity and the same light

direction to the river.

Results
Larval density and life history

The high density obtained in late May decreased steeply in mid June and when
emergences began, from late July to the end of the sampling period, when the larval
population was reduced to few individuals per m* (Fig. 4). Survivorship curves in 2005

had the same pattern as in 1987 but shifted (see Ibafiez et al. 1991).
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Growth curves in 2005 showed a steady increase from May to early July and a marked
increase to late July, when larvae reached a growth peak and attained the maximum
average size. Individual size ranged from 4 to 8 mm in May growing very fast until 18-
20 mm in the peak of July (Fig. 5). That is, growth was exponential until late July (1’=
0.94) and during August larvae had slightly lower body size and dry weight. As shown
in Fig. 6, wing pad length and head width also rose steeply in July, in close relationship
with other growth parameters, indicating that the growth peak corresponded to the
larvae about to emerge. When in late July larvae sex could be identified, we observed
that females were bigger than males, being around 5 mm longer (Fig. 7). At this time
the sampled population was composed of 57% female and 43% males while on 4th
August the larvae population was formed mainly of males (70 %) and on 2% August
females predominated (66.6 %). The density of larvae during late July and August was

very low and the collection of just a few specimens was even difficult.

Between-year differences in BL and DW were strongly marked for the same period. As
can be seen in Fig. 5, mean BL obtained in 2005 for early July was 10.9 £ 3.5 mm,
while in 1987 BL did not reach 9.2 £ 3.7 mm until July 30th. The same pattern was
observed for individual dry weight, in 1987 larvae reached an average of 3.02 mg the 7
August, while in 2005 the same values were obtained one month before in 4™ July, so

the maximum size and weight was attained earlier in 2005 than in 1987.
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Figure 4. Mean larval densities and standard deviations, and number of adults (bars) captured during emergences in 2005.
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Figure 5. Mean body length (mm) and standard deviation of the larvae during 2005 and 1987.
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Figure 6. Mean and standard deviation of head width (HW) and wing pad length (WPL) during 2005.

BL was positively correlated with head width (Spearman r= 0.93, p=0.00) following a
lineal relationship (BL= 6.9 HW +0.3) and a potential relationship (DW= 0.0004 BL
3'6769) with DW (Spearman r= 0.98, p=0.00).
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Figure 7. Mean body length (mm) and standard deviations of females and males during last stages of development in 2005.

Emergence began in late July and ended in late August. Estimated dates of peak
emergence were earlier in 2005. As shown in Fig. 4, the most important number of
adults were captured before August 150 (of a total 9.842 individuals captured, 9264
were from August 3™ to 15™), while in 1987 the peak emergence period lasted until
early September (Escosa et al. 1989). We observed that emergences were very low
when the weather was adverse (windy or stormy nights). We obtained a sex ratio (M: F)
of 1:4 in 2005, female biased, while in 1987 the adult population was male biased, with
a sex ratio of 2:1. Daily sex ratio varied depending on the sampling day but in 2005 was
always female dominated (Fig. 8). The emergence pattern was sex dependent; while
males appeared during the first 10 min, females emerged 20 min later (Fig. 9), except in
mid August when the number of captured adults was just a few individuals. During
emergences the presence of insectivorous fishes, birds and bats feeding on E. virgo was

constant.
Production estimates

As shown in table 1 similar values were obtained for the annual production with the IS
(950.42 mg: m™> y') and RS (1079.78 mg: m™> y ') method. The annual turnover ratio
(P/B) ranged from 10.11 to 11.49 y™'. The average population biomass during the entire
sampling period was of 93.98 mg:m™, being high in the initial stages due to abundant

larvae densities and falling drastically when emergence began.
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To be comparable to 2005, we applied the correction factor for the effects of
preservation to the 1987 data of larval weight. In 1987 production was also similar
using the two different methods but IS and RS values were less than half the production

obtained in 2005 (Table 1).

Temperature

For the entire larval growth period (April-August) in 2005 we obtained a total of 1157
DD using the daily mean from fifteen minute intervals. From mid April (hatching) to
the first emergence sampled in early August we estimated a total of 827.4 DD. To
compare the water temperatures of 2005 with the ones of 1987 we could not use the
fifteen minute interval data and the comparison was made with the available records of
mean monthly temperatures for both years multiplied by the number of days. With this
method for 2005 we obtained similar DD (1152 DD) accumulated from April to August
than if fifteen minute data were used. For the larval period of 1987 we obtained a total
of 1043 DD, a slightly lower value than in 2005. Month by month along the sampling
period DD accumulation was always higher in 2005 (Fig. 10). A significant correlation
(r Spearman= 0.91) between air and water temperatures in the period of 1996-2005 was
found, therefore, air temperature may be used to estimate water values. From May to
July 2005 mean daily air temperatures were almost 2 °C higher than in 1987 (Fig. 11).
Thus, higher air and water temperatures during the larval period were obtained for 2005

compared with previous data from 1987.
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Figure 8. Percentage of adult males and females emerged in 2005 and 1987.

Table 1. Average and total biomass (B), production (P) and P: B ratio using 2 methods for 2005 and 1987. All values were corrected
for preservation procedures. Methods described are IS: Increment summation; and RS: Removal summation.

2005 1987 Unit
Average B 93,98 78,74 mg-m™
Total B 657,89 551,18 mg-m™
Annual P (IS) 950,42 440,76 mgm>y!
Annual P (RS) 1079,78 4441 mgm?>y’!
Annual P/B ratio (IS) 10,11 5,60 y!
Annual P/B ratio (RS) 11,49 5,64 y!

Methods described are IS, increment summation; RS, removal summation.
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Figure 9. Percentage of adult males and females emerged in 2005 at 10 minute intervals.
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Figure 10. Degree days accumulated for 2005 and 1987 calculated from CHE (Confederacion Hidrografica del Ebro, Ebro Water

authority).
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Figure 11. Average monthly air temperatures for 2005 (black dots and lines) and 1987 (white dots and discontinuous lines).

Discussion

In species with a marked synchronization such as in mayflies like E. virgo, different
methods for production calculation should give similar values (Morin et al. 1997).
According to this, similar production estimates were obtained by using IS and RS

methods (Table 1).

Secondary production in the Ebro River in 2005 was higher than in 1987, but not
reaching the high values known from other Ephoron species as Ephoron leukon
(Williamson, 1802) and Ephoron album (Say, 1824) in North America (Table 2). In
1987 lower production values were obtained partly due to the higher male proportion
with lower individual body mass. Population density during the first sampling collection
in 1987 was underestimated because higher river discharge did not allow using the
Surber sampler, only the kick net. Therefore low biomass and less production were
obtained during the initial sampling period in 1987. Another factor that could explain
the lower production in 1987 was a longer storage period. In 1987 larvae were stored for
30 months in ethanol 70%, while in 2005 storage was for 6 months, so the weight loss
in larvae corresponding to 1987 could have been higher and this may be one of the

reasons why lower production values were obtained.

Once emergences had begun, growth curves showed that larval body length and

individual mass decreased, corresponding to larvae that were still ending the last instar
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development in August. This pattern of growth decline after first emergences has also
been observed in other Ephemeroptera such as Euthyplocia hecuba (Hagen, 1861)
(Sweeney et al. 1995) and Ephoron shigae (Takahashi, 1924) (Watanabe & Ohkita
2000) and seems to be temperature independent. Female larvae of E. virgo are bigger
than male ones with marked differences in body length and mass (Kureck & Fontes
1996), due to egg accumulation in the female abdomen, so a higher proportion of
females in the sampled population could result in higher larval mean sizes. That is, the

lower larval body sizes found in 4t August could be due to a male biased sex ratio.

Emergence and oviposition behaviour was the same described for E.virgo populations
in the Rhine River (Kureck & Fontes 1996) and similar to other Ephoron species such
as E. album (Giberson & Galloway 1985), E. leukon (Snyder et al. 1991) or E. shigae
(Watanabe et al. 1999, Watanabe & Ohkita 2000).

According to Benke (1984) the most important factor limiting production in rivers
where food is not a limiting factor is habitat characteristics, so production would be
optimal when the functional habitat per unit area is high. Habitat available for E. virgo
in the lower Ebro river has been reduced during the past 5 years due to the invasion of
the macrophyte pondweed Potamogeton pectinatus L. As the macrophyte community is
being established, they accumulate soft sediments in the habitat they occupy, changing
river sediment and hydraulic conditions (Cotton et al. 2006; Wharthon et al. 2006;
Sand- Jensen 1998) so it is possible that areas E. virgo used to colonise nowadays are
not a suitable habitat for the species. The decrease of dissolved phosphorous in all the
drainage basin in the past 10 years is likely the cause of the observed phytoplankton
reduction (Ibafiez et al. in press), affecting the food availability of E. virgo. The
presence of the zebra mussel Dreissena polymorpha (Pallas, 1771) in the Riba-Roja
dam, upstream the sampling zone, could have also enhanced a decrease of total
suspended materials by its filtering action. At the same time, populations of the Asian
clam Corbicula fluminea (Miiller, 1774) and the black fly Simulium erytrocephalum
(De Geer, 1776) are well consolidated in the river, so they could compete with E. virgo
for the same food resources. However, despite these possible competitors for food,
higher production estimates were found in the studied area, giving the impression that
food is not a limiting factor in this river. However, E. virgo production will probably

decrease in the future due to habitat constraints (disappearance of gravel areas that will
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be covered by silt and organic matter debris accumulated below Potamogeton

pectinatus stands).

Table 2. Secondary production comparison of Ephoron virgo with other Ephoron species. Methods described are IS: Increment

summation; RS: Removal summation; IG: Instantaneous growth. SF: Size frequency.

Anmual P Annual mean Annual
Author Species Study site {mg,-"ml,-")-') B {mg,-"ml} PB(y ") Method
Cid. et al. Ephoron  Lower Ebro 950.42 93.98 10,11 IS
(present virgo river
study)
1079.78 11.49 RS
Ibafiez et al. Ephoron  Lower Ebro 440.76 78.74 5.60 IS
(1991) virgo river
444.1 5.64 RS
Snyder et al. Ephoron  South river 398-2857 99-911 15.3-13.5 IS
(1991) lewkon
Gibberson and  Ephoron  Valley river 1430 228 RS
Galloway album
(1985)
1320 21.2 IG
1320 21.2 AC
1480 213 SF
Phillips et al. Ephoron  llinois river 5919 340 17.26 RS
(1994) album
6698 19.52 IS
6097 17.77 IG

Methods described are IS, increment summation; RS, removal summation.

Factors regulating growth and development in aquatic insects are mainly determined by
water temperature, food quality and availability and competition (Sweeney & Vannote
1978; Vannote & Sweeney 1980; Ward & Stanford 1982; Rader & Ward 1989; Snyder
et al. 1991; Atkinson 1994; Hogg & Williams 1996). These factors have a direct
influence on larval size before emergence, on emergence timing, population densities
and consequently on secondary production. Taking into account that density in the 1987
first sampling was underestimated due to methodological problems (small larvae not
detected and the use of the kick net), we can conclude that larval densities followed the
same pattern in 2005 but advanced some weeks. That is, the marked population
decrease coinciding with the initial emergences occurred in mid July in 2005 and in
August in 1987, so the life cycle in 2005 was advanced three weeks. Since maturity and
emergence depend on size and weight reached in a certain moment (Snyder et al. 1991;
Rowe & Ludwig 1991), the early development of the larvae in 2005 agrees with the

early emergences found. Several studies have shown changes in timing of life cycle
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events related with warming. Hogg & Williams (1996) observed that emergences of the
stonefly Nemoura trispinosa (Claassen, 1923) and the caddisfly Lepidostoma vernale
(Banks, 1897) were advanced two weeks with a water temperature increment of 2°C in
spring and 3.5°C in summer, and also Langford (1975) noticed that in warm years with
higher water temperatures first emergences of caddisflies and mayflies were advanced.
The development of E. virgo studied in Morocco (Qninba 1986) started earlier than in
the Ebro river in 1987 (Ibafiez et al. 1991) due to warmer water temperatures and a
different thermal regime. Moreover, an advanced emergence of terrestrial insects has
also been reported in the lower Ebro, due to an increase of air temperature since the mid
1970ies, especially in spring (Gordo & Sanz 2005). Since the larval growing period of
E. virgo mostly takes place in spring, a similar response is expected for this aquatic
insect. Therefore, after 18 years higher water temperatures were likely the main cause of
the shifted life cycle. Since both studies (1987 and 2005) were performed when the
hydropower dams and the nuclear power station had already been built, and knowing
that the study site is more than 50 km downstream, where no influence on temperature
exists, we assume that water temperature increase is a result of warmer air temperatures.
If the global trend of increasing temperatures is maintained we will find that life history
parameters (timing of hatching and emergences) of this species may still change in the
future. For this reason, experimental works to determine the effects of temperature
increase on the species are required. Also data on the habitat preferences of E. virgo in
the Ebro River and a more extended study of production along different parts of the
river will be needed to determine how habitat influences the population dynamics of this

species.
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Abstract

This study focused on the metal bioaccumulation of two aquatic insects (Ephoron virgo
and Hydropsyche spp.) in order to evaluate the spatial distribution of metals, the
interspecific differences between both filter —feeders and the bioaccumulation dynamics
during E. virgo development stages. Hg, Cd, Ni, Cr, As, Pb, Cu, Ti, Zn and Mn were
quantified in insects and in suspended particulate matter (SPM) sampled downstream
and upstream of a chemical plant, where more than 300,000 t of polluted sediments are
deposited. Hg concentrations were one order of magnitude higher downstream of the
sediment dump, which showed that the Hg pollution originated in the chemical plant.
Cd, Ni, Cr, Pb, Ti, Zn and Mn in invertebrates revealed that metal pollution was present
upstream in other parts of the river. Interspecific differences were observed for all
metals but Mn; significantly higher concentrations were observed in E. virgo over
Hydropsyche exocellata, except for Cd, which showed 10-fold higher values. Hg and
Cd increased until E. virgo nymphs reached 11 mm and decreased afterwards in late
instars when nymphs were about to emerge. Cr, Pb, Ti and Mn decreased along early
instars followed by a steady state in late instars. Similar values were obtained for Cu,
As and Zn along all instars. Sexual differences between males and females of E. virgo
were observed for Cd, Cu and Mn. Hg and Cd persistence was strong across
developmental stages since high concentrations were found in eggs and emerging
adults. Because the behavior of different metals varied for the two species and during
the developmental stages of E. virgo, care should be taken in the interpretation of insect
metal concentrations when analyzing the food chain transfer of metals in river
ecosystems.

Keywords: Heavy metals; Bioaccumulation; Ephoron virgo; Hydropsyche; life cycle;
Ebro River
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1. Introduction

The analysis of metal bioaccumulation on biota is necessary to evaluate the relevance of
metal pollution in aquatic ecosystems (Zhou et al., 2008) and insect larvae have been
widely used for this purpose either from population-community or at species level
(Chapman et al., 2003). Furthermore, the body metal concentration in insect larvae is
useful to detect metal bioavailability (Goodyear and McNeill, 1999) since aquatic
invertebrates are relatively sedentary and complete all or most of their life cycle in the
aquatic environment. Studies conducted in streams and rivers using aquatic
invertebrates are mainly related to mine pollution (Cain et al., 2000; Sola et al., 2004) or
urban/ industrial activities (Beauvais et al., 1995). Most studies involving severe metal
pollution use tolerant insects, such as larvae of several species of the caddisfly
Hydropsyche. These species are used since their populations are abundant and
widespread and can be present in highly metal polluted areas (Clements et al., 2000). In
contrast, rivers or reaches of a river with moderate metal pollution offer the opportunity
to study the variability in bioaccumulation between different taxa (Cain et al., 2004),
e.g., sensitivity of different species, comparing the same feeding guilds, or contributing
to a better understanding of the metal- and species-specific responses of aquatic insects
in field conditions. Metal concentrations in aquatic insects also change with size and life
cycle stages and different bioaccumulation patterns have been observed depending on
the metal in question (Smock, 1983). However, the present knowledge of these patterns
is incomplete since these studies focused on only a few metals at a time. The element-
specific behavior of metals across the developmental life cycle of insects remains
unclear. Moreover, studies have demonstrated that, for two species (Hexagenia rigida
and Stenacron interpunctatum), variability exists in bioaccumulation of certain metals
(cadmium, mercury, lead, chromium and zinc) within an insect’s body, occurring
internally in gut tissues or externally in the exoskeleton (Smock, 1983; Hare et al.,
1991; Inza et al., 2001). However, this finding has not been widely tested among other

insect species or across a broader group of metals.

The lower Ebro River receives a permanent influx of heavy metals mainly due to point
source pollution originating from a chemical plant located in the town of Flix (100 km
from the river mouth). Since the completion of the Flix Reservoir in 1949, and until the
1980s, more than 300,000 t of polluted industrial solid wastes from alkali-chlorine

electrolysis and phosphate fertilizer production have been deposited in the reservoir
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(Palanques et al., 1996). Previous studies indicate the presence of a large variety of
pollutants (heavy metals and organochlorine compounds) in reservoir sediments
(Grimalt et al. 2003) and detect heavy metal bioaccumulation downstream in the aquatic
food web from the Ebro Delta (Schuhmacher et al., 1993; Mafiosa et al., 2001; Sanchez-
Chardi et al., 2007) and from the Flix Reservoir (Carrasco et al., 2008). However, there
is a lack of information on metal distribution and bioavailability in the first 60 Km

downstream of the sediment dump, corresponding to the freshwater part of the river.

Since the metals deposited in the Flix Reservoir are very insoluble in water, they are
present in fine sediments that can be released downstream as suspended particulate
matter (SPM). Our main objective was to assess if the contaminated sediments in the
Flix Reservoir are transported downstream and transferred to the aquatic food web. Two
aquatic insects, Ephoron virgo (Ephemeroptera: Polymitarcyidae) and Hydropsyche
spp. (Trichoptera: Hydropsychidae) were selected as indicator species, because both are
representative of our study area(the Ebro River), have the same feeding guild as filter-
feeders (Tachet et al., 2000) and inhabit areas of running water. Thus, their selection
avoids variability in bioaccumulation due to habitat constraints or to different feeding
habits. While hydropsychids are considered tolerant of heavy metals (Cain et al., 2004;
Sola et al., 2004), E. virgo is considered metal-sensitive (De Haas et al., 2002).

In this context, the spatial patterns of metal contamination in the two organisms should
reflect the higher metal concentrations downstream of the factory, at least for the metals
detected at high concentrations by Grimalt et al. (2003) (i.e., Hg, Cd, Ni Cr and Zn).
Additionally, our goal was to evaluate interspecific differences of metal
bioaccumulation in two invertebrate species of the same functional feeding group.
Finally, the metals bioaccumulated during the nymph growth stage of E. virgo and
along all the stages of its life cycle were measured, including adult moults, adult males,

adult females and eggs.

2. Materials and Methods
2.1 Study Site description

The Ebro River is located in the NE Iberian Peninsula and has a drainage basin of

85,550 km? with a length of 928 km. The lower part of the river (100 km from the river
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mouth) has a mean annual flow of 426 m*'s™ and is regulated by two main hydropower
dams (Mequinenca and Riba-Roja) constructed in the late 1960s. The Ebro basin is
impacted by industrial, urban and agricultural activities from its headwaters to its mouth
and the presence of metals and organic compounds have been reported in many sites

along the river (Lacorte et al. 2006; Terrado et al., 2006).

As our study focuses on the possible transport of heavy metals downstream of Flix, the
macroinvertebrates were sampled at three sites along the river downstream of the
chemical plant (Station A: Asco; Station M: Mdra; Station T: Tortosa). Station A is
located 8 km downstream of the waste dumping site in Flix and Stations M and T are 21
km and 68 km downstream, respectively. These stations were located in the freshwater
part of the river, without the influence of the salt wedge present downstream (see
Guillén et al., 1992; Ibafiez et al., 1997 for a detailed description of the area and its

hydrological characteristics).

True reference sites without any heavy metal pollution upstream of Flix are difficult to
find in the Ebro basin. Although measures of dissolved heavy metals in water are low
for all sites according to the reports of the Ebro Water Authority (Annex 1, supporting
data), no or scarce data exists on suspended sediments. We selected three control
stations for heavy metal concentrations upstream of Flix. The first control station is
located in the middle part of the Matarranya River, a tributary of the Ebro River (Station
MAT). While this station is probably the closest to true reference conditions, only

Hydropsyche larvae may be found here.

The second control station (Station MZ) is located in the main Ebro River at the town of
Monzalbarba. We selected Monzalbarba due to its location 12 km upstream from the
industrialized area of Zaragoza, thereby avoiding pollution inputs from this large city at
the control station. We recognize that low to moderate industrial and urban pollution
inputs from the upper part of the river may occur at the station. However, this was the
only site upstream of the Flix Reservoir that contained a sufficiently large population of

E. virgo for larval sample comparisons with Station T.

Finally, a third station was selected in the confluence of the Segre and Cinca Rivers in
the Aiguabarreig area (Station AB). These two tributaries of the Ebro River are
impacted by large-scale agricultural areas. The Cinca River is also impacted by the

industrialized area of Monzon (located 80 km upstream). The selection of MZ and AB
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upstream stations would allow us to distinguish which metals come from other sources

in other parts of the basin and which ones come form the Flix reservoir.

Particulate matter was sampled at three stations (Station F: Flix; Station M: Mobra;
Station R: Riba-roja). Station F is located in the Flix Reservoir, close to the chemical
plant; Station M coincided with one of our previous affected sites for invertebrates
downstream of Flix; and Station R is a control site located in the reservoir upstream
from the chemical plant. The two invertebrates sampled were not present at Stations R
and F due to habitat constraints (they are not present in deep- low water velocity areas
of the reservoirs). Water quality data and metal concentration in water for several of the

stations in Fig. 1 are shown in Annex 1 (supporting data).

2.2 Sampling of suspended particulate matter and macroinvertebrates

Water samples from the river were taken during spring and summer 2006 and 2007.
They were filtered through pre-weighted 0.22 pm pore cellulose filters, where SPM was
retained. The volume of water taken depended on the sample and on the saturation of

the filter used.

E. virgo nymphs and larvae of the genera Hydropsyche were collected during June 2006
and 2007 using a kick net (250 um mesh net). Since more than one species of
Hydropsyche could be found upstream, all the species were grouped at the genus level
when mentioned in the text, except for sites where only one species can be found. The
species found in the Ebro River is Hydropsyche exocellata (Mufioz and Prat, 1994),
corresponding to the affected sites downstream of the sediment dump and the control
Station MZ. At Station AB, H. exocellata was also the only hydropsychid species
found. However, at control Station MAT, three species of Hydropsychids were
cohabitating: H. exocellata, the dominant species (50% of all Hydropsychids found), H.
incognita and H. bulbifera. The species were classified from samples of the
macroinvertebrate community at each sampled site. Although most of the
hydropsychids examined were H. exocellata, we grouped them as Hydropsyche spp. at
Station MAT since more than one species was found. We assumed that grouping them
as Hydropsyche spp. at Station MAT would not generate any significant bias in the

results. We based this assumption on the similar Cu concentrations obtained in three
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Hydropsyche species by Cain et al.(1992) (Hydropsyche sp., H. occidentalis and H.
cockerelli) and on the results of Buchwalter et al. (2008), who obtained similar efflux

rates of metals for H. californica compared with those for H. betteni (Evans et al.,

2002).
qMZ
. [=]
daragoza C}Oocp
A
) [
Mequinensa Dam 29@ Flix Dam
N AB . Sediment dump
\ Riba-Roja Dam
D by ) 5 / F /Flix
0 20 km S iver YR Yo
e . i
B9 A
N v
O} Control sites §
@ ¥ Affected sites Iy M
& Chemical plant MATO §
v Nuclear power plant :@
[5] City or Town §
T
Tortosg)=] =
ﬁ/ N
D
@
\Jngr ..@,‘(@0
- f ¥
4 = \1\2‘

Fig. 1. Sampling sites and study area at the Ebro River basin (NE Iberian Peninsula). Circles show sampling sites for invertebrates

and arrows for suspended particulate matter. (MZ: Monzalbarba; AB: Aiguabarreig; MAT: Matarranya; R: Riba-Roja; F: Flix; A:
Asco; M: Mora; T: Tortosa).

The riverbed was disturbed and the subsequent sample was washed into the net and

deposited in a tray to collect individuals of both macroinvertebrates. Once the
organisms were sorted, they were cleaned with double distilled water, placed in acid-
washed Eppendorf vials and stored with ice, following the methodology developed by
Sola et al. (2004). Due to the low abundance of E. virgo at some areas of the river, this

species could be sampled only in one control station (MZ) and one affected station (T).
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In order to compare the interspecific differences in bioaccumulation, only the samples
from the same affected station (T) in the same sampling period (2007) were chosen to
avoid possible spatial and interannual differences. Thus, the species compared were E.

virgo and H. exocellata.

In order to study metal bioaccumulation patterns during nymph growth and life cycle
stages, E. virgo samples were taken from Station T, where the characteristics of life
cycle and secondary production of this species are well known (Ibafiez et al., 1991; Cid
et al., 2008). Nymphs at different stages of development were sampled in late May,
June, July and August for 2005, and in June for 2006 and 2007 with the same methods
explained above. When adult emergences began (early August), adults were also
sampled by light trapping. Adult females and males, male moults and eggs extracted
from females were collected separately. Triplicate samples were composed by
approximately 7-8 individuals each one in order to obtain a minimum weight to analyze
(values ranged from 5 mg to 150 mg). At the laboratory, all samples were frozen at -

20°C until analyses were carried out.

2.3 Metal analyses

For SPM samples, a two-step bulk sample digestion method was used according to
Querol et al. (1996). It comprises the digestion of volatile elements in a closed system
with concentrated HNO; (MERK supra-pure) at 90°C for two hours and the digestion of
non-volatile elements with supra-pure HF and heating at 90°C for three hours and the
addition of supra-pure HC1O4 and HNO;. Macroinvertebrate samples were freeze dried,
weighted to the nearest 0.001 mg and oven digested in closed Teflon vials with HNOs3
and H,O; (high purity reagents) according to the procedure described by Sola et al.
(2004). Vials were placed in an oven at 90°C for 10 hours to obtain the sample solution

and the digestion solution was diluted with double-distilled (Milli Q) water.

Hg, Cd, Ni, Cr, As, Pb, Cu, Ti, Zn and Mn were selected for analysis because these
metals were detected by Grimalt et al. (2003) in sediments from the Flix Reservoir and
the lower Ebro River. For SPM, Ti, and Zn were analyzed by inductively coupled
plasma atomic emission spectroscopy (ICP-AES), and Cd, Ni, Cr, As, Pb, Cu, and Mn
by inductively coupled plasma mass spectrometry (ICP-MS). The concentration of Hg
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in SPM was measured using a Leco AMA 254 analyzer. The macroinvertebrate metal
analysis was carried out using ICP-MS with Rh as the internal standard. The quality
control of all processes included blanks and the analysis of standard reference material.
For SPM, digestions of MESS-3 and PACS-2 reference materials from the National
Research Council of Canada were used. Within these samples, the percent recovery of
this reference material was <10% for all the analyzed elements. For the invertebrates,
the reference material was GBWO08572-Prawn for E. virgo in 2005 and ERM-CE278-
mussel tissue for all samples in 2006 and 2007. To compare the measurement with the
certified value, a guide from the European Reference Materials was used, which takes
into account uncertainties and compares the expanded uncertainty to obtain the
difference (Linsinger, 2005). According to this guide, ERM-CE278- mussel tissue did
not show significant differences between the certified and measured values for Hg, Cd,
As, Pb, Cu, Zn and Mn; for Cr, there was a significant overestimate, with a measured
value double the certified value. For GBW08572-Prawn, Cr and Pb were significantly
different than the certified value; Pb was undervalued and Cr was overvalued, as
occurred in ERM-CE278- mussel tissue. This lead to the question whether Cr is an
adequate metal to be analyzed by the previous methods or not. No reference material
was available for values of Ni and Ti, so we could not test the quality control of the

analysis for these metals.

2.4 Statistical analysis

In samples where metal concentration was below the detection limit, values used for
statistical analyses were half the value of the detection limit (Karouna-Renier and

Sparling, 2001).

In order to test differences among sites for both macroinvertebrate species, to assess
possible differences in interspecific metal concentrations and to determine the different
life cycle bioaccumulation patterns of E. virgo an analysis of variance (ANOVA) was
performed. When necessary, a Games-Howell post-hoc test (hereafter, GH tests) was
conducted. GH tests are post-hoc multiple comparison tests that are among the most
powerful and robust for unequal variances (Day & Quinn, 1989). Variables were
transformed for parametric analyses because homoscedasticity and linearity were

clearly improved. Statistical analyses were performed with SPSS 16.0.
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3. Results
3.1. Distribution of heavy metal pollution

Hg concentration in SPM at Station F was more than two orders of magnitude higher
than at control Station R, while Cd concentrations were 10-fold higher at Station F and
two-fold higher at Station M (Table 1). Ni, Cr, As, Pb, Cu, Ti, Zn and Mn
concentrations did not show any relevant metal enrichment at Stations F and M, relative

to the upstream Station R.

Table 1. Metal concentration (ug: g”' DW) in suspended particulate matter (SPM) from the Ebro River. Km indicates the distance
from pollution source of the affected stations. For station codes see figure 1.

Station  Description Date Hg cd Ni Cr As Pb Cu Ti Zn Mn

R Control 04/04/06 0.17 026 33.1 7448 159 47.0 56.78 2730 176.2  1039.0

04/04/07 0.07 027 445 1058 218 30.5 346 3119 1519  573.0

F 0 km 04/04/06 7.24 4.66 37 88.17 16.05 459 60.12 2580 2272 14300

31/05/06 2693 448 442 1854 193 259 69.1 1450.0 234.0 1141.0

18/07/06 31.14 151 307 1259 164 472 498 1345.0 125.0 35350

M 21 km 04/05/06 1.66 045 335 932 18.4 30.8 463 23450 173.6  674.0

27/06/06 1.53 0.58 39.8 90.6 19.3 315 412 2178.0  168.8 6555

03/04/07 1.86 038 412 974 20.7 27.8 433 2894.0 156.6  753.0

26/06/07 1.88 0.69 40.7 98.6 20.1 29.6 455 2235.0 1489 6485
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Spatial distribution of metal concentrations in
SPM generally reflected those in the invertebrates
for Hg and Cd. Concentrations of Hg and Cd in E.
virgo nymphs downstream of the chemical plant
were significantly higher than upstream at control
Station MZ (Fig. 2). Hg concentration of this
mayfly downstream of the sediment dump at
Station T site were more than 10-fold higher than
at Station MZ, followed by Cd, with a mean
concentration four-fold higher. In Hydropsyche,
concentrations of Hg and Cd showed a general
tendency to be higher downstream of the Flix
chemical plant at Stations A, M, and T (Fig. 3).
Hg concentrations downstream of Flix were
significantly higher than all the upstream sites
(P<0.05). The highest concentration was found at
Station A, where mean values were up to 10-fold
higher than upstream, similar to the results found
for E. virgo. Cd was higher than all control sites
only at Station M (P<0.01); levels found at control
Station MZ were comparable to those at Stations

Aand T.

Fig. 2. Metal concentration of Ephoron virgo nymphs at
affected and control sites (symbol: mean; box: SE; whiskers:
SD; *ANOVA, P<0.05; ** ANOVA, P<0.01; *** ANOVA,
P<0.001). For station codes see Fig. 1.
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Fig. 3. Metal concentration of Hydropsyche at affected and control sites (symbol: mean; box: SE; whiskers: SD). For station codes

see Fig. 1.

The other metals presented different results depending upon whether E. virgo or

Hydropsyche were analyzed at the sampling stations. Pb, Zn and Mn in E. virgo samples

downstream at Station T were significantly higher than upstream at control Station MZ

(Fig. 2), and the same pattern was observed for Hg and Cd. However, similar values
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were found for Ni, Cr, As, Cu and Ti concentrations in this organism (Annex 2,

supporting data).

In contrast, Pb and Zn in Hydropsyche at control Station MZ presented similar results as
the affected sites below Flix (Annex 3, supporting data), except for Mn, which showed
higher values than those at control Stations MZ and MAT (P<0.05). Although similar
concentrations of Ni, Cr, Pb, Ti and Zn were found upstream at control Stations MZ and
AB compared to downstream sites, higher concentrations relative to control Station
MAT were reported (P<0.05). As noted above, control Station MAT was considered
closest to reference conditions. Therefore, as we suspected, the spatial distribution of
metal pollution reflected by Hydropsyche metal concentrations indicated that the only
sampled site not impacted by metals was control Station MAT. Conversely, no

significant differences in As and Cu were observed between any of the stations.

3.2. Interspecific differences in bioaccumulation

Metal concentrations at the same sampling station (T) between the two organisms of the
same feeding guild were significantly higher in the mayfly E. virgo than in the caddisfly
H. exocellata, except for Mn (Fig. 4). Most of the metals bioaccumulated by E. virgo
were double the concentrations of H. exocellata, but the most marked difference was
observed for Cd, with E. virgo values one order of magnitude higher (Annex 4,
supporting data). Therefore, the differences of metal bioaccumulation between E. virgo

and H. exocellata appear to be stronger for Cd than for other metals.
3.3. Metal bioaccumulation patterns along Ephoron virgo nymph growth

Although statistical differences were not found for metal concentrations in nymphs at
different instars, several trends were observed for the studied metals. One pattern was
related to the group of Hg and Cd, in which mean metal concentration showed a steady
increase in 2005 until nymphs reached a mean body length of 11 mm and decreased
afterwards when their size was 16 mm (Fig. 5). This coincides with the period in which
late instars were about to emerge. Another pattern was related to Pb, which showed a
decrease in concentration during the early instars followed by a steady state until the
nymphs finished growing. Metals following a similar pattern to Pb were Cr, Ti and Mn

(Annex 5, supporting data). Finally, similar values were obtained for Cu, As and Zn

195



0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

11

ug-g~' DW
NWw M~ w (o)} ~ @ -

22

20

18

16

14
280

240

200

160

120

*%

Hg

24

16F

1.2F

0.4r

Cd

0.0

18

*%

Ni

14r

*%

Cr

Fkk As

201

16+

12

Pb

* Cu

350
300F
250
2001
150
100F

50F

Ti

-7 Zn

B

400+

360r

320F

280+

Mn

Hydrop's yche Ep1horon
sp. virgo

240

Hydroplsyche E;'ahoron

sp.

virgo

Chapter 4
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along all nymph instars,. For Ni, no patterns were able to be deduced since Ni was not

analyzed in 2005.
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Fig. 5. Metal concentration of Ephoron virgo along nymph growth at the T affected site. Values are means from 2005 (symbol:
mean,; bars: SD).

At the two sampling events conducted in 2006 and 2007, the data only showed a slight
increase in Hg and Cd in nymphs in 2007 (0.55+0.06 to 0.73+0.01 ug-g'1 for Hg and
1.3540.11 to 2.18+0.11 pg-g ' for Cd), corroborating the pattern observed in 2005, while
in 2006 similar values were observed. In 2006 and 2007, Cr, Pb, Ti and Mn again
showed a concentration decrease in growing nymphs, and similar values were also

obtained for Ni, As, Cu and Zn.
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3.4 Metal bioaccumulation patterns along Ephoron virgo life cycle stages

When comparing metal concentrations throughout the different stages of the life cycle,
nymphs always had the highest values (P<0.05), except for Pb and Cu values, which
were highest in the male moult (Fig. 6). Nymphs had significantly higher concentrations
than eggs for all metals but Ni (P<0.001). When emergence occurs, females and males
emerge as subimago (prior stage to become an adult), however males moult to an imago
(adult) in the shore vegetation for mating while females mate and ovoposit as subimago.
Therefore, we compared the metal concentrations from the male moult and the adult
male in order to test the metal lost through moulting. Cd concentration in adult males
was significantly higher than in moults (P<0.01), while for Ni, Cr, Pb and Mn, moults
had higher concentrations than adult males (P<0.01). No significant differences were
observed for Hg, As, Cu, Ti and Zn, although Hg was near the significance limit (P=

0.08) to have a higher concentration in adult males than in the moult.

Sexual differences in metal concentration were tested, and statistical differences were
obtained only for Cu and Mn concentrations, with higher levels of Cu in adult males
than in females (P<0.05), and higher concentrations of Mn (P<0.01) in females than in
males. Although no significant differences in Cd concentration were observed between

adult males and females, females had half the value of males.

Metal concentrations in eggs and in the whole female (including eggs in the abdomen)
were compared and several differences in metal bioaccumulation were obtained. Hg
(P<0.05), Cd (P<0.001), Cu (P<0.001) and Zn (P<0.01) in eggs were significantly
lower than in females, while for Cr, Ni, As, Pb, Ti and Mn similar values were obtained.
However, Hg concentrations in eggs were not as low as other metals since eggs had half

the value of adults.

The metal concentrations of nymphs and adults were compared in order to evaluate
whether the risk of metal transfer to higher trophic levels during emergence was similar
to the nymph period. Hg was the only metal showing adult male and female
concentrations similar to nymphs. Adult females had significantly lower concentrations
of Cd than nymphs (P<0.001), but not adult males. For the other metals analyzed (Ni,
Cr, As, Pb, Ti, Zn and Mn), nymphs had always greater concentrations than adults
(P<0.05).
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4. Discussion
4.1. Distribution of heavy metal pollution

The metal concentrations found in SPM and in macroinvertebrates reflect the transport
of Hg and Cd in the lower Ebro to approximately 60 km downstream of the Flix dam.
The SPM in the Flix Reservoir had very high Hg and Cd concentrations and their levels
were still elevated in SPM samples at Station M downstream of the Flix dam, exceeding
the concentrations at the upstream Station R (Table 1) and those of natural unpolluted
sediments (see Palanques et al. (1990) for levels of unpolluted fine sediment transported
by the Ebro River). As a result, high Hg and Cd exposures were detected in

macroinvertebrate samples downstream of Flix, indicating an impact from the reservoir.

Ni, Cr and Zn concentrations in SPM at Station M were also high compared to natural
Ebro River sediments and showed similar concentrations relative to Station R upstream,
indicating that SPM at Station R was contaminated with these metals. Together with
the fact that exposures to Cd, Ni, Cr and Zn by the invertebrates did not exceed those at
some upstream control sites (e.g., Station MZ), these results confirm that these metals
are present in many parts of the basin, stemming from other anthropogenic activities
(Terrado et al.,, 2006, Ramos et al., 1999). Thus, site-specific concentrations in
organisms indicate that the origin of Hg pollution came mainly from the transport of the
solid wastes from the chemical industry in Flix, which uses Hg as a cathode cell in
electrolysis processes, whereas Cd, Cr and Zn come both from the chemical industry in

Flix (attributed to the phosphorite used as raw material) and from upstream.

Although experimental studies are needed to describe the processes involving metal
bioaccumulation in aquatic insects, the high concentrations of Hg and Cd in the
organisms and in the SPM suggested that metal exposure in the lower Ebro River
ecosystem can occur via the ingested SPM transported downstream of Flix because
SPM is the main food supply for these organisms. Since the benthic habitat of E. virgo
and H. exocellata is not likely to be contaminated because the high water velocities do
not allow SPM to be deposited, the hypothesis that metals are incorporated from the
transported SPM can be supported. Moreover, metal pollution has been reported before
in the lower Ebro sediments and food web. In previous studies of sediment pollution
(Palanques et al., 1996; Grimalt et al., 2003), concentrations of Hg, Cd, Cr, Ni and Zn in

the Flix Reservoir exceeded those from natural fluvial sediments and some metals
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(mainly Hg and Cd) were also detected downstream at some depositional areas of the
river. Hg also appeared in the Ebro Delta marine mollusks and algae (Schuhmacher et
al. 1993), in birds feeding on fish (Mafiosa et al., 2001), and in insectivorous mammals
(Sanchez-Chardi et al., 2007). Recently, within the context of the project where the
present study was carried out, high Hg concentrations were detected in zebra mussels
(Dreissena polymorpha) from the Flix Reservoir (Carrasco et al., 2008), and levels of
Hg and Cd in European catfish (Silurus glanis) and carp (Cyprinus carpio) measured

higher downstream of Flix than upstream (unpublished data).

As, Pb, Cu, Ti and Mn concentrations in SPM were similar to those from natural
unpolluted sediments at all sampling sites, showing no evidence of metal pollution.
These levels match sediment samples from the Flix Reservoir (Palanques et al., 1996;
Grimalt et al., 2003), in which As and Cu concentrations were slightly higher than in
natural sediments and Pb, Mn and Ti were not considered to be at pollution levels. As
and Cu in E. virgo and Hydropsyche reflected these concentrations in SPM and
sediments since no significant differences were observed in any of the sampling sites.
However, the high Pb, Ti and Mn concentrations in macroinvertebrates downstream of
Flix did not reflect those in the SPM, suggesting that the exposure could be from
dissolved metals, and that these metals occur locally at different points upstream and
downstream of Flix. The Mn variability in the macroinvertebrates could be attributed to
other causes as it is also a diagenetically mobile element (Van Cappellen and Wang,
2006) and may be affected by the reduction-oxidation processes in the bottom of Riba-

roja Reservoir.

Comparing our results with other metal pollution impacted areas, Hg whole body
concentrations in E. virgo were seven-fold higher than the mean concentration in
Mississipi River mayflies Hexagenia sp. (Ephemeroptera: Ephemeridae) affected by
urban/ industrial pollution (Beauvais et al., 1995). In contrast, mayflies and caddisflies
from the Idrija River (Slovenia) had very high Hg concentrations, up to two orders of
magnitude higher than those from the Ebro River, due the severe pollution caused by a

mercury mine (Zizek et al., 2007).

Cd mean concentrations in E. virgo in our study were much higher than in the
Mississipi River Hexagenia sp. (Beauvais et al., 1995). However, compared with metal-

mining impacted rivers, our Cd results were much lower than those found in the Clark

201



Chapter 4

Fork River, USA, for the mayflies Epeorus albertae and Serratella tibialis (Cain et al.,
2004). Also, Cd concentrations in Hydropsyche from the affected sites in the Ebro were
much lower than those reported for Hydropsychids in mine-impacted rivers (Cain et al.
1992, 2000, 2004; Maret, 2003; Sola et al., 2004). Hydropsychids from the Ebro River
had lower Zn and Pb levels in comparison to those in Maret et al. (2003). However, the
values we report are close to the ranges obtained for Hydropsychids of the metal
mining-polluted Clark Fork River (Cain et al., 1992) and the Sacramento River, USA
(Cain et al., 2000), indicating a high level of Zn and Pb pollution in the Ebro.

4.2. Interspecific differences in bioaccumulation

It is widely known that different species living and feeding in the same habitat can
bioaccumulate different amounts of metal (Luoma and Rainbow, 2005), due to their
different physiology and detoxification mechanisms (Hare, 1992). Several experimental
studies have revealed that different species of aquatic macroinvertebrates have different
metal elimination rates. High Cd elimination rates have been reported in metal tolerant
species, such as Hydropsyche californica (Buchwalter et al. 2008) and Hydropsyche
betenni (Evans et al. 2002), so similar results would be expected for H. exocellata. In
contrast, as low elimination rates were observed in sensitive mayflies, such as
Maccaffertium ithaca and Rhithrogena morrisoni (Buchwalter et al.,, 2008),
Ephemerella excrucians (Buchwalter et al. 2007) and Hexagenia rigida (Hare et al
1991), E. virgo could have a similar response to metals. As explained by Buchwalter et
al. (2008), these elimination rates are phylogenetically linked. However, since in our
field study more than one metal was present and the environmental conditions were not
controlled, the resulting data is more complex to interpret. Since diet is likely the
predominant exposure route for these organisms, other determinants that might
influence the bioaccumulation variability within two species of the same feeding guild
include feeding rate, concentration and assimilation efficiency (Luoma and Fisher,
1997). For instance, very high metal concentrations have been reported in marine
invertebrates with fast ingestion rates, high assimilation efficiencies and slow
elimination rates (Luoma and Rainbow, 2005). Thus, the higher metal bioaccumulation
observed in E. virgo compared to H. exocellata might be a result of a particularly low
elimination rates,accordingly to its phylogenetical position, together with a differential
feeding rate. The particle size of the ingested material by each species, the specific body

size effect and absorption in the gut (McLachlan, 1996) may be other factors to consider
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for further studies, together with the use of more than one tolerant and sensitive species

at several sampling sites.
4.3 Element- specific patterns of bioaccumulation in Ephoron virgo

This study showed three different patterns of metal bioaccumulation as E. virgo nymphs
were growing, depending on the metal in question. Firstly, Hg and Cd concentrations
slightly increased from early to late instars, except in nymphs about to emerge, when
the concentrations decreased. The slight increase of Hg and Cd in E. virgo developing
nymphs could be related to the metal site of storage, the path of exposure and the
physiological response to these metals. Studies on metal bioaccumulation from diet in
the mayfly Hexagenia rigida showed that Hg, Cd and Zn were mainly located in the gut
tissues (Hare et al., 1991; Saouter et al., 1993; Inza et al., 2001), so a similar pattern
could be expected in E. virgo. As suggested previously, if Hg and Cd are ingested from
SPM, the decline in the last instar could be due to a shift in diet during this period, i.e.,
the nymphs can ingest larger particles with lower metal concentrations compared to
particles ingested by early instars, which could be metal-enriched, as described by
Smock (1983). One hypothesis was that no relevant Hg and Cd loss occurred in relation
to instar change (moulting) because metals were not present in the exoskeleton. For
these reason, the concentration ratio “subimago male moult/imago male” was used as an
indicator of metal lost by moulting. Ratios near zero were expected when no metal loss
via exoskeleton occurred. The lowest male moult/male ratio was obtained for Cd,
followed by Hg (Table 2). The minor concentration of these metals exhibited in the
subimago moult suggests that the majority of Hg and Cd in E. virgo was present

internally (gut components).

Secondly, Cr, Pb, Ti and Mn concentrations in nymphs tended to decrease with
organism size, as was also observed in the mayflies Stenodesma modestum and
Stenacron interpunctatum for Cr (Smock, 1983), suggesting that those metals could be
present in the exoskeleton and consequently lost in each instar moult. In our study we
must consider that Cr concentration was overvalued when compared to the reference
material, however, even though the measured concentrations are overvalued, the
patterns of bioaccumulation as nymphs grow can also be compared. Cr, Pb, Ti and Mn
were associated with a subimago male moult/imago male ratio higher than 2 (Table 2),

meaning that the concentration of these metals was much higher in the moult than in the
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adult male. This ratio provides evidence for metal loss via exoskeleton, at least in the
step from subimago to imago. Some studies on mayfly growth and metal
bioaccumulation suggest that instar change could be involved in the decontamination
process (Jop and Wojtan, 1982; Smock, 1983; Jop, 1991), although this would depend
on the metal analyzed and the exposure route (diet or solution). The adsorption of
metals to the exoskeleton has also been previously reported in mayflies, whether the
metal was dissolved in water, as Cr (Smock, 1983), or in sediments, as Pb (Hare et al.,
1991). There is also evidence that pathways are present to move bioaccumulated metals
to the exoskeleton in order for the insects to use the metals in their cuticular tools
(Schofield et al., 2003). Therefore, variability exists in the way the metals could be
transferred to the exoskeleton in E. virgo, depending on the exposure route and the

internal processes during development.

Table 2. “Egg/subimago female” and “subimago male moult/ imago male” ratios from mean values of metal concentration in
Ephoron virgo.

Ratio Hg Cd Ni Cr As Pb Cu Ti Zn Mn
male moult/ male  0.24 0.07 4.02 2.61 1.40 11.87 1.14 2.50 0.72 5.86
eggs/females 0.50 0.02 11.26 0.80 0.38 0.19 0.23 0.33 0.80 0.58

Finally, Ni, As, Cu and Zn showed similar values for different nymph instars and no
clear patterns could be described. Cu and Zn had a subimago male moult/imago male
ratio close to 1, suggesting that these metals may partially accumulate in the
exoskeleton but also be present in other parts of the body. However, Ni seemed to be
located mainly in the exoskeleton because higher values in the moult than in the male

were observed (subimago male moult/imago male ratio= 4).

Since this study was conducted under field conditions, we must consider the variation
attributed to the SPM released from the Flix Reservoir, since the SPM available is
dependent on the fraction that escapes from the reservoir and the dilution and dispersion
downstream. In other words, the amount of metal available at each moment while
nymphs are growing can affect our results. For this reason, further studies under
controlled laboratory conditions are required to describe in more detail the

bioaccumulation patterns during E. virgo growth.
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4.4 Sexual variability of Ephoron virgo emergent adults in bioaccumulation

Sexual differences in Hg and Cd bioaccumulation in emergent mayflies have been
described by Dukerschein et al. (1992). They pointed out that the low concentrations
found in females might be due to the large egg masses that contribute to the dilution of
the metal concentration, which implies that concentration in eggs should be very low in
comparison to females. This means that females hardly transfer the metals to eggs and
that eggs can be a protected compartment that is not in equilibrium with metal
concentrations in the female body. In our study, the egg/ subimago female ratio was
used as an indicator of egg contribution to adult female dilution of metals. In general,
the lower the ratio, the higher should be the dilution by eggs. In the present study,
sexual variability in bioaccumulation was only considered for Cu, Mn and Cd. The low
Cd concentrations in females could be explained by the very low egg/ subimago female
ratio (Table 2), indicating a possible dilution by eggs. The low Cu concentration in
females can be only partly attributed to egg dilution since Cu had a ratio 10 times higher
than Cd. Nevertheless, sexual differences in bioaccumulation can also be caused by
other factors, as a differential moulting process. Considering the biology of E. virgo, in
which females emerge as subimagos and males as imagos, males could have lost metals
by their last moulting when the metal is mainly located in the exoskeleton and have

final concentrations lower than females (e.g., in Mn concentrations).

4.5 Other ecological implications related with E. virgo life cycle and metal

bioaccumulation

E. virgo has a synchronized life cycle (Kureck, 1996; Cid et al. 2008) and mass
emergences occur during summer in the lower Ebro River. When this occurs, the
amount of biomass that is present in the sediment emerges and becomes easily available
to higher trophic levels, including predators living in the river or in the riparian and
terrestrial ecosystems. Since Hg and Cd concentrations in emergent adults were similar
to those in nymphs, exposures to these metals through insectivores feeding on adults (as
fish, amphibians, bats, etc.) could be important during the short E. virgo emergence
period, as seen in other studies of emergent insects (Dukerschein et al., 1992; Currie et
al., 1997). Other metals that may be a risk in the lower Ebro ecosystem because of the

high concentrations found in nymphs (Ni, Cr, Pb, Ti and Zn) had adult metal
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concentrations much lower than nymphs, so exposure to these metals during emergence

would be lower.

Hg and Ni present a higher risk than other metals due to their persistence in E. virgo
eggs, since the next generation could have an initial concentration originated by
maternal transfer and the metals could be accumulated over generations, as reported
with organic contaminants (Standley et al., 1994). The importance of this metal
pollution in eggs in relationship to hatching success is not known, although comparative
studies on the life cycle of this species in the studied area (Cid et al., 2008) did not
detect large differences in its population abundances. This variability in metal dynamics
described across the life cycle has important implications for the route of food chain
transfer of metals in aquatic ecosystems, since not only the nymphs can carry the metals

to higher trophic levels.

5. Concluding remarks

The high metal concentrations found in SPM and in the aquatic insects reflected the
transport of Hg and Cd in the lower Ebro River to approximately 60 km downstream of
the Flix chemical industry and suggested that a pathway of metal transfer via the
ingested SPM can occur since SPM is the main food supply of these filter-feeders.
While Hg pollution originated mainly at the chemical plant, the other metals analyzed
showed upstream inputs from other parts of the basin. Interspecific differences in
bioaccumulation were demonstrated by the higher metal concentrations bioaccumulated
by E. virgo in comparison to H. exocellata., suggesting that fast feeding rate and poor
metal elimination of E. virgo could be the main reasons. The analysis of up to 10
elements at the same time and analysis throughout the life cycle of an aquatic insect
illustrates the high variability of metal dynamics, which could be related to the exposure
route, the metal site of storage and the internal processes during development. With this
in mind, further experimental studies under controlled conditions are required to more
precisely describe the bioaccumulation patterns during growth. Nevertheless, this study
confirms that evaluating metal presence at different life cycle stages demonstrates the
increased complexity of pathways when analyzing the food chain transfer of metals in

river ecosystems.
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Abstract

The fate of organochlorine compounds (OCs), penta- and hexa-chlorobenzene, (PeCB
and HCB) hexachlorociclohexanes (HCHs), dichlorodiphenyl-trichloroethanes (DDTs)
and polichlorobophenyls (PCBs), were evaluated across the different life cycle stages of
the mayfly Ephoron virgo in a wild population from a site with chronic pollution for
these compounds due to the presence of a sediment dump upstream. This mayfly was
selected because of its high sensitivity to pollutants, its ecological relevance, and its
bioaccumulation potential as a filter-feeder. The pollution bioaccumulation was
assessed by contrasting OC levels downstream of the pollution source with an upstream
site used as control. Increasing values of HCB, HCHs, DDEs and PCBs with nymph
size was observed, evidencing bioconcentration during growth. Emergent imagoes and
subimagoes presented the highest OC levels, with increases ranging from 2 to 8- fold
the value of nymphs. This may have important implications in the transfer to higher
trophic levels, since these stages can be easy food source for predators. Sexual
differences in bioaccumulation were observed since male imagoes had higher DDEs and
PCBs than subimago females. However, and as a result of a low maternal transfer, eggs
presented the lowest concentrations containing up to 5 times less the value of mothers.
The results denoted a life cycle-related variability in OC bioaccumulation in this
species, which should be considered when evaluating contaminant transfer in aquatic
and riparian food webs, and when linking the results of ecotoxicological laboratory
studies with those in natural habitat conditions. In general, the OC load detected in this
keystone species evidenced the ecological risk in the lower part of the Ebro River for
aquatic communities, mainly originated at the large sediment dump located in the area.
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Chapter 5

Introduction

Nowadays many rivers in different countries suffer processes of contamination, such as
point-source occasional or continuous release of pollutants (Holt, 2000; Malmqvist &
Rundle, 2002). Several potentially toxic contaminants as the organochlorine compounds
(OCs) readily adsorb onto fine-grained organic and inorganic particles, which can be
transported long distances before being deposited in areas of low current velocity and
ingested by filter-feeding organisms (Steingraeber & Wiener, 1995). Moreover, these
compounds, such as penta- and hexa-chlorobenzene, (PeCB and HCB)
hexachlorociclohexanes (HCHs), dichlorodiphenyl-trichloroethanes (DDTs) and
polichlorobophenyls (PCBs), present high persistence in the environment and thereby

an elevated potential for bioaccumulation in aquatic food webs (Kidd et al., 1998).

Benthic aquatic insects can accumulate and transfer these contaminants through riverine
ecosystems since they can process the organic matter and are an important component
of the diet to higher trophic levels. They have been used as sentinels of environmental
pollution (Standley & Sweeney, 1995; Corkum et al., 1997) and as a source for
identification of contaminant biomagnification (Morrissey et al., 2005; Vives et al.,
2005a). However, the bioaccumulation of pollutants in aquatic insects can change with
size and life cycle stages (Smock, 1983; Cain et al., 1992; Standley et al., 1994;
Bartrons et al., 2007) since the type and amount of contaminants incorporated can be

influenced by the life history and feeding habits of the organism.

The patterns of OC concentration along development and life stages of insects are still
not well known and there is a need to better understand their ecological implications.
The present study aims to analyze the OCs transfer along all the life cycle stages of the
aquatic insect Ephoron virgo (Olivier) (Ephemeroptera: Polymitarcyidae). This mayfly
was thought to be the appropriate study organism due to its ecological traits and role
into the food web. E. virgo nymphs are benthic particle-feeders which build a U-shaped
tube and feed on particles of organic matter from water (Kureck & Fontes, 1996) which
can be bound to contaminants. Its univoltine life cycle gives the adequate conditions to
study OC patterns in its natural habitat since nymphs hatch in April, and grow rapidly
within a period of 3 to 4 months, followed by emergence and reproduction, when eggs
are deposited in the river and spend the autumn and winter in a diapauses attached to

river sediment. FE. virgo contributes with a large biomass to the food web, with
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estimates of annual nymph production of 950 mg/m?*/year dry weight and adult mass
emergences in the lower Ebro River (Cid et al., 2008) and is an abundant prey for fish
and birds (van der Geest et al., 2000). Moreover, this species is appointed as a good
bioindicator of ecological quality sine is sensitive to organic pollution and sediment-
bound toxicants (De Haas et al., 2002), thus is of special concern in the protection of

river ecosystems in its area of distribution.

With all this in mind, the bioaccumulation patterns of OCs along the nymph growth and
the transfer from nymphs to adults, and from females to eggs, were studied over two life
cycles (2005 and 2007) in a wild population from the lower Ebro River which is under
the impact of chronic industrial pollution. Moreover, E. virgo concentrations in larvae at
this site were compared with populations upstream of the impacted area in order to
quantify the bioaccumulation attributed to this point source of organochlorine pollution.
Thus, the main objectives of the present study were to: (1) assess the impact of pollution
by its bioaccumulation on keystone species such as E. virgo, (2) evaluate the
bioaccumulation process during the nymph growth of this species and during all life

cycle stages.
Materials and Methods

Study Site and Sampling

The study area was located in the Ebro River (NE Iberian Peninsula, Spain). The Ebro
River has a drainage basin of 85,550 km2 with a length of 928 km and annual average
flow of 426 m3-s-1. The Ebro basin is impacted by industrial, urban and agricultural
activities and the presence of organic compounds and metals have been reported in
many sites along the river (Ferndndez et al., 1999; Lacorte et al., 2006; Terrado et al.,
2006; Bosch et al., 2009). The lower part of the river receives a potential influx of OCs
originated from a chemical plant located in the town of Flix (100 km from river mouth).
Here, more than 300,000 t of polluted industrial solid wastes from alkali-chlorine
electrolysis, phosphate fertilizer and pesticide production have been deposited since the
completion of the Flix dam in 1949, and until the 1980s when the deposition of solid
wastes into the reservoir was banned. Pollutants present in the solid waste of the
factory include organochlorine compounds (hexachlorobenzene, polyclhorostyrenes,
polychloronaphtalenes, PCBs and DDTs) and heavy metals (mercury, cadmium,

chromium and nickel) and have been detected in the sediments at very high
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concentrations (Grimalt, 2006). Since OCs are very insoluble in water but can be easily
adsorbed to fine sediments, they can be released downstream with the suspended

particulate matter (Gémez-Gutiérrez et al., 2006).

In order to evaluate the impact of the organochlorine pollution from the sediment dump
(first objective), E. virgo nymph samples were taken 68 km downstream of the pollution
source (upstream of the city of Tortosa, Station T: 40° 49' 27.22" N, 0° 31' 6.03" E) and
250 km upstream of the pollution source ( upstream of the city of Zaragoza, at the town
of Monzalbarba, Station MZ: 41° 42' 35.48" N, 0° 57' 33.71" W) during late spring of
2006 and 2007 (see Cid et al., 2010, for details of site locations and heavy metal
bioaccumulation in the area). located upstream of the Flix dam and of the main
reservoirs in the lower course of the Ebro River. These two locations are areas where
populations are known to be abundant (Torralba-Burial & Ocharan, 2004; Cid el al.,
2008) and contained a sufficiently large population of E. virgo for larval sample
comparisons, while in other areas of the river they are inexistent or abundances are very
low mainly due to the presence of reservoirs (habitat loss) or other anthropogenic
impacts as pollution. At Station T, the characteristics of the life cycle and secondary
production of E. virgo are well known (Ibafiez et al., 1991; Cid et al., 2008). The
univoltine life cycle and the synchronized massive adult emergences allowed the
collection of different nymph instars, adult males, subimago females and eggs in its
natural habitat. Thus, for the second objective , different instars of the nymphs were
collected in late May, June, July and August during 2005, and only two instars in June
during 2007. At the field, nymphs were sampled using a kick net (250 pm mesh net).
The riverbed was disturbed and the subsequent sample was deposited in a tray to
identify and collect the individuals in situ. Organisms were cleaned with double distilled
water, placed in aluminum paper envelopes and stored with ice during transport. Data
on nymph body length for 2005 were obtained from Cid et al. (2008), corresponding to
samples taken in the same study site. When adult emergences began in early August
(2005 and 2007), adults were sampled by light trapping. Adult females (subimago),
adult males (imago) and eggs extracted from subimago females were collected
separately. Samples were composed by three replicate samples containing
approximately 7-8 individuals per replicate. Samples were kept frozen at -20°C until

analysis.
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Chemicals

Standards of the following analyzed compounds were used: Pesticide Mix 164 (DDDs,
DDEs, DDTs), Pesticide Mix 11 (HCHs, hexachlorobenzene) and pentaclhorobenzece
in cyclohexane, and PCB Mix 11 (PCB#28, PCB#52, PCB#101, PCB#118, PCB#138,
PCB#153, PCB#180), PCB#30, PCB#200 and PCB#142 in isooctane, with purity
higher than 97%. They were purchased from Dr. Ehrenstorfer (Augsburg, Germany).
All the solvents, n-hexane, dichloromethane, isooctane, were residue analysis grade and

from Merck (Darmstadt, Germany).
Organochlorine Compound Analysis and Quality Assurance

The analytical method for OCs analysis is described in detail elsewhere (Vives et al.,
2002; Bartrons et al., 2007). After drying the samples in a vacuum-sealed drier at 20 °C
until constant weight, approximately 0.02 - 0.09 g of the samples were spiked with
surrogates, PCB#30 and PCB#200 standards. Organochlorine compound extraction was
performed by sonication with four successive steps of 15 min with
hexane/dichloromethane (4:1). Clean-up was performed with oxidation (concentrated
sulfuric acid — 2 mL at a time) and shaking until obtaining a final clean organic extract.
The resulted organic-phase was concentrated to near dryness under a gentle flow of

nitrogen and redissolved in 100 pL of standard internal solution, PCB#142.

The identification and quantification of the OCs in the samples were carried out by gas
chromatography coupled to electron capture detection (GC-ECD, Hewlett-Packard 5890
series II) with a 60 m x 0.25mm 1.d. DB-5 capillary column (J&W Scientific, Folsom,
CA) coated with 5% phenyl/95%methylpolysiloxane (film thickness 0.25 pum). The GC
operated in splitless mode. The oven temperature program started at 90°C (held for 2
min), ramped to 150°C at 15 °C-min-1 and then to 290 °C at 4 °C-min-1 (holding time 20
min). Injector and detector temperatures were 280 and 310 °C, respectively. Helium and
nitrogen were used as carrier (1.5 mL-'min-1) and make up (60 mL-min-1) gases,
respectively. Gas chromatography (HP 5973 MSD) coupled to mass spectrometry
operating in a negative ion chemical ionization (GC-MS-NICI) (Agilent, Palo Alto,
USA) was employed for analyte confirmation. Samples were injected in splitless mode
onto a similar column used for GC-ECD analysis. Helium was used as carrier gas (1.0

mL-min-1). Ammonia was used as reagent gas (1.75 mL-min-1). The temperature
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program started at 90 °C (held for 2min), then increased to 150 °C at 10 °C min-1 and to
310 °C at 4 °C'min-1 with a final holding time of 20min. Injector, ion source and
transfer line temperatures were 250, 176 and 280 °C, respectively. The dwell time was
50 ms channel-1. Confirmation ions were m/z 221 [PCB#28]-1; 250 [PeCB]-1; 225
[2,4’-DDT]-1; 246 [2,4’-DDE]-1; 255 [HCHs]-1; 281 [4,4’-DDE]-1; 283 [4,4’-DDT]-1;
284 [HCB]-1; 291 [PCB#52]-1; 320 [2,4’-DDD]-1 and [4,4’-DDD]-1; 291 and 326
[PCB#101]-1, [PCB#118]-1; 326, 360 [PCB#138]-1, [PCB#153]-1; 360, 394
[PCB#180]-1.

Quantification was performed by internal standard mode. The recoveries of the
surrogates, PCB#30 and PCB#200, were calculated for each sample, being 53 + 16 %
and 74 + 12 %, respectively. Surrogate recoveries as well as procedure blanks were used
to correct the concentration of the analytes. Limits of detection (LOD) and
quantification (LOQ) were calculated from blanks by averaging the signal of all blanks
plus 3 and 10 times the standard deviation, respectively. For compounds absent from the
blanks, the limits of detection were calculated from the background signals of the
instrument using injections of diluted standards. The LOD of individual congeners

varied between 0.019 to 3.9 ng-g-1.

Statistical Analysis

In samples where organochlorine compound concentration was lower than the detection
limit, values used for statistical analyses were half the value of the detection limit
(Karouna-Renier & Sparling, 2001). In order to test for differences in OCs burdens
among sites and life cycle stages of E. virgo an analysis of variance (ANOVA) was
performed, followed by a Games-Howell post-hoc test. Games-Howell tests are post-
hoc multiple comparison tests that are among the most powerful and robust for unequal
variances (Day & Quinn, 1989). In order to test if concentration changes of OC
compounds showed any relationship with nymph development, the significant variation
among different nymph sizes was decomposed in a residual component with polynomial
orthogonal contrasts (Sokal & Rohlf, 1995).Variables were log transformed for
parametric analyses because homoscedasticity and linearity were clearly improved.

Statistical analyses were performed with SPSS 16.0.2
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Results and Discussion

Differences in Organochlorine Concentrations among sites

Because no significant differences in OC values for nymphs were obtained for the two
sampled years (2006 and 2007) among sampling sites, we did not consider the
interannual variation for our analysis. Mean concentrations in E. virgo showed a
significant increase of all OCs analysed at site T downstream of the sediment dump
(Figure 1), except for y-HCH which values were higher upstream at site MZ, upstream
of the sediment dump. Neither a-HCH nor B-HCH nor 8-HCH was detected in this
organism at any site. The highest concentrations were obtained for 4,4’-DDE, 4,4’-
DDT, PCB-153, PCB-138 and PCB-180 (mean values from 62 to 187 ng-g-1 dw).
However, the most significant increases were observed for 2,4’-DDE, 2,4’-DDT, 4.,4’-
DDT and PCB-52, with values 35, 33, 24 and 70-fold higher at site T than at site MZ,

respectively. For the other OC compounds values at T ranged from 4 to 15 times higher.

The compounds showing the highest concentrations were 4,4’-DDE, 4,4’-DDT and the
PCBs congeners. Among the PCBs analyzed, PCB#138, PCB#153, PCB#180 were the
predominant compounds and those presenting a higher K, (octanol water partition
coefficient) than the others analyzed, which could result in a higher biocumulation in
the studied organism (MedChem, 1996). Besides, Koc was also higher than the other
compounds, and therefore could be easily associated to the sediment particles.
Moreover, these OCs compounds have been identified in the sediment dump located 68
Km upstream the sampling site and also in the particulated and dissolved phases of
water samples and in sediment samples from the Ebro River (Grimalt, 2006; Lacorte et
al., 2006; Gémez-Gutiérrez et al., 2006; Bosch et al., 2009). Thus, these compunds can
be bioaccumulated at high concentrations in the organisms due to a potentially high
exposure. The OC levels obtained in this aquatic insect (with the exception of HCHs) at
station T downstream of the pollution source are much higher than those reported in
high mountain lakes (Campbell et al., 2000; Catalan et al., 2004; Bartrons et al., 2007)
where OCs have mainly an atmospheric source. As far as we know, no comparable OC
data exist in aquatic insects from other rivers with a high pollution load, only one
reporting PCBs in emergent mayflies in the upper Mississipi River (Steingraeber et al.,
1994). The levels of PeCB, HCB, DDTs and breakdown products and PCBs in benthic

macroinvertebrates from the lower Ebro are the highest ever reported in aquatic
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ecosystems, warning about the high levels of bioavailable hazardous chemicals in this

area mainly due to chronic pollution.
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FIGURE 1. Concentrations (ng'g” dw) of organochlorine compounds detected in nymphs of E. virgo from the study area.
MZ is the site located upstream the sediment dump and T is downstream. All OC concentrations are significant (P<0.05),
except for y-HCH.

The mayfly E. virgo is appointed as a test organism due to its sensitivity to pollutants,
which may play a key role in assessing the ecological status of rivers in Western Europe

that suffer from pollution with a wide variety of toxicants (Van der Geest et al., 2000;

De Haas et al.,, 2002). Thus, it is important to note that T site is located 68 km
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downstream of the waste dumping site and that was the first area where populations of
E. virgo were abundant. In addition, a personal observation of the behavior E. virgo
nymphs when they were placed in trays at the field was that at site MZ (upstream) they
exhibited a very active behavior with a very fast movement of the body and the tracheal
gills, while at site T nymphs were moving slowly and presented a weak appearance.
Despite many abiotic and biotic factors can determine the presence of species in highly
polluted rivers, as habitat constraints, food availability and its sensitivity to
contaminants (De Haas & Kraak, 2008), the high pollution load downstream of the
pollution source is hypothesized to be one of the main causes explaining E. virgo
absence or low abundances at the first 50 km after the sediment dump. Recent studies in
the area affected by the Flix sediment dump reported dioxin-like toxic effects in cell line
activities and in fish (Eljarrat et al., 2008; Bosch et al., 2009), as well as alterations in
some bioachemical markers (Lavado et al., 2006) associated to the high levels of PCBs
in the environment. Experiments with particle-feeders as Daphnia magna have shown a
feeding depression after exposures to pesticide mixtures (Barata et al., 2008) and
sublethal effects affecting the life cycle have also been detected in tolerant species as
the midge Chironomus riparius exposed to polycyclic aromatic compounds and
pesticides (Hahn et al., 2002; Paumen et al., 2008). Other studies focusing on
macroinvertebrates showed reduced secondary production and malformations in highly
polluted environments (Edsall et al., 1991; Bonada et al., 2005; Skinner & Bennett,
2007). Therefore, even though Station T appeared to be the first area downstream of the
sediment dump where E. virgo population were abundant, this species could suffer

sublethal toxicity effects due to the high OC bioaccumulation.

Organochlorine Concentrations during Ephoron virgo Nymph Growth

The largest concentration changes were detected for HCB, > DDEs and ) PCBs, which
showed a slight decrease from first to second instars, followed by a steady increase until
late instars. The concentration change in the latter compounds was significant when
comparing nymphs with a mean body length of 7.5 mm to those about to emerge (Table
1). y-HCH was not detected in the first instars but was present in the last two, observing
the highest concentrations in latter nymphs. When performing the polynomial contrasts,

HCB, y-HCH, Y DDE and ) PCB concentrations in 2005 showed a significant linear
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relationship with nymph size (Table SI2), describing a general pattern of OC
bioconcentration with nymph growth. The more representative bioaccumulated DDE
congener increasing with nymph growth was 4,4’-DDE, while for PCBs it was
PCB#153, exhibiting concentration changes about 2 and 1 fold higher, respectively,
between each instar (Table SIl1); and also following a linear relationship according to
general Y DDE and Y PCB patterns. PCB#52 and 2,4’-DDE were only detected in one

instar and at very low levels.

TABLE 1. Concentration of Organochlorine Compounds in Ephoron virgo nymphs during 2005.

Date Mean size'  Mean concentration ( ng g” dw)’ + SD

(mm)x SD HCB y-HCH >DDD YDDE >DDT >PCB
29-May-05 6.4£1.6 18+ 1lab ND 74+14a 141+ 12a 148 £41a 134 + 4ab
12-Jun-05 7.542.1 21+3a ND 32+6a 80 +2a 62+7a 91 +5a
04-Jul-05 10.9£3.5 52+4ab 8+7a 42+7a 286+ 58ab  107.5+0.2a 163 +8ab
04-Aug-05 15.742.6 83+13b 28+16a 72+2a 448 +28b 142 + 6a 241+ 15b

"body length from Cid et al. (2008). 2 replicates containing several individual in each one (n = 3). ND: not detected. Results
in the same column sharing the same letter are not significantly different (P < 0.05)

In contrast, neither PeCB nor a, B, -HCH were detected, and no statistical differences
were observed for ) DDT and Y DDD among nymph sizes. Although no significantly
differences were detected, > DDD (including 2,4’-DDD and 4,4’-DDD) and the
congener 2,4’-DDT presented a similar pattern in nymphs. That is, the first instar
showed similar concentrations for these compounds than the last one, but observing a
decrease in the second and third instars with values half those at the beginning and at

the end of growth.

The amount of OCs incorporated by growing nymphs depends on its bioavailability in
the river and therefore on its dilution and dispersion downstream. No information is
available on the main uptake routes of pollutants in E. virgo, but since the industrial
sediment dump located upstream of Station T contains large amounts of hazardous
materials (Grimalt et al., 2006), the particle-bound OCs released downstream can be the
main uptake source into the organisms via ingestion. Thus, OCs circulating in the river

bound to particulate matter throughout the year, as PCBs and DDTs, (Gomez-Gutiérrez
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et al., 2006) are likely uptaken as food and can bioconcentrate as nymphs grow, mainly
in late instars. This pattern is described in other Ephemeroptera as Hexagenia limbata
which bioconcentration occurred as a result of ingestion of contaminants sorbed to
sediment organic carbon (Drouillard et al., 1996). The general pattern of these
compounds to increase with nymphal development may be also related to a change in
lipid content, having the older nymphs the highest lipid stores, according to the energy
available in the stage prior to emergence and reproduction, as seen in other
Ephemeroptera (Meyer, 1990; Cavaletto et al., 2003). This suggests that OCs may
follow the patterns of lipid storing along growing nymphs. On the other hand, the
general decrease of OCs from the first to second instar could be explained by a shift in
diet since early instars feed on fine particulate organic matter and latter instars can also
feed on suspended detritus and algae (De Lange et al., 2005). Therefore, the particle size
and nature of ingested food at each instar could also be a factor to take into account to

explain the patterns of OC bioaccumulation.

Considering that the studied species is heterometabolous and moults along its growth,
we presume that some amount of OCs could be adsorbed to the exoskeleton and that the
moulting process could be involved in their elimination, as observed for some heavy
metals in this species (Cid et al., 2010). No previous studies on aquatic insects have
reported OC concentrations according to the nymph or larval growth, and neither the
biotransformation of these products by insects. The high presence of DDT breakdown
products suggest that they could be originated from the biotransformation of DDT along
the mayfly growth, since organisms can biotransform DDT, i. e. transforming 4,4’-DDT
to 4,4’-DDE (Vives et al., 2005b). However, this fact was not observed in our study as
the ratio between 4,4’-DDT and 4,4’-DDE over the life cycle did not present any
significant variation (0.336 + 0.13, average * standard deviation) suggesting the 4,4’-

DDE might be mainly uptaken directly from the environment.
Organochlorine transfer across life cycle stages

When measuring the different life cycle stages of E. virgo over two years, 2005 and
2007, significant interannual differences were observed(P<0.05). Despite these
differences, similar trends of bioaccumulation were observed (Figure 2). For both
studied years, adults (mainly males) presented the highest concentration for the total

sum of OCs (Table SI3). Eggs clearly showed significantly lower values compared with
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adults (p<0.05), except for PeCB, because some samples were below the detection limit
or were at very low concentrations. PCBs and DDDs were present in eggs at
significantly lower concentrations than in nymphs and adults (p<0.05) while DDTs,

DDEs, HCHs and HCB had similar values than nymphs but lower values than adults.
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FIGURE 2. Concentration of organochlorine compounds over different stages of development of Ephoron virgo in 2005 and
2007.

The OCs transfer from subimago females to eggs in this study was very low (Figure 3),
with a mean ratio of 0.3 and 0.4 for 2005 and 2007, respectively. The high OC
concentrations found in subimago females are not in agreement with the low
concentrations in eggs. This weak maternal transfer could be explained by the lipid

content and composition of eggs, by the mechanisms of lipid transport and by the
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structure of the eggshell. In freshwater ecosystems, maternally inherited OCs in eggs
have been studied mostly in fish (Svendsen et al., 2007; Volta et al., 2009) and reptiles
(Rauschenberger et al. , 2004; Kelly et al., 2008) but, as far as we know, just one
laboratory study with eggs of aquatic insects has been done and none in field conditions.
Standley et al. (1995) found that the chlorinated compound chlordane was highly
transferred to eggs in the mayfly Centroptilum triangulifer in laboratory conditions,
contrarily to our results. These differences between mayflies could be explained by the
thickness of the eggshell as a strategy related to the biology of the insect. Thus, Gaino
& Rebora (2005) observed that oviparous species as Baetis rhodani presented thick
eggshells since the egg has to survive in the environment, while ovoviviparous and
parthenogenic Cloeon dipterum presented a very thin layer since the embryos develop
inside the mother. Thus, as C. triangulifer is parthenogenic (Standley et al., 1995) and
E. virgo 1s oviparous (Hinton, 1981), the E. virgo egg protection must be thicker.
Moreover, E. virgo ovulation occurs in female nymphs about to emerge (late instar) and
in the subimago, thus the eggs could be under a lower exposure time, resulting in lower
OC levels. On the other hand, since the polarity of lipids determines the affinity for
binding non-polar contaminants as OCs, the proportion of polar and non-polar lipids at
different life cycle stages could be important to understand the observed patterns. For
instance, mayfly eggs contain more than a 65 % of proteins and a 25% of lipids (Meyer
et al., 1990). Both proteins and lipids are internally transported from the fat body to the
oocytes via hemolymph by two main lipoproteins, vitellogenin and lipophorin (Tufail et
al., 2009), and stored as protein yolk and lipid bodies (Ziegler & Antwerpen, 2006).
While vitellogenin is the most abundant yolk protein precursor and transports low lipid
content into the oocyte, lipophorins transport up to a 50% of lipids, mostly
diacylglycerol. For instance, in fish eggs, low DDT accumulation was observed in the
yolk since the precursor vitellogenin transports the most polar phospholipids with low
OC affinity (Ungerer & Thomas, 1996). In the same study, DDT bounded to
lipoproteins rich in non-polar triglycerides and a high DDT concentration was found in
eggs. Therefore, the lipid composition bound to lipoproteins determined the affinity for
binding non-polar contaminants. The egg lipid content in insects is mainly formed by
triglycerides, whereas lipophorine transports diacylglycerol (Ziegler & Antwerpen,
2006) and not triacylglicerol as in the case of lipoprotein in fish. Thus, the transport of a
specific type of lipids to the oocyte could explain our results for low OC

bioaccumulation in eggs.
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FIGURE 3. Ratio [egg]/ [subimago female] of the organochlorine compounds in 2005 and 2007.

The OC transfer to emergent E. virgo was evaluated using a ratio between the last instar
nymphs and the male imagoes and female subimagoes in 2005. In general, the
concentration change in emergent organisms was notable, with mean ratio values from
1.3 to to 6-fold higher depending on the compound (Figure 4). The highest
concentration changes were observed for ) DDE and HCB in subimago females while
for males were Y DDE, with values 6 fold higher than in the prior nymph stage. No
PeCB was detected in 2005 in nymphs and imago males, and therefore no transfer ratio
could be calculated. We detected that ) HCH, > DDE and ) PCB had an increase from
the last nymph stage to the adults 2-fold higher in imago males than in subimago
females (Figure 4). Adults contained significantly higher DDTs and DDEs than nymphs
(p<0.05) but for DDDs, PCBs, HCHs and HCB only males were significantly higher
(see Table SI2). This shows that sexual differences in OC bioaccumulation was
observed for several compounds, as 4,4 DDE, PCB#101, PCB#118, PCB#138,
PCB#153 and PCB#180 which presented significantly higher concentrations in imago
males than in subimago females (p<0.05), and thereby obtaining a higher transfer in

males.
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FIGURE 4. Ratio[subimago female]/ [last instar nymph] (A) and ratio[ adult male/ last instar nymph] (B) of the
organochlorine compounds in 2005.

Taking into account that subimagos and imagos of E. virgo do not feed, the high adult
OC concentrations compared to nymphs might be due to a decrease in lipid content used
as energy that lead to a concentration of OCs per dry weight in the adult tissues. The
sexual differences can be also explained by the total amount of lipids present in males
and females. Sartori et al. (1992) described that mayfly adult males used a 52% of lipids
for flying while females used no significant fat. According to this, Cavaletto et al.
(2003) observed a higher % of lipids in subimago males (stage prior to emergence) than
in subimago females since males would need more energy for the flight. In the case of
E. virgo, male subimago moults to imago and swarms during approximately 20 minutes
until females emerge. Females emerge, mate and ovoposit as subimagos, avoiding the
last moulting and the waiting flight of males, and therefore they should have less
energetic requirements than males. Thus, the higher use of lipid as energy for flying can
lead to a higher OC concentration in males since we captured them when they were

already swarming. In addition, since subimago females analyzed in this study were
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sampled plenty of eggs, the lower egg OC concentration may have diluted their total
body burden.

Ecological implications of OC bioaccumulation in E. virgo

In general, the use of the pollution sensitive species E. virgo revealed the potential
ecological effects of chemical contaminants on the benthic community and the use of
this species as indicator is of special concern for the protection and control of the
ecological status of the lower Ebro River, as suggested previously by Klok and Kraak
(2008) for the Rhine River floodplain. The pollutant load detected in this keystone
species evidenced the ecological risk of the lower part of the Ebro River in a context
where the objectives of the Water Framework Directive 60/2000/CE (European
Commission, 2000) and the European Directive 2006/11/CE have to be implemented to
achieve the good ecological status of aquatic ecosystems. Thus, in order to recover the
good ecological status, a restoration plan consisting in the sediment removal from the

Flix reservoir should be achieved.

The variability in OC concentrations during the life cycle has some wider implications
for the food web transfer in the aquatic ecosystem. In the nymph stage, the results
showed that older nymphs may transfer high OCs concentration to higher tropic levels.
A higher body size of aquatic invertebrates, in our case the older nymphs, increases the
predation risk by insectivorous fish (Ware, 1972) and therefore the risk of OC
bioaccumulation. However, since E. virgo nymphs burrow in the riverbed they can
avoid predation better than the subimago and adult stages, but they become easily
available to predators when emergences occur. Emergences of E. virgo in the lower
Ebro can last one month (Cid et al., 2008), a relatively short period compared to the 4
months of the nymph stage. However, the strong evidence of higher bioaccumulation of
OCs in adults together with an increased predation risk during emergences can lead to
an important contaminant transfer to the aquatic and riparian ecosystems, affecting
insectivorous vertebrates. Very high PCB levels were detected in nestling swallows fed
mainly on adult mayflies during the period of mass emergences in Ontario (Smits et al.,
2005), evidencing the need to study the OC patterns along the life cycle when assessing
the food web transfer of these compounds. The mobilization of OC compounds from the

aquatic to the terrestrial environment by emerging insects has been previously reported
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(Larsson, 1984; Fairchild, 1992; Steingraeber, 1994; Corkum et al., 1997). In addition,
since E. virgo adults can travel more than 50 km from the emergence site due to its
aerial passive dispersal strategy (Ibafiez et al., 1991), they can export OCs to long

distances depending on the wind speed and direction.

OC burden in eggs was low compared to the mothers or the last instar stages of nymphs,
however its effect on the hatching success or on the new offspring development is not
known. As far as we know, no studies on the effect of OC in eggs transferred by
progenitors are available for aquatic insects. In addition, the high OC burden in late
nymphs and subimago females could negatively affect fecundity, a sublethal effect

reported for other pollutants as metals (Conley et al., 2009).

Since many factors can affect the OC patterns along the life cycle, as the OC
bioavailability during growth, route of exposure and the ecology and physiology of the
insect, further research under controlled laboratory conditions should be achieved for a
better understanding of OC bioaccumulation dynamics. However, this study showed the
complex patterns of bioaccumulation of OC compounds as a function of the biology and
life history of insects and the uptake pathways when assessing the risk of pollutant

transfer to higher trophic levels in aquatic ecosystems.
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General discussion

The present discussion aims to give a general perspective of the main issues discussed
along the previous chapters and justify the conclusions. Since the main human impacts
in the Ebro River were already described in the introduction, this section was focused
on the two main impacts considered: the assessment and effects of hydrological
alterations and the the relevance of heavy metal and of organochlorine pollution (OC),
by using benthic macroinvertebrates. In general, the present thesis demonstrated that the
freshwater ecosystem of the lower Ebro River is hydrologically altered and suffers an
important anthropogenic stress, experiencing an elevated bioaccumulation of the
existing pollutants in selected key species, which resulted in changes in the structure

and function of the community.

In highly regulated rivers as the Ebro, the hydrodynamic conditions are altered affecting
the composition and diversity of aquatic communities downstream in many direct and
indirect ways, including longitudinal habitat fragmentation, habitat homogenization,
impairment of water quality and the presence of invasive species. In this context, the use
of macroinvertebrates as indicators of hydrological alterations has a long tradition of
study and use for management, including works to implement environmental flows
(Gore, 1978; Gore, 2001; Suren & Jowett, 2006; James & Suren, 2009; Dunbar et al.,
2010).

In Chapter 1 and 2, the response of the macroinvertebrate community to different
hydrological and hydraulic situations was assessed, either considering the taxonomy and
functional trait-based approaches. In Chapter 1, the temporal variation according to

different hydrological conditions was highly reflected in the functional trait composition
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and metrics. A previous situation of relatively high flow in spring determined a
community with a lower functional diversity than in autumn, since the previous long
period of stable and relatively low flows before October provided a higher functional
diversity. However, for clarity in the interpretation of the functional trait response to
flow variation, studies using direct water physical measurements such as water
veolocity or shear stress are required (Statzner & Béche, 2010). This idea was
approached in Chapter 2, showing that most of the trait categories considered in the
study responded significantly (positively or negatively) to water velocity, Reynolds and
Froude number. Several studies have investigated the response of the trait composition
to hydraulic conditions (Lamoroux et al., 2004; De Crespin et al., 2002; Snook &
Milner, 2002; Mérigoux & Dolédec, 2004; Tomanova & Usseglio-Polatera, 2007;
Horrigan & Baird, 2008), demonstrating that traits are a primary filter which determine
which species can survive and reproduce under certain environmental conditions
(Habitat templet theory; Southwood, 1988; Poff &Ward, 1990; Townsend & Hildrew,
1994), and the importance of the physical habitat structuring the assemblages of aquatic

invertebrates in running waters.

As considered for the biological trait approach, a good understanding of the ecological
niche of species based on direct hydraulic measurements would provide more specific
responses to flow variations. Thus, the hydraulic requirements of species and the
response of their biological traits could provide a basis for their application in guiding
river flow management (Gore et al., 2001), considering that functional responses at
microhabitat level can predict reach-scale responses (Lamoroux et al., 2004) and that
the species presenting high habitat hydraulic marginality would be those more sensitive
to hydrological alterations (Dolédec et al., 2007) . Moreover, the higher the taxonomic
resolution, the more precise will be our understanding of their response according to the
hydraulic conditions since different responses were obtained for same genus (e.g.,

Cricotopus (C.) trifascia and C. (C.) bicinctus) (Chapter 2).

Chapter 1 and 2 are one of the few studies comparing simultaneously structural and
functional changes in the macroinvertebrate community in large rivers at different
spatial scales, although this effort has been previously done in other studies considering
large datasets from large spatial scales in Europe and North America (Bady et al., 2005;
Bonada et al., 2007; Béche &Statzner, 2009; Péru & Dolédec, 2010).
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In the context of global change, an increase of temperatures and a reduction of
precipitations have been predicted in Mediterranean climates (IPCC, 2007), and the
impacts on the water resources of the Ebro basin climate have been already studied
(CHE, 2005). This situation together with the present and ongoing projects of water
abstractions in the Ebro due to land use changes (agriculture) can lead to water scarcity
issues and subsequent management problems when proposals concerning environmental
flows are being considered in the Ebro (Sanchez & Ibafiez, 2008) and the Water
Framework directive has to be implemented (European Commission, 2000). For the
moment, changes in the phenology of terrestrial insects, birds and plants (Gordo &

Sanz, 2005) and aquatic insects (Chapter 3 of this thesis) have been detected.

The alteration of the flow regime affects both fish and macroinvertebrate community
composition and enhances the introduction and establishment of alien species (Poff et
al., 2010). Thus, as showed in Chapters 1 and 2, populations of non-native species such
as Corbicula fluminea were dominant which could be explained by their high
reproductive capacity and their low hydraulic requirements, since occupy awide range
of habitat conditions. However, despite the high abundances of this filter feeder in the
lower Ebro, and the high presence of zebra mussel (D. polymorpha) in the reservoirs,
the results from secondary production after 18 years in populations of the native filter-
feeder E. virgo showed even higher values than in 1987 (Chapter 3). This could
probably be due to the dramatic decline of native freshwater mussel populations such as
Margaritifera auricularia or Unio elungatulus C. Pfeiffer (Ramos, 1998; Araujo &
Ramos, 2000), not detected in any of the samples collected during the present study,
since the filtration action of Corbicula could have replaced the previous competition

with naiads.

In Chapters 4 and S the bioaccumulation of heavy metals and organochlorine
compounds in benthic macroinvertebrate fauna downstream of the sediment dump
located at the Flix reservoir were investigated at individual/ population level. The study
organisms were a tolerant (H. exocellata) and a sensitive benthic organism (E. virgo)
which presented different levels of bioaccumulation when considering heavy metals.
Since both species present similar biological traits regarding respiration and feeding
habits, both are filter feeders and breathe by gills (Tachet et al., 2000), we considered
that they would be under similar levels of exposure to contaminants, either via ingestion

of suspended particles or via respiration or direct contact of dissolved pollutants.
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Despite multiple stressors may act simultaneously in the lower Ebro River, the high
bioaccumulation levels detected in H. exocellata (Chapter 4) and the absence or low
densities of species considered as pollutant sensitive (E. virgo) in the first km below the
sediment dump (Chapter 1), indicated that the changes at population level (relative
abundances) were mainly attributed to chemical pollution released from the pollution
source. Due to interespecific different ecophysiological traits which have a
phylogenethic origin (Buchwalter et al., 2008), species with similar biological trait
profile but genetically distant might differ in their ability to maintain stable populations
in metal or OC polluted freshwaters. The higher metal bioaccumulation found in E.
virgo compared to H. exocellata in Chapter 4 evidenced these different
ecophysiological traits. H. exocellata can easily detoxify and eliminate pollutants (Cain
et al., 2004; Buchwalter et al., 2008) and populations did not appear to be affected by
the pollution load, whereas E. virgo populations were adversely affected and started to
be moderately abundant 21 km downstream of Flix and only highly abundant in the
lowermost sampled location from the pollution source (Chapter 3). Accordingly, the
macrobenthic structure changed as river kilometer was increasing from the pollution
impact (Figure 9). Changes at community level have been widely reported in pollutant
enriched freshwaters (Liess et al., 1996; Hutchens et al., 1998; Clements et al., 2000; De
Lange et al., 2004; Cain et al., 2004), giving special attention to the Ephemeroptera
since they usually are one of the first populations showing significant declines in
abundance and richness at sites with high levels of toxic pollutants (Edsall et al., 1991;
Clements et al., 2000; Maret et al., 2003). Moreover, indirect effects on sensitive
populations can increase predation rate under high levels of metal or pesticide pollution
(Clements, 1999; Schultz & Dabrowski, 2001) since sublethal effects can lead to
behavioral changes of animals (e.g., reduced locomotion). This could be possible in the
lower Ebro River, since we observed that nymphs living upstream of the sediment dump
presented a higher mobility than those living downstream. Taking all this into account,
E. virgo was a good bioindicator of pollution since it is sensitive to sediment-bound
toxicants (De Haas et al., 2002) and therefore is considered a species of special concern
for the protection of fluvial ecosystems in its area of distribution (Klok et al., 2008),
which includes the Ebro River and most of the European large rivers. Beyond the spatial
patterns of pollution, temporal changes in the fluvial ecosystem also can determine the
exposure to pollutants by aquatic fauna (Chapman et al., 2003). For instance, in

Chapter 1 the taxonomy-based metrics (including richness, diversity indices and the
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biotic index IBMWP) presented higher values with increasing distance from the
sediment dump only in spring. This higher response in spring was due to those
sensitive Ephemeroptera species such as E. virgo or Choroterpes pictetii, which are
only present as nymphs in spring-summer due to their univoltine life cycle. Therefore,
the life cycle patterns of key indicator species have to be considered to assess spatial
and temporal patterns of pollution. Furhermore, the lower Ebro, although being a highly
regulated river, a higher discharge in wet years following spring snowmelt in the
beginning of spring could lead to a higher pollutant exposure due to the sediment
remobilization from the Flix reservoir and from deposition areas downstream after a

higher discharge.

On the other hand, functional metrics based on biological traits (trait richess, functional
diversity) only detected slight changes in the community along the pollution gradient
(Figure 9). This showed the difficulty to establish a mechanistic understanding of
community responses by using functional metrics based only on biological traits (e.g.,
maximal size, feeding habits), since they do not integrate the different ecophysiological
species traits which are crucial in metal polluted environments. However, the use of a
priori predictions of selected trait modalities based on expected responses to specific
types of impact could improve the cause-effect interpretation of this approach (Dolédec
& Statzner, 2008). In the lower Ebro, since the main pollutants were likely incorporated
via ingestion of particulate matter (Chapter 4), lower proportions of filter —feeders
were expected in the areas closer to the pollution source when considering the whole
macroinvertebrate community as an indicator. This agreed with the results from
Chapter 1, when the trait-based approach was used to detect longitudinal functional
changes from the main dams and the metal and organochlorine pollution source. To our
knowledge, only two recent papers have related biological traits of aquatic invertebrates
with the impact of toxic substances in rivers (Dolédec & Statzner, 2008; Archaimbault
et al., 2010). Thus, it can still be difficult to interpret the response of biological traits to
this specific stress. Moreover, in most of the running waters impacted by toxic
pollutants other type of stressors may act simultaneously which make the scenario even

more complicated.
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Figure 9. General longitudinal patterns observed in the macroinvertebrate community of the lower Ebro River from the sediment
dump at Flix to Tortosa.

In pollutant-enriched aquatic environments, the biology and life history of aquatic
insects should be considered when assessing the risk of pollutant transfer to higher
trophic levels (Corkum et al., 1997; Smits et al., 2005; Bartrons et al., 2007). For this
reason, in Chapters 4 and 5 the transfer of metals and OCs was assessed across the life
cycle considering E. virgo as a model. As studied in Chapter 3, the univoltine and
synchronized life cycle of this species propitiated a good chance to study the transfer of
pollutants along life cycle under field conditions, and therefore reflecting what
happened in the natural habitat. The nymphs of E. virgo hatch in April, and have a fast
development until emergence and reproduction occur in late July, when eggs are
deposited in the river and spend the autumn and winter in a diapauses attached to river
sediment (Kureck & Fontes, 1990). Due to the high secondary production of this species
in the lower Ebro (annual nymph production of 950 mg-m*year dry weight) and to its
abundant adult mass emergences, E. virgo is an abundant prey for insectivorous fish and
birds and therefore is of special ecological relevance. Since the metal and OC fate in
aquatic insects varies with growth and life cycle stages (Smock, 1983; Cain et al., 1992;
Standley et al., 1994; Bartrons et al., 2007) and different bioaccumulation patterns have
been described for different compounds (Smock, 1983), Chapter 4 and 5 illustrated
how the most persistent pollutants as Hg, Cd, PCBs or DDEs were highly transferred to
emergent adults and to the eggs, although the Ilatter presented much lower

concentrations and in the case of Cd the transfer to eggs was minimum (Figure 10).
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Figure 10. Pollutant transfer into the aquatic foodweb, considering the Ebro River as a model (adapted from Chapman et al., 2003).
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The lower concentrations in eggs compared to nymphs and adults in most of the
pollutants could be a key factor to explain the population success of E. virgo at sites far
from the sediment dump. Although bioaccumulation problems at these locations exist,
nymphs could suffer sublethal effects affecting reproduction (Conley et al., 2009).
However, it did not seem to be the case in the lower Ebro due to the high numbers of
emergent adults with high proportions of females reported in Chapter 3. As explained
in Chapter 5, the low OC transfer to eggs could be linked to the lipid content and
composition of eggs, by the mechanisms of lipid transport and by the structure of the
eggshell. These factors could make possible that the pollutant transfer to the following
generation of nymphs was lower, although the effect on the hatching success or on the

new offspring development was not studied.

The different bioaccumulation patterns along nymph growth depending on the
compound analyzed of E. virgo may be related with the size of particle ingested, the
hydraulic preferences at each instar, and to the amount of polluted sediments released

from the Flix dam according to flow. The bioaccumulation patterns of the most
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persistent compounds from Chapters 4 and 5 are shown in Figure 11, combining the
weight measures of E. virgo populations at each instar from Chapter 3 in order to
estimate the contribution of Hg, Cd, DDEs, DDTs and PCBs to the benthic
compartment by this species. The highest persistence of those pollutants in the benthos
ranged from May to July, when emergences began and, as shown in Figure 10, most of
the metals and OCs fate was transferred to the adults. One of the reasons for the low
concentration of pollutants in larger nymphs collected in the beginning of August could
be that they move to slow flowing areas in order to emerge and therefore reflect the
bioavailable pollutants in slow flowing areas, which can be lower due to a lower flow
exposure. Therefore, the hydraulic preferences of macroinvertebrates and the flow
patterns of the river are determinnant for the knowledge of the bioaccumulation
dynamics under field conditions. In Chapter 2, species inhabiting areas of high flow
were mostly filter-feeders or omnivorous species such as Orthocladiinae, which could
be indicators of the bioavailable pollutant loading carried by flow. On the other hand,
species living in slow- flowing areas such as deposit feeders (e.g., Caenis luctuosa)
could reflect the bioavailability of pollutants in depositional areas of the river. This
point of view could be helpful to understand the pollution patterns in the whole

community at mesohabitat scale.
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Figure 11. Pollutant contribution per m? to the benthic compartment by the bioaccumulation in E. virgo at Tortosa, 65 km

downstream of the sediment dump. Hydraulic preferences based on Sagnes et al., (2008). Data calculations were extracted from
Chapters 3,4 and 5.
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Additionally, since bioaccumulation of pollutants in marine filter feeders is
temperature-dependant (e.g., Odin et al., 1997; Loayza-Muro & Elias-Letts, 2007), if
global temperature increases (IPCC, 2007) the pollutant uptake could increase due to
higher filtration rates and changes in solution chemistry and physical kinetics (Mubiana
& Blust, 2007). Thus, apart from alterations on the phenology of species (e.g., E. virgo
life cycle advance of almost a month in 2005 compared to 1987 in Chapter 3), changes

as higher bioaccumulation rates and its toxicological responses could occur.

On the other hand, results of the present thesis regarding the ecological risk assessment
in the lower Ebro River showed that metal and organochlorine compound exposures
were caused by historical pollution from the sediments in the Flix reservoir which
chronically impairs the aquatic fauna, mostly reflected in pollutant sensitive species and
in changes of the function and structure of the community. A recovery of pollutant-
sensitive species such as E. virgo at sites where metal and OC exposures was
demonstrated to be higher would be indicative of remediation. Since a restoration plan
consisting in sediment removal of the Flix reservoir is in process (Resolucion de la
Confederacion Hidrografica del Ebro, 2006), and the European Directive 2006/11/CE
concering dangerous substances into the aquatic environment has to be implemented,
changes in populations of pollutant sensitive species and a reduction of the

bioaccumulation levels in the lower Ebro ecosystem should be expected.

Since many other environmental factors could be also determinant for the
macroinvertebrate composition (flow events, oxygen, nutrients, presence of macrophtes
and other habitat constraints) it is difficult to separate the other impacts from metal and
organochlorine pollution. However, the present thesis provided a strong evidence of the
ecological response to the anthropogenic impacts that the lower Ebro River is suffering,
and demonstrated that these effects acted at different levels of organization, including

communities, populations and individuals.
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Conclusions

The main conclusions of the thesis answering the questions of the objectives are the

following:

1. At community level, the taxonomic-based approach indicated a different
community composition as the river distance increased downstream of the main
impacts (dams and polluted sediments). These changes influenced the
taxonomy-based community metrics, with higher values at the sites located more

downstream due to the presence of species sensitive to chemical pollution.

2. The temporal variability according to different hydrological conditions was
mainly reflected by the functional-based approach (biological trait composition
and its functional metrics), while slight changes in taxonomic metrics were

detected.

3. Within all the habitat constraints measured at mesohabitat scale, direct
measurements as the water velocity and Froude and Reynolds numbers
explained most of the variability of the benthic macroinvertebrate assemblages
and of their functional traits. However, the cover of macrophytes on the benthos

and the interstitial dissolved oxygen did not appear to be determinant.

4. When measuring the ecological niche of species, those taxa with a high
marginality occupied narrower habitat conditions (slow and fast flowing areas)

while other species were tolerant to a wider range of conditions.

5. The taxonomic resolution was crucial to obtain unequivocal interpretations of

the community patterns along the hydraulic gradient, with special attention to
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the group of Chironomidae, wich presented different habitat preferences within
the same subfamily, tribe or genus. Consequently, the taxonomic resolution
influenced the response of the community metrics to hydraulics, since highly

diverse Chironomidae increased the power of the analysis.

Most of the functional characteristics of macroinvertebrates (biological traits)
responded positively or negatively to the hydraulic conditions (e.g. feeding,
locomotion) as a result of an adaptation to the environmental conditions, while
other traits related with life cycle could reflect adaptations to flow regime events

or species interactions.

At population level, an increase of 2°C in the mean daily air temperature during
growth period of the keystone species Ephoron virgo compared to 1987,
toghether with a higher value of degree days accumulated in 2005, appeared to

be the main reason for the advance of 3 weeeks of its life cycle.

Secondary production estimates of E. virgo after the establishment of alien
species with same feeding habits (Dreissena polymorpha and Corbicula
fluminea) showed higher values in 2005 than in 1987, probably due to the
dramatic decline of native freshwater mussels which filtration activity could

have been replaced by those alien species.

The foodweb of the lower Ebro River presented important problems of
bioaccumulation of toxic substances mainly originated in the sediment dump at
the Flix reservoir. A wide variety of pollutants, including heavy metals and
organochlorine compounds, are bioaccumulated at high levels by populations of

filter feeding macroinvertebrates downstream of the pollution source.

Different patterns of bioaccumulation were observed along the gowth of E. virgo
and along the stages of its life cycle. Nymphs and emergent adults presented the
highest concentrations of metals and organochlorine compounds, representing a
high risk to the transfer of pollutants to higher trophic levels. The maternal
transfer of pollutants to eggs existed, although was lower compared to those

pollutant concentrations in adult females.

The different compounds analyzed presented metal- and organochlorine-specific

bioaccumulation patterns, mainly attributed to the variable bioavailability in the
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river at every moment depending on the flow, and to the affinity of each

compound to organic materials.

13. Interespecific differences in bioaccumulation were observed, with higher levels
of pollutants in the sensitive species E. virgo compared to H. exocellata mainly

due to their ecophysiological traits.

Overall, the response to the different type of stressors can be complex, moreover when
including pollution by heavy metals and organochlorine compounds combined with
flow alterations. However, since only those species relatively sensitive to chemical
pollution contribute to the detection of changes at community level, we demonstrated
that E. virgo is a good bioindicator of the ecological risk by toxic contaminants in large
rivers as the Ebro. Moreover, this organism has been already used in laboratory tests,

incrementing their applicability in other levels of organization (e.g., use of biomarkers).

On the other hand, the knowledge of the response of the macroinvertebrate community
and its functional structure to the hydraulic conditions can have potential applications in
the guiding management of environmental flows in the lower Ebro River by providing
useful species-specific information for the application of habitat models using

macroinvertebrates.
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