DDDDDD

BENTHIC-PELAGIC COUPLING IN A COASTAL UPWELLING SYSTEM
(RIA DE VIGO)
The importance of benthic fluxes

Fernando Alonso Pérez

Tesis Doctoral 2015






Universidade de Vigo
Facultad de Ciencias del Mar

Instituto de Investigaciones Marinas

%

UNIVERSIDADE
DE VIGO

BENTHIC-PELAGIC COUPLING IN A COASTAL UPWELLING SYSTEM (RIiA DE VIGO)

THE IMPORTANCE OF BENTHIC FLUXES

Fernando Alonso Pérez

Vigo 1015

PhD Thesis

Tesis Doctoral






La doctora del Departamento de Oceanografia del Instituto de Investigacions Marifias
(IM) perteneciente al Consejo Superior de Investigaciones Cientificas (CSIC), Dra.

Carmen Gonzalez Castro, en calidad de directora de esta Tesis Doctoral
HACE CONSTAR

Que la presente memoria titulada “Benthic-pelagic coupling in a coastal upwelling
system (Ria de Vigo): the importance of benthic fluxes” presentada por Fernando
Alonso Pérez para optar al titulo de doctor por la Universidade de Vigo, fue realizada
bajo mi'direccién y cumple con las condiciones exigidas para su presentacién, la cual

autorizo.

2015.

] 2 3 /-j .
(L ner Gogilleg Co2T0
'1.*"'fv\¢,'““\7 (:’uﬂ yI2s ‘3 G2

o
/

) z
@irmen Gonzalez Castro






Esta Tesis Doctoral fue realizada dentro del
grupo de Oceanoloxia del Instituto de

Investigaciones Marinas (11wm)

perteneciente al Consejo Superior de
Investigaciones Cientificas (CSIC). Fernando Alonso Pérez
disfruté de una beca predoctoral FPU del programa
nacional de Recursos Humanos, durante el periodo 2002-
2004. Los trabajos recogidos durante esta memoria se
desarrollaron dentro de los proyectos TRACA: ‘Desarrollo
de una plataforma observacional para la cuantificacion de
los procesos de sedimentacidén/resuspensién de material
biogénico’, financiado por la Xunta de Galicia (ref:
PGIDITO2RMA40201PR), FLUVBE: ‘Acoplamiento de los
flujos verticales y bentdnicos en la Ria de Vigo’, financiado
por la Comision Interministerial de Ciencia y Tecnologia
CICYT (ref: REN2003-04458/MAR) y MaBenE: ‘Managing
benthic ecosystems in relation to physical forcing and
environmental constraints’, financiado por la Unidn

Europea (ref: EVK3—CT-2002—-00071).






Memoria de Tesis presentada por Fernando
Alonso Pérez dentro del programa de
doctorado en Oceanografia por la
Universidade de Vigo, para optar al titulo

de Doctor

Vigo, 8 de Abril de 2015






AGRADECIMIENTOS

En primer lugar, como no podia ser de otra manera, agradecer a Carmen, la ‘jefa’, directora
y maquina pensadora de este trabajo que por descontado, no podria llegar a finalizar sin tu
ayuda. Gracias por tu paciencia infinita asi como la fe en que esto llegase a este punto, ya
gue por motivos del destino esta tesis ha seguido un camino muy diferente de los
estandares de los doctorandos. Ademas ya has tenido mala suerte que yo sea tu primer
doctorando y hayas tenido que esperar todo este tiempo. De todas formas, he de decir que
aunque ha sido un camino muy largo y que por momentos, desorientado de la meta final,
para mi no ha sido ningun sufrimiento, todo lo contrario, ha resultado todo un placer hacer

este recorrido que sin duda, volveria a realizar. Muchas gracias.

Gracias a todo ese ‘equipaso’ del grupo de Oceanoloxia. Tantas gentes y tantas cosas que
agradecer que sera dificil estar a la altura. Gracias a mifa compi de despacho Trini, porque
deberias sair na definicion do diccionario do que é un bo compaieiro de traballo, unha
persoa coa que se traballa a gusto, coa que te podes rir e por suposto coa que é un prazer
compartir cubiculo durante tantos anos. Espero que ainda queden moitos por diante! Tal
vez saias no google ese si pofio ‘mellor compafieiro de traballo’, terei que probar. Gracias
Rouss, por hacer que los momentos de curro sean agradables y los momentos de fiesta,
todavia mucho mas. Bueno, gracias también por los analisis de POP, POD, SiBio, CHN y
demds siglas... Gracias a la ‘Vane’ por los analisis de nutrientes y por esos momentos de
gloria que nos haces disfrutar a todos con esos shows de la risa. Gracias también por
convertirme un poco al tema vegetal, aunque he de decir que ‘pastar’ todavia me queda
muy lejos. A Pili por los contajes de fitoplancton y por soportarme también unos cuantos
aflos como companero de despacho. A Mdnica, por los analisis de pH y alcalinidad. A
Maruchi, por estar ahi todos estos afos, como compafiera y amiga, gracias. Alba Marinaaaa
(no sé como ponerlo para que suene con acento gringou), una compafiera superchevere

gue hace también que los dias de mar sean mas divertidos. A Paulifia, que siempre esta ahi

Vil



para todo lo que necesites, y que ademds, aunque de manera inconsciente, tus apuntes de
la carrera que dejabas a las futuras generaciones desinteresadamente han colaborado
enormemente para que llegue hasta aqui. A todos esos mis jefes Paco, Des, Fiz, Pepe y Aida
por estar siempre disponibles para cualquier duda, espero haber absorbido al menos un
poquito de vuestro buen hacer cientifico lo mismo que vosotros habéis hecho de mi tocayo
y seguramente razon indispensable que ha hecho posible la formacion y el crecimiento de
este grupo, Fernando Fraga. A Diana, un gustazo trabajar contigo, salir al mar, dar clases
juntos, ademas de una buena amiga. Espero que en un futuro no muy lejano te afiadas al
grupo de mis ‘jefes’. A Maria, compa de doctorado, e Isabel ‘Belinha’ por disfrutar de
momentos en el mar y en las islas afortunadas. A Toni, ainda que o tempo distanciou as
nosas vidas, gracias por uns comezos maravillosos, sempre estardn na mina lembranza esos
momentazos na Praga Maud. A todos los que pasaron por la mesa de doctorandos a mis
espaldas, tal vez ha sido siempre una sefial que he ignorado todos estos afios. A Miguel, mi
primer compa, gracias por experiencias vividas y tu amistad que sigue siempre ahi creciendo.
Parece mentira, eras un doctoransito, y ahora eres uno de mis multiples jefes. Antdn,
compafiero de carrera, despacho e incluso de casa durante un tiempo, gracias. A Lidiuski y
Maribel, ademas de disfrutar de vuestra compafila a mi lado, gracias por compartir
experiencias oceanicas, ademas de esos momentos ‘verano azul’ por las calles de ‘Chorono’.
Y al resto del laboratorio, Susana, Marcos, Noe, Maria José, Belen, Oscar, Samanta... Han
sido muchos afos y tantas gentes que han pasado que seguramente me habré olvidado a

alguien, gracias a todos.

A Evuchil, que complicado poner estas palabras, aunque desafortunadamente ha sido poco
el tiempo que has estado con nosotros, has entrado como un huracdn y te has hecho rapido
un hueco entre nosotros, te doy las gracias por haber tenido la oportunidad de conocerte y

disfrutar de tu alegria durante este tiempo, gracias compaiiera.

Y no me puedo olvidar del equipo de ‘boyeros’ que han tenido que emigrar por las Europas,

gracias a las politicas de ‘expansion’ de este pais, para ensefiarles a esas pobres gentes

Vil



como se hacen las cosas. Nico, Kiko, Javichu, ha sido un enorme placer trabajar a vuestro
lado, se os echa mucho de menos. Menos mal que para contrarrestar, tenemos a Rocio en
casa ahora, gracias Rocio por esas risas continuas que hacen que uno se sienta humorista,
un gustazo trabajar contigo en barco y tierra a pesar de que las existencias de cinta
americana han menguando considerablemente desde tu llegada. Gracias Kiko por
ilustrarme con toda esa tu sabiduria del refranero popular, ademas de ser un compa de

buceo espectacular.

A la tripulacién de B.O. Mytilus, Jorge, Pirri, Apo, Waldo, Leyenda... por vuestra ayuda y
disponibilidad durante todas esas campanas, y qué decir de esa comilona de fin de proyecto,
qgue tiempos aquellos mytileros!. A Clarita, que nos hizo disfrutar también en su etapa

mytilera, y ahora contempordnea de escritura de tesis, vamos ahi compafieral.

A mis queridos Pablifio y Marisol. Hace ya unos poquillos afios Pablo que el remote sensing

hizo que se cruzasen nuestras vidas. Gracias por seguir ahi todos estos anos!.

Y qué decir de mi familia de Cadiz: a mis primas de Cadil!!: Sara, Mamen, Celia y Meryengels
(aka “fruby’). Gracias por hacerme sentir como en casa. Sara, o mi alter ego en esas tierras
del sur, gracias por los momentos vividos y hacer siempre agradable tantos momentos de
trabajo y ocio, ademds de esas conversaciones poliglotas que siempre me hacen saltar una
sonrisa al recordarlas. Gracias, sabes que un cachito de esta tesis te pertenece. A Merche e
Idoia, amigas y companferas de batalla de trabajo y del Cadi profundo, esas tardes de la
‘folklorica’ y el frisbee de ‘avenida’ son inolvidables. Gracias también a todo el
departamento de Quimica-Fisica de la Universidad de Cadiz: Jesu, Lalo, Rocio, Dori, Pablo,

Vivian, Quique... que hicieron siempre mis estancias alli mas que agradables.

Gracias a Maria y Patri, presidentas de honor del supermajismo, por incluirme en tan

prestigioso club.



Gracias al grupo de futbol sala: Elsi, Gelo, Buis, Bruno, Alhambra, Miguel, Berto, Eva, Mar,

Attila, Gabri... por hacer siempre mas feliz el comienzo de la semana.

A mi panda de Ourense por esa amistad inquebrantable desde tiempos de infancia y que
sigue ahi a pesar de distancias y tiempos sin vernos. A Javi, mi ‘brodel’, Cris, Diego y Juan.
Muchos han sido los momentos vividos desde nuestras inocentes adolescencias plagadas de
futboles, baloncestos, tenis, ‘competiciones ciclistas’ hasta tapitas, copitas, cenorrios... en

fin, compartir lo mejor de la vida. Muchas gracias.

A esa comuna de ‘Melrouse’!! Han sido ocho afios de mi vida acompafiados de gentes
espectaculares. A mis compas de piso. Y cdmo no, empezando por Apifio, un compa de piso
y amigo, gracias por compartir todos esos afios, grandes momentos en ese nuestro hogar,
comidas espectaculares, barbacoas, dias de navegacidon en ‘pocho’, también dias de frio, y
sobretodo, esas charlas de horas infructuosas, que divertido es no estar de acuerdo!. A
Jorginho, que nos conocimos marcando merluzas en tanques ‘de esquinas redondas’ y hasta
ahora una amistad de lujo dentro y fuera del agua. Ese Javorras, otro gran compafiero de
piso, y mejor persona, es dificil encontrar personas que se te acerquen en bondad. Ambos
sois los siguientes en este proceso de doctorizacidn, mucho animouu! Eso se merecera un
correspondiente fiestén. A Manuel también, menos fiestoso pero igual un gran companero
de hogar. A los vecinos de ‘Melrouse’, a Arfonzo, illooooo, un gustazo disfrutar de tu
compafiia, ver cdmo has crecido en el arte del flamenco a pasos agigantados en el jardin, y
también adoptar ese nuestro querido Zizou que nos alegraba la vida. A Eleonorrrrr! ma que
grande!, qué bonito haberte conocido en los mundos gaditanos y después disfrutarte como
vecina. A Jarsé, aunque llegado mas tarde a la comuna, rapido nos conquistd, ideario de los

famosos san juanes comuneros, eso si eran fiestas. También a Fernando, Tere y Xian.

Y a los que quedamos como reducto en Vigo del exilio forzoso de otros nuestros amigos, a
Patri, Bruno, Edward, Chusa, Mdnica, Lara.... gracias por esas quedadas, vinitos, tapitas,
risas, excursiones de monte y gastrondmicas, gracias por reafirmarme en los mejores

placeres.



Finalmente, a mi familia, a mis padres, mayores culpables de llegar aqui. Gracias por vuestro
apoyo y confianza. A mis hermanos Pati y Carlos, y a mi cuiaaa Juani. Gracias por estar ahiy
por estar unidos, después de los momentos tan duros que hemos tenido que pasar
ultimamente. La vida debe tener algo muy bonito esperando a las puertas y espero
compartirlo con vosotros. Muchas gracias a mi sobrina Carolina, todo el que me conoce
sabe que no soy mucho de creencias extraterrenales, pero tengo el sentimiento que me has

llevado en volandas durante estos ultimos meses...

Xl



Xl



A mi familia

X



XIv



iNDICE

CAPITULO |. INTRODUCCION Y OBJETIVOS ceuueureereereerasranransassassassnssassessssssssessssssssssssssssassassasses 1
IO 1Y e e [0 Lol o] o] 4 S 3
1.1 Remineralizacion BENTONICA ....uuviiiiiiiiie i e e e e e e e e aba s 5
1.2 Metabolismo Neto del ECOSISTEMA ...uuuiiiiiiiiiiee e e e e e a b 8
1.3 AT 08 @STUIO 1. et eeeeeee ettt et e e et e et et e et e et et eeeeeae et eeae st eeseseeeeeeeseeaeeeseseeeeenaeeees 9
0 1 &Y= LV 3N 12
R =Y = =Y 3 o =N 13

CAPiTULO Il. HYDRODYNAMIC CHARACTERIZATION AND PERFORMANCE OF AN AUTONOMOUS

BENTHIC CHAMBER FOR USE IN COASTAL SYSTEIMS «ueuureerencraseenseesssessssssesssesssasssasssnsssssssnssnnens 19
1Y e T d - Yot SRR 21
RESUMEBN .. cuiiiiiiiiiiiiieireitecreiretteetncestescascassascascassassassassassossassassassassnsssssassssnsssssnssnssansane 22
IO T4} 4 o Yo [0 Tt 4 oY OIS 23
2. Materials and Methods.......cccoieeiieiieiiiiiiiircrirrirer e recreeeeereeereneraserasesnssenssancnes 25
2.1 Chamber deSCriPLiON .o e e e e e e s s e e e e e e e s s s sabbbaaeeeeeeeeessaanne 25
2.2 Water sample handling and analytical methods ..........coooiiiiiiiiiiieiinii e, 29
T XYY =13 1 0 1= o | RPN 30
B IMIXINE LM i e n e e e e e e e aaaaaaaaas 30
3.2 Hydrodynamics inside the chamber ...t 31
3.3 DBL TNICKNESS ittt e ettt e e e et e e e et bbb e e e et e b aaees 35
3.4 Benthic flux determinations ........ueueeiiiiiiiiiieic e et e e e e e e ea e 39
L B 5 TTY o V1] Lo ] 1 PSPPI 41
5. Comments and recommendations .......cccccceeeiieiieiiieiieiienrieeeeeireecrenereserneenseensraneens 43
AcCKNOWIEAZEMENTS ....iiieeiiiiiiiiiiiiriiiiirsitrrsesrraesesrrsessesresesssssesesssssenssssssenssssssennes 44
0= 1] =] (o= 45

CAPITULO Ill. BENTHIC OXYGEN AND NUTRIENT FLUXES IN A COASTAL UPWELLING SYSTEM (RiA DE
VIGO0, NW IBERIAN PENINSULA): SEASONAL TRENDS AND REGULATING FACTORS ...cceueeereennnesrennnes 51

1Y e T d - Yot SO 53

XV



2L 111 1 1= o TR 54

I 143 e T 0Tt o T o N 55
2. Material and Methods ........ccccciiriuiiiiiieiiiiiiiiniiirnrrreess e reesssssresssssssennes 57
P Y U Lo VY =T PP PP 57
2.2 Sampling strategy and water SamMPliNg.......ooccuuiiiiiiiiiirii e 58
2.3 Vertical PArticle FIUXES ....cooo it 59
D 2 1T o d o 1ol { 1T = PP UUPP 60
2.5 Statistical data ProCESSING .....vviiiiiiiiie ettt stre e e e s aaeeeeas 60
T 3T 1] 61
N Yo [ o T={ =T ] 1V PR PP P PPOTPPRRRP 61
3.2 VertiCal FIUXES .uteiiiiieiiieiiite ettt e e e e s e e e e e e s s s eaab b b reeeeaeeeessansraaeeeaaeesennnnnne 62
3.3 BENThIC fIUXES worveeiiiei i e e e e e e st e e e e e e e e e s atteaeeeeaeeeennnnnres 64
A, DiSCUSSION.c.uuiiieeeiiiiineeiiiienessiiiensssiiiensssesreasssssrsssssesrsssssssssssssssssssssssssnsssssssssssssssnsssss 70
4.1 Comparison with other coastal SyStEMS........ccoviiiiiiiiiiiei e 70
4.2 Factors controlling benthic fluxes in the Ria de Vig0........coocieiiiiiiiiiiniiiiiiieiceeeee 71
L 00 0 1o 111 T T3 81
AcCKNOWIEdZEMENTS .. cceeeiiiiiieiiiiiieiiirriiirrree e sese s rraassesressssessnnesssssenssssssennssss 81
REFEIENCES ..cueeviciiiiiiiiiiiiceeiitiirreeeessee st tressnnesssseesseseesnnnsssssssssssessnnnssssssssssessnnnnssssssnss 82

CAPITULO IV. BENTHIC FLUXES, NET ECOSYSTEM METABOLISM AND SEAFOOD HARVEST: COMPLETING

THE ORGANIC CARBON BALANCE IN THE RiA DE VIGO (NW SPAIN)...ccceuueerrrnneeerrennncerrennneeeeennnens 91
1Y o 13 1 - T ot OO 93
L] 1 4 = o Y 94
IO 1o o e 0Tt 4 T o OIS 95
1Y, 11 o 3 Vo T £ 98
P B (VT VY =Y PO PTRUPPPP 98
2.2. Sampling strategy and water SAMPIiNG......coccuiiiiiiiiiiiiiiie e 98
D T V= o o= | I TU =T PP PPRP 100
D = 1T o | ol [T =S PP PRPP 100
3. RESUILS & DiSCUSSION ...ieuuiiieiieeiienerinnieineiieeesetenerensersnssssnssssassersssersnsssensssenssssnnnes 101
3.1. Hydrographic conditions, pelagic production and respiration rates ........ccccccceeevvecnnnnnns 101
3.2 Vertical fluxes of 0rganic Carbon .......ccooviiiiiiiiiii et 103

XVI



3.3 BeNTNIC FIUXES ittt e e e et e e e s e e e b e e e e e b aa s 107

3.4 NEM: importance of benthic fluxes, mussel culture and fisheries .........ccceevvrrivveeeennnn. 109
ACKNOWIEAZEMENTS ...ttt rre s re e sea e sen s sensssenssesnnsennanans 114
REFEIENCES ..ceeeeriiiiiiiiiiiiiieiititreeeeeeesees st rreennaessssessseeeesnnsssssssssssnessnnssssssssssssasnnnnnes 114

CAPITULO V. EFFECTS OF SUSPENDED MUSSEL CULTURE ON BENTHIC-PELAGIC COUPLING IN A COASTAL

UPWELLING SYSTEM (RIiA DE VIGO, NW IBERIAN PENINSULA) ....ceeeuerreenneceeeenncereenneesnennneeens 121
1Y e 1 d - Yot SO RS 123
2T ¥1 3 1 1= o RS 124
I T3 4 o Yo [ 0Tt 4 oY PP 125
2. Material and Methods ......cceveiieeiiiiiiiiirriricirer e reerereerenerasesaseenssenesnnsennes 128
2.0 SEUAY SITO weeiieiiiie ettt ettt st e e e st e e e st b et e s s bt e e e ettt e e e eabeeeeeabaaeeeane 128
2.2 Water column charaCterization ..........eeiiiiiiiiiiiiiiceieeee et e e 129
PG N Y=Te [T 0 1T 0 A = o PO P PP PPOTROPPPPRR 130
P Y=Y Y o Lol 1 10 D= TP 132
2.5 Offshore EKmMan transport .........eeeeieiieeiiiiee ettt e et e st e e sbaee e e 132
I 2T 1 RS 133
3.1 Hydrographic conditions and suspended particulate matter characteristics................. 133
I ARV A=] o o= LI 0D (TP 139
3.3 BeNTNIC FIUXES oottt e e et e e e e e e b e e e e e b raas 141
4. DiscusSion and CONCIUSIONS .....ceuieuienirenireiieniieeiieiteereneeesreeseencraserasesssessssassrnssennes 144
O VA =Y = g oto] LU oY o TP TR 144
A.2 VErTiCAl FIUXES ovvreeeiiieiieee ettt e e e ettt e e e et e e e e e e e eabbaseeeeseasaaeeaees 145
4.3 BeNTNIC fIUXES . cevvteeiiiieiieeee ettt e e e ettt e e e et e e b eeeeeeb b s eeeerebbaeaaaes 146
4.4 1D Budget: benthic-pelagic COUPIING ......ciiiiiiiiiiiiiiie e 149
ACKNOWIEdZEMENTS ....c.cieeiiieiieec ittt rre e e rea e sen e sen s senssesnnsernanens 151
(0= =] =] Lol =N 151
CONCLUSIONES ..cuceurenreranranrasrocsacrassassassssssssssssesssssssscssssssassnssnssnssnssnssassassnssnssnssnssnssnses 159
RESUMEN ...cuiuieieinceiieiateracesrscasasasassssessssssassssassssssassssassssssassssassssasassssassssasassnsassnsasnns 165

XVII



XVIII



INTRODUCCION Y OBJETIVOS

Capitulo |



Introduccidn y objetivos



Capitulo 3

1. Introduccion

Los margenes costeros se encuentran entre las dreas mas activas bioldgica vy
geoquimicamente hablando de la biosfera (Falkowski et al. 1988, Walsh 1991, Liu et al.
2010). A pesar de ocupar <10% de la superficie oceanica global y <0.5% de su volumen total,
entre un 10-50% de la produccion primaria global tiene lugar en los mismos (Wollast 1998) y
globalmente mas del 90% del carbono orgdnico que se incorpora a los sedimentos se
produce por deposicion de particulas en las zonas costeras (Berner 1989, Wollast & Chou
2001). El ciclo del carbono en las aguas costeras ha sido reconocido como un componente
principal en el los ciclos y balances globales del carbono (Regnier et al. 2013) por lo que,
resulta esencial conocer y entender los flujos de carbono en los sistemas costeros asi como
los factores que los regulan para establecer cudl es su importancia en los balances globales

de carbono (Cai 2011, Bauer et al. 2013).

El destino del carbono organico fijado en las zonas costeras puede ser pérdida a través de
los procesos heterotréficos, exportaciéon al océano adyacente o bien exportacién vertical y
remineralizacidn y/o deposicidn en los sedimentos de la plataforma y/o el talud continental
(Joint & Wassmann 2001). Sélo una pequefia porcidn de esta materia organica queda
definitivamente enterrada en el sedimento (Hedges & Keil 1995). La potencial exportacidn
de carbono organico al océano adyacente varia entre las distintas regiones costeras, desde
un 10% vy 81% de la produccién primaria anual (Falkowski et al. 1988, Pilskaln et al. 1996).
La reparticidon del carbono fijado entre estos compartimentos es fundamental para evaluar

el papel jugado por estos ecosistemas en el ciclo global del carbono.

Las zonas costeras son una frontera entre los sistemas terrestre, ocednico y atmosférico por
lo que en ellas se produce un intenso gradiente tanto de energia, como de materia (Fig. 1).
Ademads, una de las singularidades de las zonas costeras es su proximidad con el sedimento,
que hace que los procesos de interaccidn con esta frontera se vean favorecidos (Soetaert et
al. 2000, Zeldis 2004). De hecho, el acoplamiento peldgico — bentdnico, es decir la conexién
existente entre el ambos ambientes (Marcus & Boero 1998), se ve intensificado con la

disminucién de la profundidad (Suess 1980). El acoplamiento entre los sistemas bentdnico y
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peldgico funciona en ambos sentidos: los ciclos de produccién primaria en la columna de
agua aportan materia organica labil para su regeneracién en el sedimento (Hatcher et al.
1994), de la que los organismos heterétrofos que habitan en el sedimento obtienen energia
y nutrientes (Middelburg & Levin 2009), y a su vez los nutrientes reciclados en el sedimento
constituyen una fuente importante para mantener las altas tasas de produccidn primaria en
estos sistemas (Nixon et al. 1976, Hopkinson 1987, Grenz et al. 2010). Por lo tanto, el
estudio de los procesos y reacciones que transforman y transportan elemento biogénicos
entre el sedimento y la columna de agua son fundamentales para entender los ciclos

biogeoquimicos marinos.

Atmoésfera

OO

Rio 0

. Peldgico Fotosintesis / Respiracion

Acoglamiento -

Bentonico

Intercambio
océano

Respiracion
sedimento

Figura 1. Vista esquematica donde se reflejan los principales procesos biogeoquimicos que
tienen lugar en las zonas costeras que actuan como frontera entre los sistemas terrestre,
ocednico y atmosférico. Se muestra a su vez, la integracion de estos procesos en el
acoplamiento peldgico-bentdnico.

Las mayores tasas de sedimentacidon de materia organica que tienen lugar en los margenes
costeros originan que el primer metro de sedimento en estas areas constituya el mayor
reservorio de carbono organico de la superficie oceanica (Jahnke 2005). Asi, los sedimentos
superficiales en las zonas costeras se convierten en emplazamientos donde se produce una

intensa actividad de remineralizacién de la materia organica (Berner 1980, Boudreau 1997).
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1.1 Remineralizacion bentdnica

El flujo de solutos en la interfase sedimento-agua puede ser debido a su consumo o a su

produccidn, ademas de ello, el movimiento de solutos y particulas se ve modificado por

procesos fisicos de transporte. El conjunto de estos procesos de transporte y de las

reacciones quimicas que consumen o aportan solutos y particulas se conocen como

procesos diagenéticos (Jorgensen & Boudreau 2001). La regeneracidén bentédnica, por su

parte, es el resultado de procesos fisicos, quimicos y bioldgicos que tienen lugar en el

sedimento e interfase sedimento-agua por los cuales se remineraliza la materia organica,

generando carbono inorganico y nutrientes, los cuales son liberados a la columna de agua.
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Figura 2. Secuencia vertical de las reacciones de remineralizacion de la materia organica en
el sedimento asi como la energia libre liberada asociada a cada una de ellas. Se muestra
también la variacion en la concentracién de cada uno de los aceptores de electrones en el

sedi

mento.
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En principio, en los sedimentos la oxidacion de la materia organica se produce
secuencialmente en funciéon de la energia libre, empleando como oxidantes primero
oxigeno, nitrato, 6xidos de Mn e Fe, sulfato y finalmente la propia materia organica via
metanogénesis (Fig. 2; Froelich et al. 1979). Sin embargo, estas reacciones no son

excluyentes, puede existir solapamiento entre los procesos de oxidacidn.

La oxidacion aerdbica utiliza el oxigeno como aceptor de electrones y es la reaccidon que
libera la mayor cantidad de energia (Fig. 2). Por lo que, cuando existe oxigeno disponible en
el sedimento, los organismos capaces de utilizar oxigeno como oxidante predominaran y
éste sera consumido preferentemente. La respiracién aerdbica predomina en sedimentos
peldgicos debido a que estos reciben relativamente pequefias cantidades de materia
organica. La materia orgdnica marina producida de forma natural es una mezcla compleja
de proteinas, hidratos de carbono, lipidos y otros biopolimeros y una representacién de la

oxidacién de este materia organica se puede expresar por la siguiente ecuacién:

(CH20)106(NH3)16(H3PO4) + 1380, ---> 106CO, + 16HNO3 + H3PO,4 + 122H,0

Esta ecuacion establece que el estado de oxidacion medio para el carbono en la materia
organica es cero y que su ratio C:N:P es 106:16:1 (ratio Redfield). Ademas, lleva implicito
qgue la remineralizacion aerdbica esta acoplada a la oxidacidn del nitrégeno en el proceso de
nitrificacion llevado a cabo por bacterias litotroficas. Como consecuencia de ambos
procesos, la concentracidon de oxigeno en el sedimento decrece con la profundidad de la
misma forma que la concentracion de nitrato aumenta (Fig. 2). Cuando la concentracién de
oxigeno se aproxima a cero el nitrato comienza a ser el aceptor de electrones preferido y se
produce la desnitrificacién, un proceso por el cual se genera preferentemente N, gas como
producto final. Ademas de ello, también se acumulan los intermediarios en el proceso de

reduccion del nitrato (Codispoti et al. 2001), el cual se puede expresar de la siguiente forma:

NO3 - NO; - NO - N,O - N,

En la mayoria de los sedimentos costeros existe un acoplamiento fuerte entre los procesos

de nitrificacion y desnitrificacién, de forma que gran parte del nitrato utilizado en la



Capitulo 7

desnitrificacién proviene del nitrato producido en el sedimento mediante la nitrificacion
(Burdige 2006). Codispoti et al. (2001), por ejemplo, muestran que la eliminacién mediante
procesos de desnitrificacion de ‘nitrégeno fijado’, disponible biolégicamente, tiene lugar

casi exclusivamente en los margenes continentales y sedimentos costeros.

Sin embargo, estudios recientes han descubierto que la desnitrificaciéon no es la Unica ruta
metabdlica por la cual el nitrégeno fijado se pierde en forma de N, gas. En 1995, se
identifica un nuevo proceso microbiano (anammpox) por el cual el amonio es oxidado
anaerdbicamente por nitrito a N, gas (Mulder et al. 1995). Posteriormente en 2002,
Thamdrup & Dalsgaard (2002) describen por vez primera el proceso de anammox en el
medio marino. Actualmente, se estima que el anammox contribuye entre un 25 -30% de la
produccion de N,(g) en el medio marino, considerando los sedimentos y las zonas de

minimo oxigeno (Lam & Kuypers 2011, Trimmer & Engstrom 2011).

Una vez que el nitrato es consumido la secuencia de remineralizacién de la materia organica
continda mediante la reduccién de 6xidos de Mn y Fe (Fig. 2) a sus formas solubles (Mn** y
Fe’"). La sulfatorreduccion tiene una eficiencia energética menor comparada con los
anteriores procesos por lo que tiene lugar en sedimentos donde existe un exceso de aporte
de materia organica en relacion a la cantidad de oxidantes disponibles (oxigeno, nitrato y
oxidos de metales). Por lo tanto, la sulfatorreduccién se produce en sedimentos ya muy
reducidos, generalmente donde el oxigeno ha sido totalmente consumido. No es un proceso
muy importante en sedimentos peldgicos sin embargo, puede ser predominante en
sistemas costeros y margenes continentales (Burdige 2006), alcanzando entre un 10-90 %
de la remineralizacién de materia organica (Canfield et al. 1993). En la reduccion de sulfato
se genera sulfuro de hidrégeno (H,S), el cual en muchos sedimentos costeros reacciona con
el Fe para formar formas insolubles de sulfuros de Fe como es el caso de la pirita

(Middelburg & Levin 2009).

Si todos los oxidantes son finalmente consumidos, la materia orgdnica se respira y fermenta
de forma anaerdbica, generando como resultado la formacién de metano (metanogénesis).

La produccién de metano tiene mayor importancia en sedimentos fluviales dénde la
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concentracion de sulfato es mucho menor que en sedimentos marinos (Burdige 2006). La
remineralizacion de materia orgdnica, fundamentalmente la respiracion anaerdbica,
produce la formacidn de varias sustancias reducidas (NH4", Mn2+, Fe2+, H,S y CHy) las cuales
pueden a su vez, volver a ser oxidadas ya que contienen una parte importante de la energia
previamente contenida en la materia organica (Jgrgensen 1982). Hasta un 90 % de las

especies reducidas de Mn, Fe y S pueden llegar a ser re-oxidadas (Canfield et al. 1993).

1.2 Metabolismo neto del ecosistema

El conocimiento de la remineralizacidon de la materia orgdnica en la interfase sedimento-
columna de agua nos aporta una pieza clave de la respiracidn del ecosistema cara a la
estimacion del metabolismo neto del ecosistema (Odum 1956). Este ultimo es definido
como la suma de todos los procesos anabdlicos y catabdlicos de todos los organismos
incluidos en el sistema (Kemp et al. 1997). Por lo tanto, representa un balance entre la
produccidn primaria (P) y la respiracion total (R) en un sistema. La produccion neta de
materia organica se ve influenciada también por la entrada y salida de materia orgdnica del
sistema con los ecosistemas lindantes, ya que pueden modificar los procesos de respiracion
en el sistema (Testa et al. 2012). Los sistemas en los que P > R se denominan autotroficos y
normalmente son sistemas que reciben gran aporte de nutrientes inorganicos en
contraposicion con los sistemas heterotroficos (P < R) los cuales reciben mayor aporte de
materia orgdnica. Mediante estudios del metabolismo de los ecosistemas costeros
podemos obtener una medida integral de los cambios en los procesos ecoldgicos, que
incluyen los ciclos biogeoquimicos de los elementos biogénicos asi como de las
interacciones entre los organismos de la cadena tréfica (Odum 1956). Las tasas metabdlicas
de los ecosistemas costeros nos proporcionan de este modo una medida del estado
ecoldgico del sistema en términos de sus transformaciones biogeoquimicas y su interaccién

con los ecosistemas adyacentes (Heath 1995).

Existe una demanda creciente de aproximaciones cuantitativas e integradoras sobre la
respuesta de los sistemas costeros a diferentes combinaciones de cambios

medioambientales (Kemp & Boynton 2012). Estos estudios de sintesis engloban diferentes
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disciplinas encaminadas a descubrir patrones, mecanismos e interacciones (Hobbie 2000) y
en donde la informacién aportada por la cuantificacion del metabolismo neto del
ecosistema nos ayuda a entender mejor la estructura y funcionamiento del mismo (Odum
1971). Estas aproximaciones integrales deben ser aplicadas para mejorar la efectividad en la

gestidn de recursos costeros (Likens 1998).

1.3 Area de estudio

El noroeste de la Peninsula Ibérica, constituye la Unica zona de afloramiento de Europa.
Dentro de este sistema se localiza la ria de Vigo, una de las cuatro Rias Baixas, valles

tectdnicos en forma de V (Fig. 3), de grandes dimensiones (> 2.5 km?), inundados por la

Prof. (m)

Rias
Baixas

-

Ria de Vigo

E P 5000
L [T, : 5500

30°W  25°W  20°W  15°W  10°W  5°W

Figura 3. Area de estudio. En la izquierda se muestra el alfloramiento del noreste del
Atlantico en el que se localiza mediante un rectangulo la zona de las rias Baixas, las cuales
se muestran en mayor detalle en la figura de la derecha dénde, ademas, se localiza la ria
de Vigo .
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elevacion del nivel del mar (Evans & Prego 2003). Las caracteristicas hidrodinamicas de este
margen costero estan altamente influenciadas por el régimen estacional de viento. Entre
Marzo-Abril a Septiembre-Octubre, el predominio de vientos de componente norte es el
principal responsable del afloramiento de Agua Central Noratlantica del Este (ENACW;
Eastern North Atlantic Central Water), caracterizada por un alto contenido en nutrientes
(Fraga 1981, McClain et al. 1986, Castro et al. 2000). El agua aflorada es advectada hacia el
ocedno abierto en forma de filamentos de afloramiento (Haynes et al. 1993), favoreciendo
por tanto el intercambio de material desde la plataforma continental al océano adyacente.
Durante el resto del afio predominan los vientos de sur-suroeste, favoreciendo condiciones
de hundimiento que provocan la entrada por superficie, de aguas de plataforma en la rias
(Wooster et al. 1976, Castro et al. 1997). Las Rias Baixas se comportan como una extensién
de la plataforma continental, respondiendo de forma directa al viento costero y la
interaccion entre el afloramiento costero y el patrén de circulacidn provocan una alta
produccién primaria dentro de las rias (~1.4 g C m™” d™" durante la época de afloramiento;
Figueiras et al. 2002). Esta elevada produccién primaria es la que ha permitido el
crecimiento de una floreciente industria relacionada con el cultivo del mejillén Mytilus
galloprovincialis Lamark. Las Rias Baixas sostienen la mayor produccion mejillonera de
Europa (250 x 10° kg yr'l), dando empleo directo a 9000 personas y generando alrededor de
unos 20,000 empleos indirectos (Figueiras et al. 2002) lo que implica que es una actividad

de gran importancia socioecondmica en la zona.

Basandose en un intenso muestreo oceanografico, con una frecuencia de dos veces por
semanas, y mediante la aplicacion de un modelo de circulacién 2-D no estacionario, Alvarez-
Salgado et al. (1996) y Roson et al. (1999) establecieron los flujos y balances biogeoquimicos
de C, N, P, Siy O, en la ria de Arousa durante la época de afloramiento. Estos autores
cuantificaron la relacién entre la fraccion de la produccién primaria que se regenera en la ria
y la que se exporta a la plataforma en forma de materia organica particulada y/o disuelta,
obteniendo que ~83% del carbono fijado en la ria es exportado a la plataforma, mientras
que el 17% restante sedimenta en el interior de la misma. Sus resultados también muestran

que del 83% de produccion neta, un 55% es en forma de carbono organico disuelto, lo cual
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implica la ocurrencia de una intensa regeneracidon peldgica en el interior de la ria.
Posteriormente, Gago et al. (2003a) mediante la aplicacion de un modelo de circulacion
similar para la ria de Vigo, obtienen un porcentaje mucho mayor de la fraccién sedimentada
dentro de la ria (~ 62%) frente a la exportada (~ 34%). Si bien estos modelos nos dan un
porcentaje del material que sedimenta en el interior de las rias no pueden llegar a
diferenciar el destino final del mismo; qué fraccion es incorporada (‘enterrada’) en el

sedimento frente a la que sufre procesos de regeneracion bentdnica.

Estudios del incremento de la concentracién de nutrientes del ENACW sobre la plataforma
en relacién al océano adyacente, ponen de manifiesto la ocurrencia de una intensa
regeneraciéon bentdnica. Asi, Alvarez-Salgado et al. (1997) muestran como este
enriquecimiento aumenta hacia el fondo e interior de la plataforma, alcanzado maximos
valores dentro de las rias (Prego et al. 1999). Por otro lado, Gago et al. (2003b) subrayan
cémo la zona interior de la ria de Vigo se comporta como un manantial de CO, bajo
diferentes condiciones oceanograficas, con excepcidn de la época invernal, lo cual también
apunta a procesos de regeneracion bentdnica como causa de este comportamiento. Sin
embargo, a pesar de estas evidencias indirectas, son muy pocas las medidas directas de
estos procesos en la plataforma y todavia menos en el interior de las Rias Baixas. Epping et
al. (2002) obtienen una tasa de deposicién de carbono orgéanico en los sedimentos de la
plataforma de ~15g C m yr'l, de los cuales un 33% pasa a incorporarse en los sedimentos.
Si el valor medio de la produccién primaria neta para la plataforma es de 547 g C m’ yr'1
(Figueiras com. per.), la tasa de deposicion supone tan sélo un 3% de la produccién primaria

neta.

Asi pues aunque en las Rias Baixas se han realizado numerosos trabajos enfocados en el
estudio de las condiciones hidrodinamicas y consecuencias biogeoquimicas bajo diferentes
situaciones de forzamiento externo (escorrentia, viento local y costero, irradiancia...), la
remineralizacién de la materia organica en la superficie del sedimento y la importancia de
los flujos bentdnicos es una de las asignaturas pendientes en este ecosistema de

afloramiento costero.
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2. Objetivos

La presente Tesis Doctoral se centra en el acoplamiento peldgico — benténico, con especial
interés en el estudio de los flujos bentdnicos de nutrientes, oxigeno y carbono en el sistema
de afloramiento costero de la ria de Vigo. Esta memoria se ha realizado en el marco de los
proyectos de investigacion TRACA: ‘Desarrollo de una plataforma observacional para la
cuantificaciéon de los procesos de sedimentacién/resuspension de material biogénico’,
FLUVBE: ‘Acoplamiento de los flujos verticales y benténicos en la ria de Vigo’ y MaBenE:

‘Managing benthic ecosystems in relation to physical forcing and environmental constraints’.

La memoria comienza con el desarrollo de una cdmara bentdnica para medir in situ los
flujos bentdnicos y a partir de aqui, determinar el intercambio de nutrientes, carbono y
oxigeno en la interfase sedimento - agua durante un ciclo anual, establecer cuales son los
factores que les afectan y estimar la importancia de la respiracion benténica en el
metabolismo neto del ecosistema para incluirlos dentro de un balance anual de carbono.
Por ultimo, estudiar los efectos del cultivo de mejillén en los flujos bentdnicos y a su vez en

el posible acoplamiento peldgico-bentdnico de la ria.
A fin de alcanzar el objetivo general se establecieron los siguientes objetivos especificos:

1. Disefio y construccién de una cdmara bentdnica para cuantificar el intercambio de solutos
entre el sedimento y la columna de agua, que funcione de forma auténoma y que esté
adaptada para trabajar en zonas costeras. Este sub-objetivo incluye la caracterizacion
hidrodinamica en el interior de la cdmara bentdnica en condiciones controladas, asi como la

experimentacién en campo para evaluar sus prestaciones y fiabilidad (Capitulo I).

2. Cuantificar los flujos bentdnicos de nutrientes inorganicos y oxigeno en la ria de Vigo
cubriendo las principales épocas oceanograficas durante un afo de estudio. Para
determinar las variaciones estacionales de los flujos bentdnicos y establecer los principales
factores que los controlan, es necesario realizar simultdneamente una caracterizacion
termohalina y biogeoquimica de la columna de agua y realizar medidas in situ de los flujos

verticales de materia orgdnica particulada. Analizar la importancia relativa de la
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remineralizaciéon bentdnica en los ciclos biogeoquimicos de nutrientes en la ria de Vigo

(Capitulo Ill).

3. Utilizar los datos obtenidos in situ y de forma simultdanea, de produccidn primaria,
respiracién peldgica, respiracion bentdnica y flujos verticales, durante el afio de estudio,
para determinar el metabolismo neto del ecosistema. Explorar la importancia de la
respiracion bentdnica y evaluar hasta qué punto, influye en el estado tréfico del sistema.
Elaborar un balance anual de carbono para la ria de Vigo, en el que se incluyan ademas de
estos datos, los potenciales aportes de aguas continentales, asi como las pérdidas de
carbono del sistema en forma de extraccién de cultivo de mejillén, pesca y marisqueo

(Capitulo IV).

4. Estudiar la influencia del cultivo de mejillon en el acoplamiento peldgico-benténico
mediante el estudio de la columna de agua, los flujos verticales y bentdnicos en dos
estaciones de la ria de Vigo, una localizada en un poligono de bateas y otra estacion de
referencia no directamente afectada por el cultivo de mejilldn. Establecer un balance de

carbono 1D para cada una de las localizaciones (Capitulo V).
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Abstract

A benthic chamber (covering 5030 cm? of seafloor) with real time control of sampling and
sensor data transmission has been developed for studying benthic fluxes in coastal
sediments. Enclosed water is stirred by three submersible centrifugal pumps, which are
connected to power circuits that regulate their input voltage and thus, the current velocity
inside the chamber. The complete mixing of the incubated water is achieved within 4
minutes. The 3D velocity field and the distribution of the diffusive boundary layer (DBL)
inside the chamber were characterized at different pump rates in a laboratory tank with a
bottom layer of sediment or a false bottom supporting alabaster dissolution plates. Two
different outlet devices from the pumps were tested. For the one finally selected, averaged
tangential velocities at 5 cm above the bottom ranged from 2.0 cm s to 4.8 cm s7,
depending on the voltage applied to the pumps, providing averaged DBL thicknesses that
ranged from 125 um to 279 um. Average tangential velocity and average DBL thickness
were found to correlate according to: V¢ = 615x[DBL]'1‘02 (R2= 0.97). Successful field chamber
measurements were performed in two shallow coastal systems: Ria de Vigo (NW Spain) and

Bay of Cadiz (SW Spain).
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Resumen

El presente trabajo muestra el desarrollo y la caracterizacidn de una camara bentdnica, que
cubre una superficie de sedimento de 5030 cm’, para el estudio de flujos benténicos en
sedimentos costeros. El equipo dispone de control en tiempo real de los datos de muestreo
asi como sensores de medida en continuo. El agua incubada en la camara es
homogeneizada mediante tres bombas sumergibles, conectadas a los sistemas de energia,
los cuales pueden regular el voltaje de entrada y por lo tanto, la velocidad de corriente
dentro de la cdmara. La mezcla completa del agua incubada se consigue en 4 minutos. Se
estudié el campo de velocidades en 3D asi como la distribucion de la capa limite de difusién
(DBL) dentro de la camara bentdnica en un tanque de laboratorio, utilizando como fondo
una capa de sedimento o un falso fondo de neopreno incluyendo placas de disolucion de
alabastro. Se compararon dos sistemas distintos de expulsién del agua a través de las
bombas. Las velocidades tangenciales a 5 cm sobre el fondo, para el sistema finalmente
escogido, estuvieron en un rango entre 2.0 cm s y 4.8 cm s™, dependiendo del voltaje
aplicado a las bombas, lo que generé espesores promedio de la DBL desde 125 um a 279 um.
La velocidad tangencial y los espesores promedio de la DBL correlacionaron siguiendo la
siguiente férmula: V¢ = 615x[DBL]'1'02 (R2= 0.97). Finalmente, se realizaron
satisfactoriamente medidas de flujos bentdnicos en dos sistemas costeros someros: la ria de

Vigo (NO de Espafia) y la bahia de Cadiz (SO de Espafia).
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1. Introduction

The importance of solute exchange across the sediment-water interface has become
increasingly recognized during recent years (Sayles 1981, Jorgensen & Boudreau 2001,
Hammond et al. 2004), as it influences the water column concentrations and speciation of
several elements (Aller 1980). Furthermore, benthic exchange rates give information about
the diagenetic reactions occurring in the sediments (Berner 1980). Solute transport across
the sediment-water interface is mainly affected by biological and chemical processes within
the sediments (Jorgensen & Boudreau 2001), as well as by the hydrodynamic conditions

near the bottom (Boudreau & Guinasso 1982).

Different methods have been used to study benthic fluxes (for a recent review see Viollier et
al. 2003). Diffusive fluxes can be indirectly calculated from the concentration gradients
measured in sediment pore water (Aller 1980, Sayles 1981, Reimers et al. 1986). An
alternative approach is the direct measure of benthic fluxes from the concentration
evolution in an enclosed water volume in contact with the sediment, in core or benthic
chamber incubations (Pamatmat & Banse 1969, Rowe et al. 1975, Hammond et al. 2004,
Ferguson et al. 2007). Among these techniques, the benthic chambers offer several
advantages. Apart from avoiding sediment manipulation, the sediment surface covered by
the chamber can be relatively large, and therefore, it can take into account the variability
caused by fine scale sediment heterogeneity, as well as the contribution of benthic fauna. In
fact, the presence of meio- and macrobenthos in natural environments can significantly
enhance sediment-water exchange by bioturbation and bioirrigation (Aller & Aller 1986,
Forja & Gémez-Parra 1998, Glud et al. 2003). To correctly represent the faunal activity when
measuring benthic fluxes, measurements should preferably be made in situ and with

relatively large benthic chambers (Glud & Blackburn 2002).

When using benthic chambers the sediment is isolated from the influence of natural
hydrodynamics. A major consideration in the use of benthic chambers is therefore, the
stirring of the water phase (Boynton et al. 1981, Hartman & Hammond 1984). Most

chambers are equipped with a stirring mechanism (e.g. pumps, paddles, magnetic stirring
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bars) in order to simulate natural hydrodynamic conditions and avoid stratification of the
incubated water. The water flow near the bottom affects the bottom stress and thus the
thickness of the diffusive boundary layer (DBL) (Jorgensen & Des Marais 1990, Glud et al.
2003, 2007). The DBL represents a thin viscous film of water at the sediment-water
interface where molecular diffusion becomes the principal mechanism for mass transport
(Santschi et al. 1983, Boudreau & Jorgensen 2001). In some cases, the DBL can act as an
important diffusion barrier and limit the exchange of solutes across the sediment-water
interface (Boudreau & Guinasso 1982, Jorgensen & Revsbech 1985, Archer et al. 1989,
Jorgensen & Des Marais 1990, Jorgensen & Boudreau 2001). In deep-sea sediments with
low biogeochemical activity, the DBL resistance to exchange rates can often be neglected.
However, in active coastal sediments the hydrodynamic conditions and DBL impedance can

be very significant (Jorgensen & Boudreau 2001).

In an attempt to characterize the hydrodynamics imposed by the chambers and make sure
that they do not affect in situ flux measurements, DBL thicknesses inside stirred chambers
have previously been measured directly with microelectrodes (e.g. Glud et al. 1995, Black et
al. 2001) or calculated from alabaster dissolution (Santschi et al. 1983, Buchholtz-ten Brink
et al. 1989, Tengberg et al. 2004). Chambers differing in shape, size and with variable styles
of stirrers will have different specific hydrodynamic conditions. A comprehensive review
and comparison of different autonomous benthic chamber designs and modes of operation,
as well as the different stirring devices used can be found in Tengberg et al. (1995) and

Tengberg et al. (2005).

Benthic fluxes of inorganic carbon, nutrients and oxygen have previously been measured in
situ in coastal waters of the Iberian Peninsula by means of opaque plexiglass stirred
chambers (Forja & Gémez-Parra 1998, Forja et al. 2004, Ortega et al. 2005, 2008). These
chambers, apart from requiring SCUBA divers for their correct placement over the sea-
bottom, had to be physically connected to a vessel or a dock at the sea surface so that
sample collection could be triggered manually. This issue considerably limited the potential
sites where they could be used. Moreover, they did not enable independent ship motion as

the ship has to stay on station attached to the chambers. In this context, this work reports
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the development and testing of a new autonomous stirred benthic chamber designed for
shallow coastal waters. The chamber is large in size in order to obtain representative
measures of benthic exchange, taking into account sediment heterogeneity. The chamber is
provided with an innovative mechanism to verify that it has correctly landed on the sea-
bottom, which avoids the need of SCUBA divers, and it uses a two-way communication
system that allows the user to control all the operational components during the
incubations. The hydrodynamic properties of the chamber were investigated at different
stirring flow rates by measuring the horizontal and vertical current velocities as well as the

DBL thicknesses inside the chamber.

2. Materials and methods

2.1 Chamber description

2.1.1 Structure and components

A detailed diagram of the benthic chamber is given in Fig. 1. The equipment is composed of
a stainless steel frame on which all the operational components are mounted. The weight of
the entire structure, including batteries and ballast, is approximately 245 kg. In the center of
the structure, a 28 cm high cylindrical opaque PVC chamber (1 cm wall thickness) covers
5030 cm’ of sea-bottom. The volume of the chamber is 140.8 + 3.5 L. An 8 cm rim assures
proper insertion of the chamber into the sediment. On top of the cylindrical structure, three
PVC lids operate by means of an external 12 V DC motor through nylon fishing lines fitted on
pulleys. During the landing process they remain open to minimize disturbance of the
sediment and to guarantee that the enclosed water comes from water overlying the sea-
bottom and not from a mixture of the entire water column. A tight seal between the
openings and the lid is ensured by the use of gaskets and stainless steel coil springs which
provide sealing pressure. Prior to field experiments, the chamber was tested for leakage by
placing it inside a large tank filled with water and sediment and injecting a colored tracer

(eosine) into the chamber. No loss of tracer was visually observed.
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Up to twelve 50 mL water sample syringes can be withdrawn during deployment, with a

multiple water sampler (KC Denmark) located on top of the chamber (Fig. 1). The timing of

the samples is software controlled. The volume of sample withdrawn, representing ~0.03%

of the incubated water, is compensated by using a latex sheath. When a sample is

LANDING VERIFICATION ASSEMBLY

Reed
contact

External frame

Chamber
g Rim
8
(—_—
12 V Motor -
Syringe
water
Lid sampler Chamb
p [— Chamber £
= Jet inflow Sensor \H N 8
5 38
& s
Water C Outflow - Slotted tube §
pump -

;;;;;;;;;;;;;;;;;;;;;;;

Figure 1. Schematic side-view drawing of the benthic chamber equipment, including
a zoomed view of the land verification assembly. Expanded image is not to scale.
Material shown: sensors (1 of 4), water pumps (1 of 3), lids (1 of 3), outlet slotted
tubes (2 of 3) and electronic cases (1 of 3).
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withdrawn, it fills up with external water that remains isolated from the incubated water, so

that it avoids a pressure change inside the chamber as well as the input of external water.

Inside the chamber, sensors for temperature (SBE-39), pH (SBE-18), oxygen (SBE-43) and
turbidity (Seapoint Turbidity Meter), which were provided by the company Sea-Bird
Electronics, Inc, give a continuous recording of these variables during the incubation time.
All electronic components are housed inside watertight titanium pressure-cases, which are
fixed to the frame and interfaced through 4- to 8-pin marine connectors. Power to operate
the chamber is derived from different sources. Two 12 V-7.2 Ah rechargeable batteries
power the sensors, the electronic equipment and the water sampler, while a rechargeable
oil pressure compensated battery (12 V-76 Ah) powers the stirring mechanism and the
motor that opens and closes the lids, providing power for approximately 12 hours of

autonomous operations.

2.1.2 Stirring mechanism

Water recirculation inside the chamber is achieved using three submersible centrifugal
pumps (Totton DC 30/5), which are located outside the chamber, attached to the frame and
connected to the chamber through silicone tubing (3 mm wall thickness). The 12 V DC
stepper-motors are placed inside watertight housings, useable up to 100 m depth, and
magnetically coupled with the impeller. The three pumps flush water from the upper part of
the chamber wall and jet it back into the chamber through adjustable inlet nozzles located
near the bottom (Fig. 1). The jet outflows and inflows are placed every 120° apart, for an
even current flow. The stirring assembly is connected to power circuits that regulate the
output voltage applied to the pumps, so that current velocity inside the chamber can be
controlled. Five different output voltages (up to 8 V) can be easily set at the power circuit

box. At maximum pumping rate the total consumption of the system is below 6 A.

2.1.3 Deployment and landing verification assembly

During a typical deployment, the benthic chamber is lowered from the ship by a mooring

line, stopping at a few meters above the seabed to allow the sensors to stabilize. The lids
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remain open and the stirring system is already working to avoid possible contamination
with water from upper layers. After several minutes, the chamber is slowly lowered,
minimizing sediment disturbance, until it reaches the bottom. The turbidity sensor is a good
indicator to check re-suspension effects from the landing process. Once on the sea-bottom,
the lids are closed and the communication surface buoy, which is connected to the chamber
data logger by an electromechanical cable, is released from the ship. The cable is always
released in excess to overcome changes in water column height due to waves and tides. The
estimated floatability of the communication buoy is ~ 20 times smaller than the in-water
weight of the chamber (~ 200 kg). Occasionally, in sites with strong water currents or waves,
an auxiliary intermediate ballast may be released on the sea-bottom, between the benthic
chamber and the buoy, to prevent the transmission of currents and wave motions from the

buoy to the chamber instrument.

An innovative mechanism, based on reed switches, was designed to verify proper landing of
the chamber on the sea-bottom (Fig. 1, upper right). When the chamber contacts the sea-
bottom and the rim sinks into the sediment, three methacrylate bases, located at the
bottom collar surrounding the chamber, elevate three steel bars, making the reed switches
contact with a magnet. This contact is checked by applying an electrical signal to the system.
As these three devices are placed 120° apart, it is assumed that a signal coming from the
three reeds indicates a correct horizontal landing of the chamber and, therefore, that the
chamber is level and right side up. A similar procedure using reed switches is applied to

confirm closure of the lids.

2.1.4 Data Acquisition and Communication

The whole system is controlled by a CR10X Campbell Scientific Data Logger. Two different

telemetry communication mechanisms have been successfully tested:

(i) a two-way Global System for Mobile communications (GSM) that enables data acquisition
in real time, as well as monitoring sample withdrawn, pump rates, batteries and

confirmation mechanisms. The GSM communication system is housed in a watertight case
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mounted on the communication buoy at sea surface, and is connected to an 8 db antenna
that assures good transmission coverage, and to the benthic chamber data logger through a
submersible electromechanical cable. The main advantage of this system is not being

distance limited within phone coverage.

(ii) a 869 MHz radio frequency, two way communication system (SATELLINE-3AS, SATEL).
The receiver is mounted on the communication buoy at sea surface and the transmitter is

mounted on board, covering distances up to 4 km.

The software controlling all the operational components of the chamber has been
developed from Campbell’s commercial scientific software. The computer interacts with the
data logger to verify the proper insertion of the chamber into the sediment, to operate the
lids, to set sample time collection and to select the output voltage applied to the stirring
system. The software also displays the signals of the sensors as well as the battery voltage in

real time.

2.2 Water sample handling and analytical methods

Water samples for NH," analysis, collected during the field chamber incubations reported in
this work, were filtered and determined with a segmented flow Alpkem autoanalyzer
(x 0.05 pumol kg'l). Water samples for N,O and CH; analysis were carefully drawn,
immediately after they were recovered, in 25 mL air-tight glass bottles. Samples were
preserved with saturated mercuric chloride, sealed with Apiezon grease and stored in the
dark until analysis. Dissolved N,O and CH; concentrations were determined with a gas
chromatograph (Varian CX 3600) provided with an Electron Capture Detector (ECD) and a
Flame lonization Detector (FID). In-syringe head space equilibration was used to extract the
dissolved gases from the water samples. The precision of the method, including the
equilibration step, expressed as the coefficient of variation based on replicate analysis (n
=25) of a seawater sample saturated with CH; and N,0, was 4.8% and 6.6%, respectively.

The concentrations of the gases in the water samples were calculated from the
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concentrations measured in the head space, using the functions for the Bunsen solubilities

given by Wiesenburg & Guinasso (1979) for CH,4, and Weiss & Price (1980) for N,0.

3. Assessment

3.1 Mixing time

A set of experiments were made in order to estimate the mixing time of the stirred water
inside the chamber and the total volume of incubated water. The chamber was placed
inside a tank and incubated after injecting 50 mL of a 20 mM sodium nitrite solution.

Immediately after the injection, twelve water samples were withdrawn and analyzed for
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Figure 2. Time series evolution inside the chamber of nitrite concentration after
injection applying three different voltages to the water pumps (a) and sampling at
three depths (output voltage : 4 V)(b).

[NO,] (Grasshoff et al. 1983). Once the NO, concentration remains constant with time, it is
assumed that complete mixing is achieved. Incubations were performed applying a range of
voltages (4 V-8 V) to the submersible pumps. In one of the experiments water samples were
withdrawn at different heights (3 cm, 15 cm and 25 cm above sea-bottom) in the water

column inside the chamber, in order to test possible gradient formation.
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Results showed that the nitrite injected inside the chamber achieved a constant
concentration 3-4 min after the injection at the lowest voltage (4 V, Fig. 2a,b) and this time
was reduced to 3 min and 1.5 min when the output voltage was increased to 5V and 8 V,
respectively. Regarding the gradient formation, the experiment with samples collected at
different heights showed that after 4 minutes the nitrite concentration was the same for
the three depths (Fig. 2b). These results confirm that water is homogenized in less than 4
minutes and that there is no stratification inside the chamber, which means that the
sampled water is representative of the entire incubated water. The mixing time for this
chamber is within the range reported by Tengberg et al. (2005) for 14 different designs of
chambers, which cover sediment surface areas between 78 and 12100 cm?. These authors
measured a wide range of mixing times, with values varying from less than 1 min to more

than 60 min (in most cases between 0.5 min and 8 min).

3.2 Hydrodynamics inside the chamber

The 3D velocity field inside the chamber was characterized by means of a NORTEK Acoustic
Doppler velocimeter. The experiments were carried out in the same tank used for testing
for leakage. Two different mechanisms for the jet outflow were tested for their ability to
duplicate the hydrodynamic conditions and bottom DBL thickness of the natural
environment: (i) mechanism A, a 10 cm-long PVC tube ending in an elbow (2 cm of inner
diameter) (Fig. 3a), and (ii) mechanism B, a 23 cm long PVC tube (2 cm of inner diameter)
with a 1 cm-wide slot and sealed at the end (Fig. 1, Fig. 3b). Both systems are hereinafter
called elbow and slotted tube, respectively. In the former, the water comes out the tube in
a single water jet, whereas in the latter, the water exits the tube and forms a wider water
stream throughout the slot. The outlets are located 5 cm above the bottom and are

horizontally oriented in the same direction, with a slight upward inclination.

Water velocities for testing mechanism A were measured with a NORTEK Acoustic Doppler
velocimeter provided with three receiver arms (Vector 3D current meter), whereas when
testing mechanism B an improved velocimeter (Vectrino) was used, which is comprised of

four streamlined receiver arms and a substantially smaller probe. The latter allowed



32 Benthic chamber characterization

broader velocity coverage inside the chamber due to its smaller dimensions. The factory-

. . . -1
calibrated instrument’s accuracy is+ 0.1 cms™.

Figure 3. Schematic drawings showing the location of (a) velocity measurements at 5 cm
above the sediment using elbows as outlet system; (b) velocity measurements at 5 cm
above the sediment using slotted tubes as outlet system (solid circles represent the
positions where vertical velocity profiles were performed); (c) alabaster plate locations for
the estimation of DBL thicknesses. Space between ticks is 10 cm.

The PVC chamber cover was replaced by a methacrylate top, in which a 2 cm wide radial
groove allowed the current meter to be moved inside the chamber. Once the current meter
was fixed at the sampling point, the rest of the groove was sealed. Sampling locations were
distributed along 5 radials (A-E) at 20° intervals (Fig. 3), covering a 100° section situated
between the inflows and outflows of two pumps. Therefore, results can be inferred for the
rest of the cylindrical chamber. Velocities were measured in a horizontal layer at 5 cm
above the sediment, applying five different voltages to the stirring system. Vertical velocity

profiles were also measured at some locations, as shown in Fig. 3b.

For the two stirring mechanisms, the horizontal velocity measurements indicated that the
flow is mainly tangential and rather uniform along the circumference. The contour map of
the tangential velocity inside the chamber (5 cm from the bottom), using the elbow system
(Fig. 4a) reflects a high concentric gradient of the horizontal velocity field. Measured
horizontal velocities ranged from 0.3 cm s to 4.4cm s at4Vand 0.7 cms " t0 9.8 cms™ at

6 V. Higher velocity values were obtained close to the chamber wall, as a result of the
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proximity to the elbow water outlet. The module of horizontal velocity decreases rapidly
towards the center, so that the flow velocity is lower than 1 cm s™ in approximately 25 % of
the total chamber area when applying 6 V to the pumps. The area affected by this very low

horizontal velocity increases to up to 42 % when applying 4 V to the pumps.

51
—10

Figure 4. Distribution of the tangential velocity (cm s™) measured at 5 cm above the
bottom, comparing two outlet systems: elbows (a) and slotted tubes (b-d). Voltage
applied to the pumps: (a) 5 V; (b) 4 V; (c) 6 V and (d) 8 V. Arrows show the direction of
the flow, and their dimension reflects the horizontal velocity module (cm s'l). Space
between ticks is 10 cm.
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The slotted tube system appears to be a more reliable stirring mechanism. Table 1 presents
the averaged tangential velocities at each of the applied voltages. The vector velocity
distribution (Fig. 4b-4d) reveals that the flow inside the chamber is characterized by a
tangential and relatively uniform flow in the horizontal layer. The result is a rotary flow
generated inside the chamber, with average tangential velocities between 2 cm st and 5
cm s, depending on the voltage input to the submersible pumps (Table 1). Although
velocity slightly increases towards the centre of the chamber, it shows a minimum in the
centre due to the rotating circulation. This portion of the chamber, characterized by
velocities under 1 cm s™, occupies only 0.6 % of the total chamber area. Vertical profiles of

the horizontal velocity (Fig. 5) also indicate a constant profile in the water column.

Table 1. Input voltage to the stirring system (V), pump rate (L min'l), averaged tangential
velocities (V1) and range of vertical velocities (V;) measured at 5 cm above the bottom;
averaged DBL thicknesses calculated both from individual alabaster plates (weighted by the
area represented by each plate) and from ca” increase, and estimated mixing time at different
pump rates and input voltages. The last line corresponds to the experiments done using the
elbow system.

DBL DBLCa”*  Mixing
Voltage  Pump rate 1 1 s . .
V) (L min) Vi(ems?) V,(cms™) individual increase time
plates (um) (um) (min)
4 139+09 2.04+0.64 -0.64-1.33 27975 333.2 <4
5 18.4+0.7 2.49+0.73 -0.40-1.95 231 +98 229.2 <3
6 229+0.6 3.10+0.83 -0.79-2.13 180 + 80 -- --
7 27.4+05 3.71+1.02 -1.48-2.78 139+59 197.0 --
8 32.0+04 4.77+130 -1.08-2.73 125+55 195.4 <15
5 184+0.7 1.79+1.06 -0.72-0.96 309 +120 369.5 --

Regarding the vertical velocity field inside the chamber, weaker velocities were measured
compared to the horizontal velocity range (Tablel). Negative values indicate a downwards
flow and vice versa. The contour map of the vertical velocity at 5 cm above the bottom (Fig.

6a) shows that water inside the chamber ascends from the center (positive values) and
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descends mainly close to the wall, creating a circular flow. This feature is confirmed by the

vertical velocity profile from the chamber wall to the center (Fig. 6b).
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Figure 5. Horizontal velocity profiles applying three different voltages to the water
pumps. (a) Profile D2 (30 cm to the chamber centre, see Fig. 3). (b) Profile D5 (15
cm to the chamber centre, see Fig. 3).

3.3 DBL thickness

DBL thicknesses inside the chamber were estimated using the alabaster dissolution method,
both through weight loss of individual alabaster plates and through the [Ca®'] increase in
the overlying water (Santschi et al. 1983, Buchholtz-ten Brink et al. 1989). Thirteen 5x5x 1
cm square alabaster plates were pre-weighed and mounted on a neoprene bottom at
different positions inside the chamber (Fig. 3c). The alabaster pieces were painted on the
sides and bottom with polyurethane to prevent dissolution from non-exposed surfaces, and
were fitted into the neoprene so that they did not protrude from it. For the experiments, a
tank was filled with fresh water and the neoprene bottom with the alabaster plates was
inserted. Immediately after, the chamber was placed on top of it to start the experiment.

Approximately 14 hours were needed for measurable weight losses in the alabaster plates.
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During this period, twelve water samples were collected for ca® analysis. [Ca2+] were
measured by means of an inductively coupled plasma mass spectrometer (ICP-MS). After

each experiment, the alabaster plates were carefully removed, air-dried and weighed.

(a) (b)

0 1.2

Figure 6. (a) Contour map of the vertical velocity over the chamber surface at a height of 5
cm above the bottom. The locations of the water outlets are the same as in Fig. 3. Positive
values: ascending velocities. (b) Profiles B and D of the vertical velocity field from the wall
(W) to the centre (C); height in cm. Velocity units: cm s Voltage applied to the pumps: 6V.
Space between ticks is 10 cm.

The DBL thickness, calculated through Ca®" accumulation in the overlying water, is given by

the following expression:
z = Dcaz+(Csar-Co) /F (1)

where Dcay+ (cm2 s'l) is the molecular diffusion coefficient for Ca’* at a given temperature,
Csat is the Ca®* concentration at saturation (g cm'3), Co is the initial Ca”* concentration (g
cm‘3) and F is the dissolution flux of Ca*' (g cm™? s'l). Dca2: and Cgy: were taken from
Buchholtz-ten Brink et al. (1989). Besides, the DBL thicknesses of individual plates were also

calculated from their weight loss by modifying equation (1) as:
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z = Dcaz+(Csat-Co)At/0.2328 x wt loss (2)

where A is the surface area of the alabaster plate (cmz), t is the time exposed to dissolution
(s), wt loss is the measured weight loss from the alabaster plate (g) and the constant 0.2328
is the relative Ca** weight in alabaster. DBL thickness inside the chamber was estimated for
the two different pump outlet devices as stirring system (elbows and slotted tubes). As

expected from the velocity distribution inside the chamber, the DBL thickness obtained for
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Figure 7. Contour maps of the DBL thickness inside the chamber obtained from alabaster
plate observations, comparing two outlet systems: elbows (a) and slotted tubes (b-d).
Voltage applied to the water pumps: (a) 5V; (b) 4 V; (c) 6 V and (d) 8 V. Units are in um. The
locations of the water outlets are the same as in Fig. 3. Space between ticks is 10 cm.
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individual alabaster plates reflected the velocity pattern, with thicker DBL at low velocities
and thinner DBL at high velocities. The DBL thickness using the elbow outlet device (Fig. 7a)
was only measured for purposes of comparison, applying an output voltage of 5 V to the
pumps, as it had already proven to be less appropriate (from the velocity measurements)
than the slotted tubes system to reproduce natural hydrodynamics. Thus, DBL thickness
using the elbows system was, as expected, highly variable and showed a concentric
distribution with values increasing from 165-235 um at the chamber wall to 820 um at the
center. The DBL thickness distribution obtained using the slotted tubes (Fig. 7b-7d)
presented comparatively less variability throughout the chamber surface, with values
decreasing towards the center. Radial C, which is the one located 60° from the pump
outflow, showed in all cases a higher gradient than the other two, with values decreasing
along this transect from 330 um (265 um) near the chamber wall to 163 pm (97 um) at the
center, for output voltages of 4 V (8 V) respectively. This results in a portion of the chamber
near the wall and between two pumps characterized by a DBL which is about 2.5 times
thicker than the DBL in the rest of the chamber, as seen in the contour maps (Fig. 7b-7d).

This portion of the chamber represents around 20 % of the total chamber area.

The average DBL thickness calculated from individual plates, weighted according to the area
represented by each plate, and from the dissolution of Ca** is presented in table 1 for each
experiment. There was a good correlation between the weighted average DBL thickness
obtained from the weight loss of individual alabaster plates and DBL thickness calculated
from the rate of increase of Ca** concentration (R*= 0.88) (Fig. 8a). When applying different
pump rates to the stirring system, weighted average DBL thickness inside the chamber
ranged from 278 um to 125 um (Fig. 8b) and a high power correlation (DBLthickness= 3641
[Pump Rate] ®%’; R%= 0.98) was obtained between these two variables. In general, averaged

DBL thicknesses estimated for the different pump rates are at the low range of those

measured in other benthic chambers (Tengberg et al. 2004, 2005).

As expected, when comparing the tangential velocity (5 cm above the bottom) with the
averaged DBL thickness, the latter gets thinner as the horizontal velocity inside the chamber

increases (Fig. 8c), obtaining a high power relationship (Vs = 615 x [DBL]>%%) (R*= 0.97).
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Figure 8. (a) Plot showing the relationship
between average DBL thickness estimated from
weight loss of individual plates and DBL thickness
estimated from the Ca’* increase inside the
chamber. (b) Average DBL thickness estimated
from weight loss plotted versus pump rates (c)
Weighted average DBL thickness plotted versus
average tangential velocity. Solid circles represent
data using the slotted tubes as outlet system. Solid
square shows the only datum obtained using the
elbow system.

3.4 Benthic flux determinations

In Fig. 9 we present, as an example, the results
of two recent benthic chamber deployments in
two shallow coastal systems: Ria de Vigo (NW
Spain) and Rio San Pedro creek (salt marsh area
of the Bay of Cadiz, SW Spain). The former
deployment was performed at 20 m depth,
average wave height < 1m, sediment
characterized as muddy sand containing 6-8 % of
organic matter (Vilas et al. 2005) and the
average depth obtained for 0.1 % PAR was 16.5
1 3.2 m. The other deployment was located at a

4 m-depth station, characterized by muddy

sediments with 2-3 % of organic carbon and a porosity of 0.8 (at the top 5 cm of sediment).

Measuring benthic exchange rates of major oxidants and nutrient or reductant species

allows constraining the stoichiometries of the reactions taking place in the sediments during

organic matter remineralization. The concentration evolution of the variables studied in the

plotted examples suggested that incubation times of around 5-8 hours were sufficient to

calculate benthic fluxes at these sites. In both examples dissolved oxygen decreases

approximately 20% in around 5 hours. In the Ria de Vigo, a linear decrease in pH and in the
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concentration of dissolved oxygen and a consequent linear increase in the concentration of
the nutrient NH,", collected as discrete samples, are well represented as a result of the
benthic metabolism inside the chamber during the incubation. Results from the turbidity

sensor also indicate that the system is able to maintain the initial hydrodynamic conditions
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Figure 9. Two examples of the evolution of the response of the sensors (dissolved
oxygen, pH and turbidity) measured during in situ benthic chamber incubations. (a)
Incubation at the Ria de Vigo, NW Spain. Ammonium measurements are included
(b) Incubation at Rio San Pedro creek, Bay of Cadiz, SW Spain. Measurements of
dissolved methane and nitrous oxide are included.
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throughout the whole incubation. Similar sensor responses are found in the creek, where
discrete samples were taken to analyze dissolved methane (CH4) and nitrous oxide (N,O),

which increased linearly during the incubation.

4. Discussion

The sediment surface covered by the chamber (5030 cmz) and the incubated water volume
(140 L) make this chamber one of the largest compared to other benthic chambers in the
literature (Berelson & Hammond 1986, Jahnke & Christiansen 1989, Glud et al. 1995,
Tengberg et al. 2004, 2005). Although this feature makes it a high energy demanding
chamber due to its need for a stirring system able to homogenize such a water volume, Glud
& Blackburn (2002) have shown that increasing the chamber radius results in a better
precision of the estimated benthic oxygen fluxes, as it better accounts for the spatial
heterogeneity in sediments with high macrofauna abundance. Thanks to the large radius of
the chamber (40 cm), one single benthic flux measurement can be considered as reliable, as
it may have similar or even better precision than 8 replicate measurements made with a 5

cm radius chamber (Glud & Blackburn 2002).

It has been demonstrated that central stirring devices (paddles, magnetic bars) on benthic
chambers create a radial flow velocity gradient with high flow velocity at the periphery and
low velocity at the center (Glud et al. 1995), which may be enhanced in a chamber covering
a high area of seafloor. In this work, centrifugal pumps have been selected and two water
outlet systems have been compared in order to achieve and maintain the most possible
homogeneous velocity flow throughout the chamber area. The stirring mechanism,
consisting of three centrifugal pumps with three slotted PVC tubes as water outlet system,
has succeeded in generating quite constant hydrodynamic conditions in most of the
chamber. Water mixing within the chamber water phase is achieved in less than 4 minutes
and the stirring system has been able to prevent gradient formation in the overlying water,
fulfilling the main function of a chamber stirring system (Glud et al. 1995) which ensures
that the measurements performed during the incubation represent an average condition of

the water inside the chamber.
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The selected stirring device produces a rotary flow with average tangential velocities (5 cm
above bottom) ranging from 2 to 5 cm s depending on the voltage applied to the pumps.
These values are of the same order of magnitude as others reported in the literature for
several near-shore coastal environments near the studied sites (e.g. Kagan et al. 2001, Ruiz-
Villarreal et al. 2002), but lower than current velocities found in energetic coastal systems
(e.g. Piedracoba et al. 2005). However, it must be taken into account that these reported
values represent free-stream velocities, which exhibit a logarithmic decrease near the
seabed due to frictional effects (Ogston et al. 2005), and therefore are expected to be lower

at 5 cm above the bottom.

At high oxygen fluxes, the sediment oxygen consumption has been found to be dependent
on the water flow dynamics above the sediment (Boynton et al. 1981, Jorgensen & Des
Marais 1990), and consequently on the DBL thickness (e.g. Jorgensen & Revsbech 1985,
Arega & Lee 2005). Jorgensen & Des Marais (1990) showed that diffusion through the DBL
on a microbial mat constituted an important rate limitation on the oxygen flux, and that DBL
thickness decreased from 590 to 160 um when the flow velocity increased from 0.3 to 7.7
cm s, which raised the oxygen uptake from 56 mmol m™> day” * to 135 mmol m™* day *. On
the other hand, Tengberg et al. (2004, 2005) studied the hydrodynamics inside various
radically different benthic chambers and concluded that the chamber design and the
hydrodynamic setting did not significantly influence the benthic fluxes of oxygen and
nutrients measured in homogenized macrofauna-free non-permeable sediments. However,
Tengberg et al. (2004) argued that in sediments with high oxygen uptakes (> 11 mmol m™
d), the impedance imposed by the DBL could be higher, and therefore, there could possibly
be more differences among the fluxes measured with the different chambers. Therefore in
coastal active sediments, where oxygen uptake is often very high (e.g. Lopez et al. 1995,
Berelson et al. 1998, Forja et al. 2004, Ortega et al. 2005) and where macrofauna normally
play an important role in benthic exchange (Forja & Gémez-Parra 1998, Glud et al. 2003),
the effect of overlying hydrodynamics on benthic fluxes is probably higher. Recently, Glud et
al. (2007) demonstrated that, though DBL thickness has only a modest effect on the annual

O, uptake, it can strongly affect benthic O, concentration and O, uptake in a time scale of a
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few hours. Hence, a detailed characterization of the DBL thickness inside the chamber
seems to be crucial for estimating benthic fluxes, especially if working in active coastal

environments with high oxygen demands and affected by wave or tide action.

Considering the good correlation (R* = 0.98) obtained between the pump rates and the
average DBL thickness, a range from 2 to 6 V would generate mean DBL thicknesses inside
the chamber ranging from 175 um to 645 pm. These values are consistent with DBL
thicknesses reported in situ in coastal environments (Gundersen & Jgrgensen 1991, Glud et
al. 2003), as well as with laboratory DBL thickness measurements for several benthic
chambers (Buchholtz-ten Brink et al. 1989, Glud et al. 1995, Brostrom & Nilsson 1999,
Tengberg et al. 2005). Therefore, voltage regulation over the centrifugal pumps allows our

benthic chamber to match a range of coastal hydrodynamic conditions.

5. Comments and recommendations

In this manuscript, we have reported the design, development and testing of a novel
benthic chamber for use in shallow coastal areas. The stirring system has been shown to be
reliable and able to reproduce a range of flow regimes as well as DBL thicknesses. However,
fluxes can be highly variable in natural ecosystems, especially in areas where the influence
of waves and tidal currents reaches the seafloor. In those cases, a steady flow inside the
chamber may not reproduce this natural variability and associated fluxes. Additionally, even
if the flow inside the chamber is well defined, the presence of biogenic structures (mounds
or pits) or bedforms (ripples) at the sediment surface may significantly alter the effective
DBL thickness distribution compared to the laboratory-derived values for a flat bottom.
Special care must be taken when working with sediments with any significant degree of
permeability, as the stirring of the water phase may generate artificial pressure gradients
inside the chamber, enhancing pore-water advection and, thus, benthic fluxes (Janssen et al.

2005).

Due to the shallowness of coastal environments, benthic primary production may be

significant at some sites, even where only small amounts of light reach the sediment surface
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(Jahnke et al. 2000) and, consequently, opaque chambers are unable to integrate net
benthic metabolism and to determine benthic photosynthetic production. Moreover, the
latter may alter heterotrophic processes by modifying the sediment redox status (Risgaard-
Petersen et al. 1994). However, the PVC chamber body may be replaced with a transparent

one for studying net metabolism in sediments where light reaches the bottom.

To conclude, the equipment has power to operate autonomously for approximately 12
hours. Whether this length of time is sufficient for accurate benthic flux measurements
depends on the magnitude of the fluxes in the study area and the sensitivity of analytical
methods employed to measure chamber water parameters. Our initial field measurements

show typical fluxes from coastal sediments that can be resolved within this time.
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Abstract

Benthic oxygen and nutrient fluxes play a key role in the biogeochemical cycles of carbon
and nutrients in coastal regions. However, there are no previous studies focused on benthic
fluxes in the NW Iberian coastal upwelling system on an annual basis. The present work
analyses the seasonal trends of benthic oxygen and nutrient fluxes as well as the main
factors that control them in the Ria de Vigo. Between April 2004 and January 2005, 16
oceanographic cruises were carried out to measure water column properties, vertical fluxes
of particulate organic matter by means of sediment traps, and oxygen and nutrient fluxes
using a benthic chamber. Rates of sediment oxygen consumption (18 to 50 mmol m?d?),
phosphate (0.08 to 0.34 mmol m2d™), silicate (1.7 to 10 mmol md™), ammonium (1.1 to
4.9 mmol m™ d) and nitrate (-0.95 to 0.78 mmol m™ d) ranged near the upper limit of
benthic fluxes found in similar coastal areas. Nitrogen fluxes were dominated by ammonium
fluxes (83 %). Benthic fluxes of oxygen, ammonium, phosphate and dissolved silicate were
significantly lower during winter but did not show differences during spring, summer or
autumn. The strong mutual correlations among fluxes points to the importance of aerobic
respiration in the remineralization of organic matter. The amount and quality of organic
matter appears to be an influencing factor on the benthic fluxes but it seems that changes
in temperature, modulated by upwelling/downwelling pulses, trigger and control the
benthic fluxes on the short time scale. The study assesses the importance of benthic fluxes
to the potential primary production of the system as remineralized benthic nitrogen and
phosphorous may account up to 41 % and 61 %, respectively, of the nutrient inputs from

upwelled and continental runoff waters.
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Resumen

Los flujos benténicos de oxigeno y nutrientes tienen un papel importante en los ciclos
biogeoquimicos de carbono y nutrientes de las zonas costeras. Sin embargo, en el sistema
costero de afloramiento del noroeste Ibérico no existen estudios previos de flujos
bentdnicos que engloben un afio de estudio. En este trabajo se analizan las variaciones
estacionales de los flujos benténicos de oxigeno y nutrientes asi como los principales
factores que los controlan en la Ria de Vigo. Entre los meses de abril de 2004 y enero de
2005, se realizaron un total de 16 campafias oceanograficas, en las que se midieron las
propiedades de la columna de agua, los flujos verticales de materia organica particulada por
medio de trampas de sedimento y los flujos bentdnicos de oxigeno y nutrientes mediante
una camara bentodnica. Las tasas de consumo de oxigeno por parte del sedimento (18 a 50
mmol m™? d?), de fosfato (0.08 a 0.34 mmol m2d™), silicato (1.7 a 10 mmol m™d™), amonio
(1.1 a 4.9 mmol m? d%) y nitrato (-0.95 a 0.78 mmol m? d) se encuentran en el rango
superior para flujos bentdnicos obtenidos en zonas costeras similares. Los flujos bentdnicos
de amonio tienen un papel predominante en los flujos totales de nitrogeno (83 %). Los
flujos de oxigeno, amonio, fosfato y silicato fueron significativamente inferiores en invierno
pero no mostraron diferencias significativas durante las estaciones de primavera, verano y
otofio. Las fuertes correlaciones entre estos flujos sefialan a que la respiracidon aerdbica
juega un papel importante en la remineralizacion de la materia orgdnica. Tanto la cantidad
como la calidad de la materia organica son factores importantes que controlan los flujos
bentdnicos, pero parece que los cambios de temperatura del agua de fondo, modulados por
los pulsos de afloramiento / hundimiento , desencadenan y controlan los flujos bentdnicos a
cortas escalas de tiempo. El estudio evalia ademas, la importancia de los flujos bentdnicos
sobre la produccidn primaria potencial en el sistema, obteniendo que el nitrégeno y el
fésforo inorganicos remineralizado en el sedimento puede representar hasta un 41 % y un
60 %, respectivamente, de la entrada de nutrientes al sistema provenientes de la suma de

aguas afloradas y aguas continentales.
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1. Introduction

Covering only 10 % of the total ocean surface (Wollast 1998), ocean margins support an
important fraction of global primary production (10-50 %) and up to 83 % of carbon
remineralization occurs in coastal sediments (Middelburg et al. 1993). Benthic and pelagic
processes are generally tightly coupled in shallow marine environments where sediment
nutrient regeneration is fueled by organic matter deposited in the sediments and previously
produced in the water column (Nixon 1981). Conversely, benthic remineralization of
nutrients within shallow coastal systems may sustain high proportions of the water column
primary production (Boynton et al. 1980, Grenz et al. 2010), which may supply up to 75% of
phytoplankton nutrient requirements (Billen 1978). These processes are enhanced within
coastal upwelling systems where higher rates of primary production promote higher vertical
organic matter fluxes (Varela et al. 2004, Thunell et al. 2007) so that higher amounts of

organic carbon are available for remineralization in the sediments (Jahnke 1996).

Benthic remineralization processes have shown to be influenced by several factors.
Temperature has been identified as the main factor controlling the seasonal variation of
benthic fluxes in temperate estuaries (Cowan et al. 1996) as it affects porewater solute
transport (Jahnke 2005) as well as metabolic activities of most organisms (Lomas et al.
2002). Another important factor is the supply and quality of organic matter to the sediment
(Nixon 1981, Stahl et al. 2004, Farias et al. 2004). Inputs of organic matter to the benthic
environment may be based on primary production, primary production plus allochthonous
organic matter and/or organic matter deposition rates (Hopkinson & Smith 2005). The
redox status of the sediment and the overlying water column affects remineralization
processes such as nitrification and denitrification (Sundby et al. 1992). Bottom water
dissolved oxygen has also been reported as a factor controlling benthic flux rates (Caffrey et
al. 2010), while nutrient concentrations of the overlying water may influence diffusion
gradients and hence, flux direction (Boynton & Kemp 1985). Finally, feeding, bioturbation
and burrowing of benthic macrofauna influence rates of organic matter inputs to the
sediment, the rates and pathways of organic matter mineralization and thus, the amount of

regenerated dissolved nutrients (Aller 1988, Kristensen 1988, Christensen et al. 2000).
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The Rias Baixas (NW Iberian Peninsula, see Fig.1) are four flooded tectonic valleys that act
as an extension of the adjacent continental shelf. Their hydrographic regime is highly
influenced by upwelling/downwelling dynamics, mainly controlled by the along shore wind
over the continental shelf (Roson et al. 1995, Figueiras et al. 2002). The upwelling of
nutrient-rich subsurface Eastern North Atlantic Central Waters (ENACW) favours the high
primary production of the region (Fraga 1981). Several studies have shown that the nutrient
content of ENACW is increased over the continental shelf (Alvarez-Salgado et al. 1997), with
maximum values inside the Rias (Prego et al. 1999), probably due to intense benthic
remineralization processes. In fact, measurements of magnetical properties of the Rias
Baixas sediments point to a strong early diagenesis, which gains intensity towards the Ria
interior (Emiroglu et al. 2004, Mohamed et al. 2011). On the other hand, Alvarez-Salgado et
al. (1996) and Roson et al. (1999), using a 2-D non-stationary box model for the Ria de
Arousa, concluded that 83 % of the carbon fixed in this Ria during the upwelling period is
exported to the adjacent continental shelf and the other 17 % settles on the sediment. Later
on Gago et al. (2003), applying a similar box model for the Ria de Vigo, estimated a much
higher fraction of organic material settling onto the sediments (~62%). Although these
previous works presented an estimate of the percentage of organic material deposited onto
the sediments in the Rias, they were not able to distinguish between the remineralized and
buried fractions of the organic matter. The only studies of directly measured diffusive
benthic nutrient fluxes refer to the continental shelf off the NW Iberian coast (Epping et al.
2002) and inside the Ria de Pontevedra (Dale & Prego 2002). Recently, (Alonso-Pérez et al.
2010) have measured the total nutrient benthic fluxes under a mussel raft in the Ria de Vigo
during an upwelling event. In this context, the present work aims to quantify, for the first
time in this coastal upwelling system, the benthic oxygen and nutrient fluxes over the
course of one year, to study their main controlling factors and to evaluate the importance of

the fluxes in the potential productivity of the system.
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2. Material and Methods

2.1 Study Area

The study site is located in the Ria de Vigo, a temperate coastal embayment and one of the
four V-shaped Rias Baixas of the NW Iberian Peninsula. The Ria is oriented NE-SW, widens
seawards, and is partially enclosed by the Cies Islands (Fig. 1). From May to October,
prevailing northerly winds cause the upwelling of cold nutrient-rich subsurface ENACW,
which enters the Ria. During upwelling conditions, primary production is increased (Fraga
1981), as is the potential export of biogenic carbon to the sediment and the adjacent shelf

(Alvarez-Salgado et al. 2001). During the other half of the year, downwelling conditions,
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Figure 1. Ria de Vigo, NW Iberian Peninsula (inset), showing bathymetry and the
location of the sampling station, Stn FL (e).
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associated with prevailing southerly winds, are favoured.

2.2 Sampling strategy and water sampling

In the framework of the Spanish project FLUVBE (Coupling of benthic and pelagic fluxes in
the Ria de Vigo), 16 oceanographic cruises were carried out at station FL, located in the
inner part of the Ria de Vigo (Fig. 1). The sampling strategy of the cruises, which covered the
period between April 2004 and January 2005, was intended to capture the predominant
oceanographic conditions in the study area; i.e. spring bloom (April), summer upwelling-
stratification (July), autumn bloom (October) and winter mixing (January). During each
period, the station was visited twice a week during a 15 days period. One day cruises were
carried out on board R/V Mytilus; vertical profiles of temperature and dissolved oxygen
were obtained with a SBE911plus CTD. Bottle casts (rosette sampler with 10-L PVC Niskin
bottles) were run to obtain water samples for dissolved oxygen, dissolved inorganic
nutrients, suspended particulate organic carbon and nitrogen concentrations (POC and PON,
respectively). Dissolved oxygen was determined by Winkler potentiometric titration. The
estimated analytical error (SE) was +1 pmol kg'l. Nutrient samples were determined by
segmented flow analysis with Alpkem autoanalyzers following Hansen & Grasshoff (1983)
with some improvements (Mourifio & Fraga 1985). The analytical errors were + 0.02 umol
kg’1 for nitrite, £ 0.05 pumol kg'1 for nitrate, ammonium and silicate and £ 0.01 pmol kg'1 for
phosphate. Total dissolved inorganic nitrogen (DIN) is the sum of NO3-N, NO,-N and NH,"-N.
For analysis of POC and PON, 250 mL of seawater were filtered on pre-weighted, pre-
combusted (4 h, 450 °C) Whatman GF/F filters. Filters were vacuum dried and frozen
(-20 °C) before analysis. A Perkin ElImer 2400 CHN analyzer was used for measurements of
POC and PON, using an acetanilide standard daily. The precision of the method is + 3.6 mg C

m=>and + 1.4 mg N m’.

The upwelling index was estimated using the component —Q, of the Ekman transport

following Bakun (1973) method:

-Q= (pair Co IVI VY)/(f psw)
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where p,i is the density of air (1.22 kg m™ at 15°C), Cp is an empirical dimensionless drag
coefficient (1.4 x 10 according to Hidy (1972)), f is the Coriolis parameter (9.946 x 10~ at
43°N), psw is the density of seawater (1025 kg m™) and |V| and Vy, are the average daily
modulus and northerly component of the geostrophic winds centred at 43°N, 11°W,
respectively. Average daily geostrophic winds were estimated from surface atmospheric
pressure charts. Positive values of -Q, indicate upwelling and correspond to predominance

of northerly winds.

2.3 Vertical particle fluxes

Vertical particle fluxes were estimated using a homemade multitrap collector system. It was

composed by 4 PVC trap baffled cylinders of 28 cm’ collecting area and aspect ratio of 10.8.

Sediment traps were deployed at Stn FL at approximately 16 m depth (~5 m above sea

bottom) for a 24 h period, filled with brine solution (5 PSU in excess) without the addition of
any preservatives. A subsample of 200 mL of the material collected in each cylinder was
used for analysis of POC and PON. Filters were vacuum dried and frozen (-20 °C) before
analysis. Samples for POC and PON were determined as previously described for suspended
organic matter in the previous section. Biogenic silica concentrations (bSiO,) were
determined by filtering 200 mL subsample onto a 0.6 um polycarbonate filter under gentle
vacuum, followed by a 30 min digestion with 0.2 M NaOH at 95 °C (Brzezinski & Nelson
1989). Silicic acid concentrations of the digested samples were determined using standard
autoanalyzer methods as described for nutrient analysis in the ‘Sampling strategy and water

sampling’ subsection (above this section).

In order to determine phytoplankton derived carbon settled in the traps (Cenyto), a fraction
of 100 mL preserved in Lugol’s iodine was employed for microplankton determination.
Depending on the chl a concentration, a volume ranging from 10 to 50 mL was sedimented
in composite sedimentation chambers and observed through an inverted microscope. The
phytoplankton organisms were counted and identified to species level. Dimensions were

taken to calculate cell biovolumes after approximation to the nearest geometrical shape
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(Hillebrand et al. 1999) and cell carbon was calculated following Strathmann (1967) for
diatoms and dinoflagellates, Verity et al. (1992) for other flagellates (> 20 um) and Putt &
Stoecker (1989) for ciliates. Unfortunately, subsamples for bSiO, and Cphyo Were not

available for the spring period.

2.4 Benthic fluxes

Fluxes of oxygen and dissolved inorganic nutrients (nitrate, nitrite, ammonium, phosphate
and silicate) at the sediment-water interface were measured in situ by means of a benthic
chamber (Ferrén et al. 2008), placed by a diver directly on the sediment surface at the FL
station. The equipment consisted of a PVC opaque cylindrical chamber, which incubated
140 L of overlying seawater, and covered 0.64 m?® of sediment surface. Three centrifugal
pumps stirred the incubated water by means of a stepper motor, at adjustable stirring rates.
Inside the chamber, sensors for temperature (SBE 39), turbidity (Seapoint Turbidity Meter)
and dissolved oxygen (SBE 43) gave a continuous recording of these variables during the
incubation time (approx. 8 hours). Data was monitored in real time using a two-way GSM
communication system located at the mooring buoy. Discrete samples were withdrawn
from the chamber at prefixed times with a multiple water KC Denmark sampler provided
with 12 syringes of 50 ml capacity. Samples for dissolved inorganic nutrients were
determined as described for water column measurements in ‘Sampling strategy and water

sampling’.

2.5 Statistical data processing

Benthic fluxes of oxygen and nutrients were estimated by empirical linear fittings based on
changes in concentration over time. Uncertainties of the fluxes account for the fit of the
data to a linear function and the propagation of random errors. In order to test seasonal
statistical difference of the benthic fluxes, Student t-test of the means were performed
(Statistica, StatSoft 6.0). Correlation coefficient r between benthic fluxes and selected
vertical fluxes and bottom water variables was calculated and presented as a correlation

matrix. A forward stepwise regression model was applied to determine how much
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variability of the benthic fluxes may be described by different environmental parameters
including seabed properties, upwelling index and vertical fluxes (Statistica, StatSoft 6.0).
Only variables with statistical significance (p < 0.1) were included in the results. Seasonal

and annual averages are presented as * SD.

3. Results

3.1 Hydrography

An exhaustive analysis of the hydrographic conditions during the study year is explained in
detail by Villacieros-Robineau et al. (2013). Here, we briefly describe the hydrographic
situation during the four seasonal studies. The spring period was characterized by a
transition from downwelling to upwelling conditions, reflected by -Q, values, which varied
from negative to positive values (Fig. 2). Upwelling produced the entry of cold, NO3' rich and
relative low O, ENACW. During this upwelling episode increased primary production in
surface waters was associated with high suspended POC concentrations (240 mg m?) and
high values of dissolved oxygen (up to 280 umol kg'l). The summer period was characterized
by constant but not very intense upwelling conditions (-Q, = 518 % 501 m® st km™).
Nutrients were consumed in surface waters by primary producers, generating a high
standing stock of suspended organic matter (POC > 400 mg m?) and higher dissolved
oxygen concentration, which decreased with depth as a result of higher proportions of
ENACW and remineralization processes. During autumn, a strong negative peak of the -Qy
(-4000 m® s km™) just before the second sampling day, interrupted previous upwelling
conditions. After that, there was a homogenization of the water column, at a constant
temperature of 15 °C, low nitrate and suspended POC concentrations (< 4 umol kg'1 and <
150 mg m>, respectively). The winter period showed a strong mixing in the water column,
marked by low temperatures (< 13 °C), high nitrate concentrations (7-8 pumol kg'l) and low

suspended POC concentrations (< 150 mg m?).
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Figure 2. Time series of depth profiles for upwelling index (m® st km™), temperature
(°C), nitrate concentration (umol kg'l), particulate organic carbon (POC, mg m'3) and
dissolved oxygen (umol kg'l). Dots represent sampling depths.

3.2 Vertical Fluxes

For the spring period, POC vertical fluxes varied almost twofold, ranging between 586 and
1295 mg C m?d* (Fig. 3). However, the C:N ratio of the settling material did not vary among
the sampling days (7.3 £ 1.6) except on the last one, when it reached 9.3. In general, the low
C:N ratio of the material collected in the sediment traps pointed to the arrival of relatively
fresh organic matter to the sea bottom. During summer, higher POC vertical fluxes were
recorded at both ends of the sampling period, when upwelled waters occurred. In contrast,
Cehyto (Fig. 3) increased to a maximum value of 546 mg C m?2d’ on July 12, followed by a

decrease to a still elevated value of 300 mg C m>d™. These elevated vertical fluxes of fresh
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Crhyto led to a decrease in the C:N ratio during this period. In addition, measured bSiO; fluxes
were also the highest for the study year as a result of the dominance of diatoms in the
phytoplankton registered in the trap material (Zufiga et al. 2011). Downwelling and
relaxation provoked the increase of the settling material during autumn, with C:N ratios
increasing and Cpynyto decreasing as the period progressed. The bSiO, fluxes were lower than
during summer (534 + 112 mg Si m>d™), showing a decreasing tendency during the autumn
samplings. During winter, the strong water column mixing resulted in relatively high
amounts of POC captured in the sediment traps, probably resulting from resuspension and
river inputs. The trap material was characterized by high C:N ratios and very low values of

Cohyto (2825 mg Cm™ d™) and bSiO, (323 + 70 mg Sim™>d™).

3.3 Benthic fluxes

Following the oxidative decomposition and remineralization of organic matter in the
sediments, benthic oxygen fluxes were negative, averaging -34 £ 10 mmol m?d™ for the
whole study year. As an example, the decrease in oxygen concentration during benthic
chamber incubation on 15™ July 2004 is presented in Fig. 4. Benthic fluxes of ammonium,
phosphate and silicate were always towards the water column (Fig. 5, Table 1), increasing
their concentrations during the incubation period (Fig. 4). Benthic fluxes of nitrate were
taken up by the sediment during summer and autumn. In the other two seasons, daily fluxes
were in the same range as for autumn, despite a transition from release to uptake during
spring and conversely during winter. In fact, average nitrate fluxes for these two periods

were not significantly different from zero.

During spring, relatively high and constant benthic oxygen fluxes during the first 3 sampling
days (-43.7 + 2.3 mmol m™ d™, Fig. 5) were followed by an abrupt decrease in the oxygen
uptake by the sediment (-28 mmol m™ d™*) on 29 April 2004 as upwelled ENACW entered
the Ria. The earlier water was replaced by colder (12.7 °C) and less oxygenated waters (215
umol kg™), which appears to slow down the benthic oxygen fluxes. The same pattern is also
observed for the benthic fluxes of phosphate, silicate and ammonium, which decreased in

magnitude at the end of the period when the upwelling occurred. Benthic nitrate fluxes
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reversed from being released (0.43 mmol m?d?’) to being taken up (-0.21 mmol m?d?) by

the sediments.
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Figure 4. Example of the evolution in the concentration (in pmol kg’l) of dissolved
oxygen, nitrate, ammonium and phosphate during chamber incubation (15th July 2004).

Ammonium

Benthic fluxes responded to the gravitational stability of the water column during summer.

Oxygen uptake by the sediments is almost constant for the whole period (-34.6 + 3.2 mmol

m? d'l), concomitant with constant sea bottom temperature (13.22 * 0.08 °C). Ammonium

and silicate also show relatively small variations in the benthic fluxes during the summer

period (2.4 £ 0.3 mmol m? d" and 5.8 + 1.1 mmol m? d*, respectively). However, they
appear to covary with the concentration of dissolved oxygen in sea bottom waters (Fig 5).

Nitrate fluxes were consistently negative throughout the period (-0.7 £ 0.3 mmol m?d?)

coinciding with the lowest concentrations of dissolved oxygen of sea-bottom waters of the

whole year (162 + 7 umol kg™).
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Figure 5. Seasonal (a) benthic flux of oxygen along with sea-botom temperature (dashed
line, right axis), (b) benthic flux of nitrate along with sea-bottom oxygen (dashed line, right
axis), as well as bethic fluxes of (c) ammonium, (d) silicate and (e) phosphate. Fluxes are in
mmol m? d™. Error bars are based on the propagation of random errors from measured
benthic fluxes.

During autumn, an abrupt change in the hydrographic conditions appears to have had a
strong influence in the benthic fluxes. On 10™ October 2004, downwelling provoked the
replacement of previous cold waters (13.6 °C) by warmer (15.1 °C) and more oxygenated
sea-surface waters (154 to 215 pmol kg™). Benthic oxygen uptake by the sediment

responded to this change with an increase from -29 to -50 mmol m™> d™* (Fig. 5). The same
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pattern is observed for ammonium, silicate and phosphate fluxes, which attained maximum
benthic fluxes on 14" October (3.6, 10.9 and 0.34 mmol m> d'l, respectively). Nitrate fluxes
were negative for all the period, though its magnitude tends to decrease. The lowest values
of benthic oxygen fluxes were recorded during winter (-21.8 + 2.3 mmol m™ d™) as was the
case for the benthic fluxes of ammonium (1.4 + 0.7 mmol m d*) phosphate (0.13 + 0.04

mmol m™ d™) and silicate (2.9 £ 0.9 mmol m™> d™).

Table 1. Seasonal benthic fluxes (mean + SD, in mmol m? d) of oxygen,
nitrate, ammonium, silicate and phosphate.

Apr Jul Oct Jan
0, -39.8+8.0 -346+3.2 -41.7+104 -21.8+2.3
NOs’ 0.2+0.3 -0.7+0.3 -0.3+0.1 0.1+0.5
NH," 28+1.8 24+0.3 26+0.7 1.4+0.7
Si(OH)4 55+1.7 58+1.1 6.8+2.7 29+0.9
HPO,* 0.25+0.08 0.20+0.08 0.19+0.12 0.13+0.04

Seasonally averaged benthic fluxes of oxygen showed no significant differences for spring,
summer and autumn periods, with values ranging between -35 mmol m?d* and -42 mmol
m? d* (Table 1). However, oxygen uptake during winter (-21.8 mmol m? d%) was
significantly lower than the three other periods (spring: p < 0.05; summer: p < 0.01; autumn:
p < 0.01, Table 2). Benthic fluxes of nutrients, silicate, ammonium and phosphate followed
the same trend as oxygen, with lowest values during winter and no significant differences
between the first three periods. Benthic silicate fluxes ranged between 5.5 mmol m™” d™* and
6.8 mmol m? d* from April to October and decreased significantly (Table 2) to 2.9 mmol m™
d*! during winter. Ammonium benthic fluxes were reduced from 2.4 — 2.8 mmol m? d*
(spring, summer and autumn) to 1.4 mmol m?*d* during winter. In the case of phosphate,

we also obtained lower values of benthic fluxes during winter (0.13 mmol m? d™) than for
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the rest of the seasons (0.19 - 0.25 mmol m™ d™*) though, the difference was only significant
between winter and spring (p < 0.1). Negative nitrate fluxes during summer and autumn
were significantly different from nitrate fluxes in April (summer: p < 0.05; autumn: p < 0.1)

and nitrate uptake by the sediment was higher during summer than autumn (p < 0.05).

Table 2. Statistical significances in the seasonal variability of
benthic fluxes (see Table 1), according to Student’s t-test. p-
values (above the diagonal) are given if significant (p<0.1); ns:
not significant.

Flux Apr Jul Oct Jan
Apr - ns ns <0.05
0, Jul - ns <0.01
Oct - <0.01
Jan -
Apr - <0.05 <0.1 ns
NOs Jul - <0.05 <0.05
Oct - ns
Jan -
Apr - ns ns ns
NH," Jul - ns <0.01
Oct - <0.05
Jan -
Apr - ns ns P<0.05
Si(OH); Jul - ns P<0.01
Oct - P<0.05
Jan -
Apr - ns ns <0.1
HPO,>  Jul - ns ns
Oct - ns
Jan -

Table 3 shows that sediment oxygen uptake was strongly negatively correlated with benthic
fluxes of ammonium, phosphate and silicate (p < 0.01) to the water column, as a result of
the organic matter decomposition and remineralization; the more nutrient fluxes the more

oxygen uptake by the sediment. Benthic oxygen fluxes also correlated negatively with sea
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bottom temperature (r = -0.707, p < 0.01) and positively with sea bottom nitrate
concentration (r = 0.700, p < 0.01). No significant correlation was found between upwelling
index and the oxygen and nutrient benthic fluxes. Vertical fluxes of Cgnyto and vertical bSiO,
fluxes correlated negatively with the benthic oxygen fluxes. In terms of nutrient fluxes,
except for nitrate, they correlated with each other positively and were strongly affected by
temperature and vertical fluxes of bSiO, as well. Parameters related with the quality of

settling material (C:N and Cphyto) Seem to affect the benthic fluxes of ammonium and silicate.

Table 3. Correlation matrix between benthic fluxes and selected vertical fluxes and bottom
water variables. Benthic fluxes (oxygen, nitrate, ammonium, phosphate and silicate) are in
mmol m? d™. Cehyto: Phytoplankton-derived carbon; POC: particulate organic carbon; bSiO,:
biogenic silica; Temp: temperature. *p < 0.05, **p < 0.01, all others, p < 0.10. ns: not
significant.

F O, F_NOs F_NH,' F_HPO,>  F_Si(OH),
o F O, 1
5 F_NOs ns 1
% F_NH,' -0.793" ns 1
£ F_HPO,” -0.723" ns 0.610" 1
§ F_Si(OH)a -0.801"" ns 0.926 0.723" 1
¢ Trap C:N 0.570" ns -0.640 ns ns
3 Trap Cphyto -0.555 ns 0.716 ns 0.622"
" Trap bSiO; -0.546 -0.571 0.608" 0.561 0.619°
E Trap POC ns ns ns ns ns
_ Temp -0.707" ns 0.717 0.553" 0.644"
% 0, ns 0.738" ns ns ns
2 NO; 0.700" -0.507 ns ns ns
g NO, ns -0.681" ns ns ns
E HPO,* ns -0.650" ns ns ns
@ Si(OH), ns -0.589" ns ns ns

The only nutrient not significantly affected by sea bottom water temperature was nitrate.
However, this nutrient was highly correlated with sea bottom water dissolved oxygen (r =
0.738; p < 0.01) and with sea bottom concentration of nitrite (r = -0.681; p < 0.01)
phosphate (r = -0.650; p < 0. 01) and silicate (r =-0.589; P < 0.01).
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4. Discussion

4.1 Comparison with other coastal systems

Results analysed here represent the first study of oxygen and nutrient benthic fluxes on a
seasonal scale for the NW Iberian coast, which is the only upwelling system in Europe. Rates
of oxygen and nutrient fluxes between the sediment and the overlying water column are at
the upper limits of benthic rates reported for similar coastal areas (Devol & Christensen
1993, Hammond et al. 1999, Hopkinson et al. 2001, Ferrdn et al. 2009a) and much higher
than deeper sediments like the Mid-Atlantic continental slope (Jahnke & Jahnke 2000). The
average sediment oxygen demand in the present study (-34 mmol 0, m™ d™) is double the
average value of benthic community respiration (-17 mmol O, m™? d) for the European
coastal zone (Gazeau et al. 2004) and coincides with the mean global respiration for

estuarine benthic systems (-34 mmol 0, m™ d™*) obtained by Hopkinson & Smith (2005).

Although nitrate fluxes were consistently negative during summer and autumn, sediments
were a net source of inorganic N as DIN was dominated by ammonium fluxes, averaging
83 % of the total DIN fluxes. This pattern is very common in coastal benthic N fluxes
(Hopkinson et al. 2001) but there have been cases where NO; flux exceeded NH," fluxes
(Billen 1978, Devol & Christensen 1993), where there was no net flux of DIN (Berelson et al.
2003) or even where there was net DIN uptake (Berelson et al. 1996). In contrast with the
ammonium fluxes, which were positive and directed towards the water column for the Ria
de Vigo, Farias et al. (2004) in the upwelling system off Central Chile found a larger range of
fluxes, ranging from -14 to 10 mmol m™> d™. These authors suggest that maximum
ammonium uptake was probably caused either by ammonium assimilation from bacteria or
by anammox processes. Off Washington State, Devol & Christensen (1993) measured
positive ammonium fluxes up to 1.54 mmol m?d?, although combined inorganic nitrogen
flux was always negative because benthic nitrogen cycling was dominated by denitrification.
For our study site, we do not expect to find a prevalence of anaerobic processes as
described for these coastal upwelling systems, mainly due to presence of well ventilated

upwelled ENACW (O, > 200 umol kg'l,' Castro et al. 2000) and thus we suggest that
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ammonium effluxes are mainly driven by aerobic respiration, as explained in the next

section.

In terms of benthic phosphate fluxes, the literature reveals high variability, ranging from
sites where P is taken up by the sediment (Fisher et al. 1982) to sites where P is mainly
released to the overlying water column (Hammond et al. 1999, Ferrdn et al. 2009b), at rates
as high as 2 mmol m? d* in Port Philip Bay, Australia (Berelson et al. 1998). Benthic
phosphate flux in the Ria de Vigo averaged 0.2 + 0.09 mmol m™ d™* and was always released
from the sediment. This value is similar to the highest fluxes obtained by Berelson et al.
(2013) and Hopkinson et al. (2001) on the Oregon / California shelf and in Massachusets Bay,
respectively. Benthic silicate fluxes ranged from 1.7 to 10.9 mmol m™ d, lowest during
winter and highest during autumn. These fluxes are in the range obtained by Berelson et al.
(2013) and higher than those found on the coast of SW Spain (Ferrén et al. 2009b) where
silicate fluxes did not exceed 3 mmol m? d™ during an annual study. Rates were similar to
those found by Hammond et al. (1999) in the Adriatic Sea and in the lower range of fluxes

obtained in Port Phillip Bay, Australia (Berelson et al. 1998).

4.2 Factors controlling benthic fluxes in the Ria de Vigo
4.2.1 Benthic oxygen fluxes

Seabed temperature and dissolved oxygen have been reported as the most relevant factors
influencing benthic oxygen and nutrient fluxes (Cowan et al. 1996). Moreover, sediments
located in coastal upwelling areas, like our study region, receive larger amounts of organic
matter (Jahnke 1996) and thus factors such as primary production and concentration of
labile organic matter in the sediments may have major influence on these fluxes (Farias et al.
2004). While it seems that sea-bottom dissolved oxygen has no clear influence on the
benthic oxygen fluxes (Fig. 6a), it is evident that temperature significantly affected the
magnitude of benthic fluxes despite the restricted range of seabed temperature (12.4 to
15.1 °C). Benthic oxygen uptake becomes higher as temperature increases (r = -0.707; p <

0.01, Table 3). Hopkinson & Smith (2005) reported that a large percentage of the variance of
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benthic fluxes is explained by seasonal temperature change. However, in the Ria de Vigo,
sea bottom temperature is not controlled by atmospheric temperature but by the
upwelling/downwelling processes driven by along-shore wind over the adjacent shelf
(Nogueira et al. 1997). The entrance of cold upwelled ENACW in the Ria reduces seabed
temperature while downwelling processes introduce oceanic warm surface waters towards
the bottom (Nogueira et al. 1997). This is probably the reason that there were no significant
seasonal differences in benthic oxygen fluxes among the spring, summer and autumn
periods, i.e. the benthic oxygen fluxes are mainly modulated by the presence/absence of

cold upwelled water.

Benthic oxygen fluxes were separated into three groups based on bottom temperature and
dissolved oxygen (Fig. 6a). The major group, characterized by low temperatures (12.4-
13.5 °C) and high content in dissolved oxygen (215-260 umol kg?), includes data from
winter and spring periods. However, the magnitude of benthic oxygen fluxes was
significantly higher during spring. Though bottom waters had high levels of dissolved oxygen
during winter, as a result of vertical mixing, net community production was lowest during
this period (0.22 g C m? d'l, Arbones et al. 2008) and so, settling of fresh organic material
was low (28 * 8 mg Cphyto m? d'l). Besides, the winter C:N ratio of the settling material was
the highest of the whole study (11 + 3) and vertical fluxes of bSiO, the lowest (< 400 mg m™
d'). Therefore, low values of sediment oxygen uptake obtained during winter appear to be
caused by the combination of low sea bottom temperatures and low levels of fresh organic
compounds arriving to the sediment. In contrast, the spring period, while having similar
values of sea bottom temperature and dissolved oxygen as the winter time, was
characterized by higher levels of net community production (1 g C m? d, Arbones et al.
2008) and lower C:N ratio of the material settled in the traps (7.3 £ 1.3), reflecting fresher
organic material available for remineralization. The result was higher benthic oxygen fluxes
in spring than winter, which explains the correlation between the benthic oxygen fluxes and
the quality of the settling material (C:N and Cpnyto; Table 3). Summer data and the first
sampling day of autumn present similar benthic oxygen fluxes under similar hydrographic

conditions, and consequently they are grouped together by low temperatures (13-13.6 °C)
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and low dissolved oxygen (< 170 umol kg™, Fig. 6a) at the bottom, due to the entrance of
more remineralized ENACW upwelled waters as the upwelling season progresses (Alvarez-
Salgado et al. 1997). The most favourable scenario for the highest sediment oxygen uptake
appeared in autumn, after a strong downwelling and subsequent relaxation in the water
column. The arrival of surface warmer (> 15 °C) and well oxygenated waters to the bottom
(205-220 pmol kg'l) favours decomposition of the organic matter and so, the sediment

oxygen uptake.

A stepwise regression analysis indicates that seabed temperature in our study region
explains as much as 74 % of the variability in benthic oxygen fluxes (Table 4). If we consider
as well the bSiO, vertical fluxes, the variability of the benthic oxygen fluxes explained is

raised to 87%. In contrast with similar studies in other regions (Cowan et al. 1996), sea-

Table 4. Stepwise regression between benthic fluxes (oxygen, nitrate,
ammonium, silicate and phosphate) and main variables affecting benthic fluxes.
There is no multicollinearity among predictor variables. T: temperature; bSiO,:
biogenic silica.

) Cummulative R?
Flux Variable ) p
R change

0, Bottom T 0.742 0.742 <0.001

Trap bSiO, 0.866 0.122 0.019
NO;3 Bottom O, 0.544 0.544 0.002
NH." Bottom T 0.505 0.505 0.009

Trap bSiO, 0.756 0.251 0.014
HPO42' Bottom T 0.390 0.390 0.039

Trap bSiO, 0.584 0.194 0.089
Si(OH), Bottom T 0.456 0.456 0.016

Trap bSiO, 0.723 0.267 0.016
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bottom oxygen concentration does not have a clear influence on the benthic oxygen fluxes,
and is not a limiting factor. Thus sediment oxygen uptake in the Ria de Vigo is highly
influenced by sea bottom temperature, mainly modulated by upwelling / downwelling
processes, and to some extent by the amount and quality of the settled organic material.
The presence of labile organic matter in the sediments is essential for regenerating
processes, but physical factors appear to trigger these processes in the short term. In this
sense, (Boynton et al. 1991) shows a delay in degradation of deposited material until
temperature increases in late spring. We have also observed a similar pattern in our study
region in a plot of sea bottom temperature vs bSiO, flux (Fig. 6b). Major vertical bSiO,
fluxes occur during summer stratification and the first sampling day of autumn, but it is just
after the autumn downwelling, when sea bottom temperature increased, that sediment
oxygen uptake increased as well. Another key factor is macrofauna activity mediating
bioturbation and bioirrigation (Hammond et al. 1985, Aller 1994, Welsh 2003). Median grain
size (MGS) for the FL station was 12.3 + 1.8 um, indicating this sample site lies in the range
of muddy sediments. Previous studies in the Ria de Vigo (Cacabelos et al. 2009, Rodil et al.
2009) showed that sediments with similar MGS (10 -13 um) were dominated by surface and
subsurface deposit feeders. Deposit feeders obtain their nutritional intake mainly from
sedimented organic matter (Heip et al. 1995) and would mainly favour aerobic processes
and oxidized sediment conditions as they enhance oxygen transfer to the sediment burrow
irrigation (Welsh 2003). Unfortunately, we lack information to determine seasonal influence
of macrofaunal activitities on the benthic fluxes. Further studies are necessary to address

this important issue.

4.2.2 Benthic nutrient fluxes

The benthic fluxes of ammonium, silicate and phosphate showed a strong correlation with
the benthic oxygen fluxes (Table 3), pointing to similar biogeochemical processes. Benthic
fluxes of ammonium dominated dissolved inorganic nitrogen (DIN) fluxes during the entire
study (83 £ 10 %) and were in all cases from the sediment to the water column, leading to a
net positive efflux of DIN. Blackburn & Henridsen (1983) estimated that about 10-70 % of

DIN effluxes to the water column were due to ammonium excretion by macrofauna. In the
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Ria de Vigo, benthic fluxes of ammonium were influenced by seabed temperature and the
quality of the settling material. Fluxes were lowest during winter, when vertical fluxes of
bSiO, and organic carbon derived from phytoplankton were minimum and C:N ratio of this

material highest, indicating less labile organic matter (Fig. 7a).

Dale & Prego (2002) suggested that the mixing of bottom waters during upwelling was an
important factor for the large diffusive NH," fluxes they obtained in the Ria de Pontevedra.
However, during the present study it was noticed that ammonium benthic fluxes had their
maximum values after two downwelling events, for spring and autumn (4.9 and 3.6 mmol
m? d? respectively). In fact, Villacieros-Robineau et al. (2013) found that the most
energetic periods of bottom shear stress and thus, of most probable surface sediment
resuspension occurred during downwelling conditions and strong southerly swells.
Moncoiffé et al. (2000) have previously described for the Ria de Vigo that N-assimilative
processes dominate during the upwelling and N-regeneration processes in the water
column predominate during downwelling conditions. However, both processes may be
coupled during moderate upwelling events when an efficient consumption of upwelled N
nutrients occur (Alvarez-Salgado & Gilcoto 2004). Therefore, the benthic ammonium fluxes
seem to account for an important amount of the observed N-regenerated inside the Ria de
Vigo during downwelling periods. Since the concentration of ammonium in the oceanic
ENACW that upwells in the Ria from the continental shelf is < 0.5 umol kg'1 (Alvarez-Salgado
et al. 1997, Castro et al. 2000), the high ammonium levels inside the Ria are mostly
regenerated in situ. Alvarez-Salgado et al. (2010), by means of a 2D non-stationary box
model for the Ria de Arousa during the upwelling season, indirectly estimated an extra flux
of DIN of 2.5 mmol m? d* due to in situ pelagic and benthic nitrogen regeneration
processes. This additional input enriched the nitrogen content of upwelled waters by 18%.
Results from the present study obtained benthic DIN fluxes of 2 mmol m? d* which
represent ~80 % of this extra DIN pointing to the importance of benthic remineralization

processes in the Ria.

Benthic fluxes of nitrate showed a different behaviour from the rest of the benthic nutrient

and oxygen fluxes, with no correlation with any of them. Nitrate fluxes were constantly
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towards the sediment during summer and autumn periods (Fig. 5). They appeared to be
strongly and positively influenced by sea-bottom concentration of dissolved oxygen and
negatively correlated to initial concentrations of dissolved nutrients: nitrite, phosphate,
silicate and to a minor extent nitrate. Dissolved oxygen concentration explained 54 % of the
variability of the nitrate benthic fluxes (Table 4). The influence of dissolved oxygen and
nitrite concentrations is clearly shown in Fig. 7b. Nitrate tends to be taken up by sediments
when dissolved oxygen in the overlying water is low and nitrite concentration is high. This
process is particularly evident when hydrodynamic changes occur (i.e. spring and autumn
cruises). Fennel et al. (2009) found an increase in total denitrification with increasing
bottom-water nitrate concentrations as well as an increase in the rate of direct
denitrification. In this sense, the entrance of upwelled waters into the Ria, conveying high
levels of both N-nutrients (nitrate and nitrite) probably enhances denitrification processes
and thus may be responsible of the consistent benthic nitrate fluxes towards the sediment
during the upwelling periods. Following the findings of Fennel et al. (2009), nitrate enriched
upwelled waters seems to favour direct denitrification with respect to coupled nitrification-

denitrification, though both processes may occur.

In terms of total DIN, dominance of ammonium fluxes may indicate that probably not all the
ammonium generated by ammonification is rapidly oxidised to nitrate by nitrification
processes. Although part of the ammonium effluxes might be provided also by other
metabolic processes such as dissimilatory nitrate reduction to ammonium (Giblin et al.
2013), sulphate reduction or Mn / Fe reduction, the good correlation of ammonium fluxes
with sediment oxygen consumption (r: 0.79) and the well oxygenated bottom waters in the
Ria de Vigo suggest that ammonification is probably the main process behind the observed

ammonium effluxes.

The main factors controlling sediment phosphate dynamics in the Ria de Vigo were water
temperature at the seabed and vertical bSiO, fluxes. Temperature alone explained 39 % of
the benthic flux variability (Table 4) and together with vertical bSiO, fluxes, raises the
explained variability to 58%. Vertical fluxes of bSiO, are directly related to the arrival of

fresh phytoplankton material to the surface sediment, as diatoms dominated the
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phytoplankton community in the sediment traps (Zufiiga et al. 2011). All these data suggest
that phosphate fluxes are enhanced by the increasing rates of organic matter
decomposition as sea bottom temperature increases and by the presence of fresh organic

matter settling on the sediment.

Although previous studies showed positive correlations between benthic phosphate fluxes
and bottom oxygen concentration (e.g. Fernandez 1995) as well as negative correlations
with salinity (Cowan et al. 1996), the present study did not show such relationships. The
magnitude of the benthic fluxes are also influenced by the sediment redox state and so,
several studies have shown that release of phosphate in oxygenated sediments is reduced
or even that phosphate is taken up by sediments (Sundby et al. 1986, Skoog et al. 1996,
Viktorsson et al. 2012) due to phosphate adsorption to iron and manganese oxyhydroxides
within the sediment. On the other hand, phosphate may be released to the water column if
the metal is reduced under anoxic conditions (Sundby et al. 1992). Thus, in spite of
expecting phosphorus adsorption in surface sediments due to the oxic conditions of bottom
waters in the Ria de Vigo, we have always observed a positive flux of phosphate towards the
overlying waters, suggesting that phosphorus adsorption does not seem to be a dominant
process in these sediments. Additionally, a value of 114 for the -AO,: AP benthic flux ratio
indicates that adsorption/desorption processes might be slightly balanced towards
desorption and there might be an additional O, consumption for reoxidation of reduced
inorganic forms produced by anaerobic respiration in the sediments. Mohamed et al. (2011),
analysing the magnetic properties of sediments from the Ria de Vigo, found that the suboxic
part of the sediment, characterized by a progressive reduction of magnetic iron oxides,
increasing sulphate reduction, lies closer to the surface towards the inner parts of the Ria de
Vigo, being about 1 cm below the surface sediment close to our study site (Santos-
Echeandia et al. 2009). Based on this vertical zonation, we could expect little phosphate
retention in the upper part of the sediment due to iron oxide reduction. Thus, we conclude
that oxygenated overlying water would favour the aerobic mineralization of recent organic
matter arriving to the sediment, releasing phosphate to the water column. Morever, the

proximity of reducing conditions to the upper millimeters of the sediment would prevent
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phosphate retention and also may enhance phosphate efflux through the reduction of Mn
and Fe oxides which, on the other hand, would favour reoxidation of reduced inorganic

compounds with an additional oxygen consumption.

Benthic silicate fluxes were mainly controlled by sea-bottom water temperature and the
amount of bSiO, settled into the sediment traps. Dissolution rates of silica exponentially
increases with temperature as it is a physically rather than biologically driven process
(Conley & Malone 1992). Hurd & Birdwhistell (1983) found a 50-fold increase in the opal
dissolution velocity between 0°C and 25 °C. Only temperature explained 46 % of the
variability in the silicate fluxes (Table 4), which is very close to the value of 48 % obtained by
Cowan et al. (1996), and taking into account the bSiO, vertical flux, the explained variability
raises up to 72 %. Moreover, any process removing organic matter from the opal surfaces,
like microbial degradation or grazing, exposes silica directly to seawater, enhancing its
dissolution rate (Bidle & Azam 1999) and therefore the benthic silicate fluxes. The high
correlation of silicate benthic fluxes with benthic fluxes of oxygen and ammonia support this

idea.

Evaluating the importance of benthic fluxes on the biogeochemical cycles of the nutrients in
the Ria de Vigo, we estimated that on annual basis, benthic remineralization provides 1300 t
N yr'1 and 255 t P yr'1 of inorganic nitrogen and inorganic phosphorous, respectively. In
these calculations, we have assumed the same benthic rates for all the surface sediment of
the Ria de Vigo (117 km?, not taking into account the innermost part of the Ria, San Simdén
Bay, Fig. 1). On the other hand, (Prego 1993, 1994) obtained an average influx of inorganic
nitrogen and phosphate into the Ria from upwelled waters of 3000 t N yr™, and 350 t P yr™
by means of a box model. Reported inputs of inorganic nitrogen from continental runoff are
160 t N yr'* (Gago et al. 2005) and in the range of 8 t P yr'* (Gago et al. 2005) to 80 t P yr™*
(Prego 1993) for phosphate. Based on all these data, we estimate that benthic fluxes
account for ~ 43 % of the nitrogen provided from upwelled waters and ~ 41 % of the total
inorganic nitrogen entering the Ria from outside waters. Regarding phosphate, sediment
remineralization would contribute to ~ 61 % of the total phosphate that the Ria receives and

~ 72 % of the upwelled phosphate.
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5. Conclusions

Muddy sediments of the Ria de Vigo play an important role in the degradation of organic
material supplied from the water column, and so in the supply of inorganic nutrients back to
the water column. Apart from winter, benthic fluxes did not show seasonal differences;
instead, benthic fluxes in the Ria de Vigo appeared to be highly influenced by sea-bottom
temperature, which is modulated to some extent by upwelling/downwelling oceanographic
pulses. Benthic fluxes tend to respond on a short time scale to these processes. The amount
and quality of the organic matter deposited on the sediments have also been shown to
control the dynamics of benthic fluxes in the Ria de Vigo. The high correlation between
benthic fluxes of phosphate, silicate and ammonium and the sediment oxygen uptake
pointed to the importance of the aerobic respiration processes in the remineralization. In
contrast, nitrate benthic fluxes acted in a different way; they were highly influenced by
seabed concentration of dissolved oxygen and the N-nutrients, nitrite and nitrate.
Denitrification seems to be a key process on the uptake of nitrate by the sediments. There is
a clear need for further studies of properties of the sediment such as labile organic matter
content and benthic macrofauna, which may also be important factors controlling the

magnitude of benthic fluxes, as has been found in other coastal studies.
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Abstract

Simultaneous direct measurements of primary production, pelagic and benthic respiration
and vertical fluxes allowed, for the first time, the evaluation of the carbon metabolism in
the Ria de Vigo (NW Spain) on seasonal and annual scales. With this aim, a total of 16
oceanographic cruises covering the main oceanographic conditions were carried out
between April 2004 and January 2005. In addition, a 2D carbon budget, including extraction
from mussel culture and fisheries activities, is proposed. The pelagic system was net
autotrophic during the spring and summer periods and autotrophic or almost in balance
during autumn and winter. Vertical fluxes of organic carbon were higher than net
community production (NCP) during autumn and winter periods, probably due to
resuspension processes and inputs of organic matter from continental runoff. Benthic
remineralization is an important process in the Ria de Vigo, which gains significance during
autumn and winter when benthic respiration accounts for 40% and 45% of the total
respiration, respectively. The Ria de Vigo is net autotrophic on annual basis (317 + 113 g C
m yr'') even though the benthic metabolism reduces the NCP by 23%. Total annual carbon
seafood harvest amounted 3% of the net ecosystem metabolism and it is dominated by
mussel culture (89%). However, based on mean energy transfer efficiency between trophic
levels of 10%, it is estimated that mussel culture and reported fish catches require up to
38% of the NCP. The organic carbon produced in situ at the Ria de Vigo and available for
export to the adjacent shelf and/or to be buried in the sediment represents % of the gross

primary production and it is favoured during summer upwelling.
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Resumen

Medidas directas de produccién primaria, respiracion peldgica y benténica asi como
medidas de flujos verticales, permitieron, por vez primera, la evaluaciéon del metabolismo
de carbono en la Ria de Vigo, a escala estacional y anual. Con este objetivo, se realizaron un
total de 16 campafias oceanograficas entre Abril 2004 y Enero 2005, cubriendo las
principales condiciones oceanograficas en este drea de estudio. Ademas de ello, se propuso
un balance de carbono 2D, incluyendo la extraccién de mejilldn proveniente de cultivo de
batea y la correspondiente a las actividades pesqueras. El sistema pelagico fue netamente
autotrofico durante los periodos de primavera y verano, y autotréfico o practicamente en
balance durante otofio e invierno. Los flujos verticales de carbono organico fueron
superiores a la produccién neta del ecosistema (NCP) durante los periodos de otofio e
invierno, debido probablemente a procesos de resuspensién y contribucion de materia
organica proveniente de aguas continentales. La remineralizacion bentdnica es un proceso
importante en la Ria de Vigo, ganando relevancia durante los periodos de otofio e invierno
en los que la respiracion bentdnica representa un 40% y un 45% de la respiracion total del
sistema, respectivamente. La Ria de Vigo es netamente autotréfica a escala anual (317 +
113 gC m’ yr'l) incluso a pesar de que el metabolismo bentdnico reduce el NCP en un 23%.
El carbono orgdnico anual extraido de la pesca y del cultivo de mejillén supone un 3% del
metabolismo neto del ecosistema, donde la extraccidon de mejilléon de cultivo representa el
89% del total extraido. Sin embargo, si nos basamos en la eficiencia en la transferencia de
energia entre niveles tréficos del 10%, se estima que el conjunto de cultivo de mejillon y las
actividades pesqueras, requieren hasta un 38% del NCP. El carbono organico producido in
situ en la Ria de Vigo y disponible para ser exportado a la plataforma adyacente o ser
enterrado en el sedimento, representa una cuarta parte de la produccién primaria bruta y

es favorecido durante el afloramiento estival.
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1. Introduction

Coastal zones contribute disproportionately large amounts of production and respiration in
relation to their areas covered over the global ocean (Wollast 1998). In these regions,
production (P) and respiration (R) processes are magnified due to the influence of
hydrodynamic events, such as upwelling and continental inputs, combined with the
proximity of the sediment remineralizing environment (Zeldis 2004). To provide a better
understanding of the functioning of these biogeochemically active regions, studies of
ecosystem metabolism are necessary. Net ecosystem metabolism (NEM) represents the
balance between primary production and total respiration in an ecosystem and can be
measured as the summation of anabolic and catabolic rates of all the organisms in the
system (Kemp et al. 1997), where catabolic rates represent the sum of the respiratory
processes (Testa et al. 2012). The term net community production (NCP) is often used when
just the microbial pelagic community metabolism is being measured (Staehr et al. 2012).
The balance between net autotrophy and heterotrophy will depend on the nature of
exogenous inputs (Caffrey et al. 1998) and so, coastal systems receiving high inorganic
nutrient inputs tend to be net autotrophic (P>R) while those ones with high organic inputs
tend to be net heterotrophic (R>P). Measurements of ecosystem metabolism indicate the
trophic status of the ecosystem (Odum 1956), as well as they give an idea of how the
system processes nutrients and organic matter (Smith & Hollibaugh 1997). This information
is essential to nourish food web models and to partition biogeochemical processes among
the different aerobic and anaerobic pathways (Hopkinson et al. 1999). Among the different
methods used to calculate NEM, direct rate measurements allow partitioning of production
and respiration processes into shares of different habitats (Testa et al. 2012), i.e. they have
the advantage of estimating the relative contribution to total ecosystem metabolism by

pelagic and benthic components (Staehr et al. 2012).

Several factors can regulate the trophic status in a coastal system such as inputs of inorganic
nutrients, exchange rate with the adjacent seaward region and loading rates of organic
carbon. Organic matter produced by phytoplankton not respired in the water column may

be transferred to higher trophic levels, transported offshore, exported vertically towards
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the sediment and mineralized or buried in the sediment. High in situ primary production in
many coastal systems provides the substrate of autochthonous organic matter that
contributes to secondary production either directly or indirectly (Hyndes et al. 2014) and is
then, available to higher trophic levels such as predators and scavengers. Therefore,
primary production is an important factor on the production of marine fishes as it supports
food to fisheries harvest (Pauly & Christensen 1995, Kemp et al. 1997). Harvest and
migration of marine organisms may represent potentially significant losses in the organic
carbon budget of a coastal ecosystem (Houde & Rutherford 1993) and so, overharvesting of
marine organisms reduces the abundance of consumers and so it reduces the carbon

transfer towards higher trophic levels (Hyndes et al. 2014).

The Galician Rias Baixas (NW Iberian Peninsula; Fig. 1) comprise four V-shaped coastal inlets
located in the unique coastal upwelling system of Europe. In this region, the upwelling of
subsurface cold and nutrient rich Eastern North Atlantic Central Waters (ENACW) promote
high phytoplankton abundance able to support the highest mussel production (Mytilus
galloprovincialis Lamark) in Europe. This activity renders a total estimated production of 250
x 10° kg yr'* (Figueiras et al. 2002). The Ria de Vigo sustains 478 suspended mussel rafts and
provides approx. 15 % of the total mussel production of the Rias Baixas. Studies dealing
with the biogeochemical fluxes and net budgets of organic carbon in the Rias Baixas have
been mainly derived from stationary box models of inorganic nutrients (Prego 1993, 1994),
which then developed to non-stationary box models (Alvarez-Salgado et al. 1996, Rosén et
al. 1999, Gilcoto et al. 2001, Dale & Prego 2002). Later on, Piedracoba et al. (2008) included
direct measurements of vertical fluxes and water column production/respiration
experiments incubated at laboratory. These studies have inferred that mineralization of the
organic matter in the sediments of the rias must have a major importance in the net

ecosystem metabolism, but up to date none of them have measured in situ benthic fluxes.
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The first goal of this manuscript is to explore the importance of benthic respiration in the
Ria de Vigo and to evaluate in what extent it determines the trophic status of the ecosystem.
With this aim, benthic respiration was analyzed in relation to in situ and simultaneously
measured primary production, pelagic respiration rates (Arbones et al. 2008) and vertical
export of particles (Zufiga et al. 2011) during four seasonal campaigns carried out in the
framework of the FLUVBE project (Coupling of benthic and pelagic fluxes in the Ria de Vigo).

Bringing together all these measurements, the main objective of the manuscript was to
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Figure 1. Map of the Ria de Vigo, showing the location of the station FLUVBE (e ) and
boundary limits (red solid lines) used for the calculations of carbon budget.

determine the Net Ecosystem Metabolism in the Ria de Vigo on seasonal and annual basis.
From here, an annual carbon budget including potential carbon inputs from continental
sources and losses from the system in the form of mussel harvest, wild catch fisheries and

shellfishing has been built. In this way, this manuscript presents an integrative view of the
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ecosystem carbon trade off, increasing our general knowledge of coastal system responses
to different combination of environmental changes (Hobbie 2000, Rhoten et al. 2009,

Carpenter et al. 2009, Kemp & Boynton 2012).

2. Methods

2.1. Study area

The study site was located in the Ria de Vigo, a temperate coastal embayment and one of
the four Rias Baixas of the NW Iberian Peninsula. The Ria is oriented NE-SW, widens
seawards, and is partially enclosed by the Cies Islands (Fig. 1). From May to October,
prevailing northerly winds cause the upwelling of cold nutrient-rich subsurface ENACW,
which enter into the Ria. During upwelling conditions, primary production is increased
(Fraga 1981), as it is the potential export of biogenic carbon to the sediment and the
adjacent shelf (Alvarez-Salgado et al. 2001). During the other half of the year, downwelling

conditions, associated with prevailing southerly winds, are favoured.

2.2. Sampling strategy and water sampling

In the framework of the Spanish project FLUVBE, 16 oceanographic cruises were carried out
at FLUVBE station, located in the main channel of the Ria de Vigo (Fig. 1). The sampling
strategy of the cruises, which covered the period between April 2004 and January 2005, was
intended to capture the predominant oceanographic conditions in the study area; i.e. spring
bloom (April), summer upwelling-stratification (July), autumn bloom (October) and winter
mixing (January). During each period, the station was visited twice a week during a 15 days
period. Arbones et al. (2008) explained in detail the measurements that are briefly
described below. Measurements of plankton community gross primary production (GPP),
NCP, and dark community respiration (DCR) were determined by 24h in situ light-dark bottle
oxygen incubations at 4 depths in the photic layer and 1 depth in the aphotic zone of the

water column. Samples were taken with 10 L PVC Niskin bottles mounted on a rosette with
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a SBE 911 CTD. At each of the 4 photic depths, 4 light and 4 dark bottles were placed in a
specially constructed plexiglass holder. For the aphotic depth, only 4 dark samples were
incubated. A further set of 4 replicates at each depth was fixed at time 0. Dissolved oxygen
was determined by an automated Winkler titration system. Net in vitro changes in the light
and dark bottles gave NCP and DCR, respectively. Production and respiration rates were
calculated as follows: NCP = AO, in light bottles in relation with the initial oxygen
concentration; DCR = AO, in dark bottles in relation with the initial oxygen concentration;
GPP = NCP + DCR. In order to convert oxygen production and oxygen consumption to
carbon units a photosynthetic quotient and an 0,/TCO, ratio for pelagic respiration of 1.4

were assumed following Fraga et al. (1998).

The upwelling index was estimated using the component -Q, of the Ekman transport

following Bakun’s (1973) method:
-Q,= (pair Co |V| VY)/(f psw)

where p,i is the density of air (1.22 kg m> at 15°C), Cp is an empirical dimensionless drag
coefficient (1.4 x 10 according to Hidy 1972), f is the Coriolis parameter (9.946 x 10 at
43°N), psw is the density of seawater (1025 kg m™>) and |V| and Vy, are the average daily
modulus and northerly component of the geostrophic winds centred at 43°N, 11°W,
respectively. Average daily geostrophic winds were estimated from surface atmospheric
pressure charts. Positive values of -Q, indicate upwelling and correspond to predominance

of northerly winds.

Continental runoff into the Ria de Vigo is dominated by the discharge from the river
Oitavén-Verdugo at the inner part of the Ria (Fig. 1). Its flow is a combination of regulated
and natural flow. Daily flows were provided by the company in charge of the management
of urban waters. The Eiras reservoir controlled 23 £ 12 % of the total flow during the study
year. The natural component of the flow per unit area was calculated following Rios et al.

(1992).
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2.3. Vertical Fluxes

Vertical particle fluxes towards the sediment were estimated using a homemade multitrap
collector system. It was composed by 4 PVC trap baffled cylinders of 28 cm’ collecting area
and aspect ratio of 10.8. Sediment traps were deployed at FLUVBE site at approximately 16
m depth (approx. 5 meters above sea bottom) for a 24 hour period, filled with filtered
seawater with additional 5 PSU in excess per liter and without the addition of any
preservatives. A subsample of 200 mL of the material collected in each cylinder was used for
analysis of particulate organic carbon (POC). Filters were vacuum dried and frozen (-20 °C)
before analysis. Samples were vapored with HCl (32%) for 24 h to eliminate inorganic
carbon. A Perkin Elmer 2400 CHN analyzer was used for measurements of POC, using an

acetanilide standard daily. The precision of the method is £ 3.6 mg C m™.

In order to determine phytoplankton derived carbon settled in the traps (Cenyto), a fraction
of 100 mL preserved in Lugol’s iodine was employed for microplankton determination.
Depending on the chl a concentration, a volume ranging from 10 to 50 mL was sedimented
in a composite sedimentation chamber and observed through an inverted microscope. The
phytoplankton organisms were counted and identified to species level. Dimensions were
taken to calculate cell biovolumes after approximation to the nearest geometrical shape
(Hillebrand et al. 1999) and cell carbon was calculated following Strathmann (1967) for
diatoms and dinoflagellates, Verity et al. (1992) for other flagellates (> 20 um) and Putt &
Stoecker (1989) for ciliates. Unfortunately, subsamples for Cphyto Were not available for the

spring period.

2.4. Benthic fluxes

Fluxes of dissolved oxygen, total alkalinity and pH at the sediment-water interface were
measured in situ by means of a benthic chamber, placed by a diver directly on the sediment
surface. The equipment consisted of a PVC opaque cylindrical chamber, which incubated
140 L of overlying seawater, and covered 0.64 m” of sediment surface. Inside the chamber,

sensors for temperature (SBE39), turbidity (Seapoint Turbidity Meter) and dissolved oxygen
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(SBE43) gave a continuous recording of these variables during the incubation time (approx.
8 h) (Ferrdn et al. 2008). Discrete samples were withdrawn from the chamber at prefixed
times with a multiple water KC Denmark sampler provided with 12 syringes of 50 ml

capacity.

Total alkalinity was determined by potentiometric titration with HCl to a final pH of 4.4
(Pérez & Fraga 1987) and adapted for small sampling volume of 5 mL. The measurements of
pH were analyzed spectrophotometrically following Clayton & Byrne (1993). Total CO, was
estimated from pH and total alkalinity using the carbonic system equations with the
carbonic and boric acid dissociations constants of Lueker et al. (2000). Benthic fluxes were
estimated by empirical linear fittings based on changes in concentration over time.
Alkalinity fluxes were corrected for the influence of ammonium and nitrate fluxes by adding
the fluxes of NO3 and subtracting the NH," fluxes. Assuming that calculated TCO, fluxes
account for organic carbon remineralization and net dissolution of CaCOjs, it can establish an
upper limit of the amount of carbon oxidized as the calculated TCO,. As Ca” fluxes were not
measured, an estimate of the maximum dissolution of CaCO3; was calculated as % alkalinity
fluxes following Berelson et al. (1998). Consequently, the lower limit of the carbon oxidation
was obtained subtracting maximum CaCOs dissolution rates from measured TCO, fluxes.
Based on these assumptions, carbon oxidation rates (Coxay) Were calculated as the average
between the upper and lower limit. Uncertainties of the fluxes account for the fit of the

data to a linear function and the propagation of random errors.

3. Results & Discussion

3.1. Hydrographic conditions, pelagic production and respiration rates

The seasonal sampling for the study year captured the most relevant hydrodynamic
conditions for this coastal upwelling system, as explained in detail by Villacieros-Robineau et
al. (2013). Here, the main hydrographic features of each seasonal period are described.

During the spring period there was a transition from downwelling to upwelling as observed
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by -Q, values and temporal evolution of temperature (Fig. 2). There was also a shift in the
continental runoff, with the highest values associated with downwelling-favouring southerly
winds. Biological properties responded to this transition situation with an increase of the
NCP as upwelling waters entered. The summer period was characterized by constant
upwelling conditions and low values of continental runoff (< 20 m>s?). Pelagic autotrophy
dominated during this period as NCP reached the highest values for the whole year (> 300
mmol 0, m? d™?), pointing to in situ produced organic carbon potentially available to be
exported to the continental shelf, to the sediment or to higher trophic levels. Under
upwelling conditions, outwelling of waters from the Ria are favoured (Alvarez-Salgado et al.
2000), and consequently the offshore export of organic matter is enhanced (Fraga 1981,
Alvarez-Salgado et al. 1997). The autumn period started with upwelling conditions though a
strong downwelling pulse (-Qy < -4000 m® s™* km™) between the 1" and 2™ sampling days,
homogenized the water column, bringing warmer waters (>15 °C) towards sea bottom.
Continental runoff increased after the downwelling pulse and maintained high values until
the end of the period (> 40 m> s). NCP and respiration decreased after the downwelling
pulse, and the water column was basically in metabolic balance for these last days. Finally,
during the winter period, there was a thermal inversion associated with the winter cooling

and NCP reached its minimum as expected (Cermefio et al. 2006).

There was a clear seasonal pattern for both NCP and DCR in the water column with
maximum values during summer and spring periods, when phytoplankton community was
dominated by large cells (> 20 um). The pelagic system of the Ria de Vigo was net
autotrophic during the spring and summer seasons and autotrophic or almost in balance

during the winter and autumn periods (Arbones et al. 2008).

3.2 Vertical fluxes of organic carbon

The annual vertical fluxes of organic carbon, which averaged 1.08 £+ 0.15g C m?d”, were of
the same order as previous values reported for the Galician coast (Bode et al. 1998, Varela
et al. 2004, Piedracoba et al. 2008) and did not show any significant seasonal variations (p >

0.1) (Fig. 3). However, there was a seasonal variability on the fluxes of phytoplankton
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derived carbon (Cphyto) With maximum values during summer upwelling (0.26 + 0.21 g C m*

d*?, Fig. 3.) decreasing in autumn and reaching minimum values during winter (0.03 £+ 0.01 g

C m? d™). Therefore, the average percentage of phytoplankton carbon flux over the total

organic carbon varied seasonally, decreasing from 26 % during summer to 9 % during

autumn and finally 2 % during winter. According to Zuiiiga et al. (2011), the seasonality in

the Cppyto fluxes towards the sediment is influenced by the phytoplankton community

structure of the water column.
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Figure 3. Seasonal vertical fluxes of particulate organic carbon (POC) and carbon derived
from phytoplankton (Cppyto). No data for spring Cepyto. Units in g C m?>d™
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Based on the data from primary production, vertical fluxes and pelagic respiration, a 1D
carbon budget for each season was built (Fig. 4). During spring, half of the GPP (52 %) is
respired in the photic zone, a value comparable to the 43 % obtained by Moncoiffé et al.
(2000) during the upwelling season. Organic carbon vertical fluxes are of the same order of

magnitude as the NCP, which means that vertical export is favoured over offshore transport.
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Figure 4. Seasonal carbon budgets. Benthic respiration obtained from alkalinity
and pH benthic fluxes (Coxayg). Units in g C m™ d™. Errors presented as the SD of
the mean for each season. Pelagic respiration and NCP were converted to carbon
units using a Rc= 1.4 (Fraga et al. 1998)
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The fact that the spring period comprised a transition from downwelling to upwelling,
constrained on average the export to the adjacent shelf, being a situation similar to a weak
upwelling scenario as described by Torres-Lépez et al. (2005). The summer upwelling period
is characterized by the highest GPP (4.12 g C m?d™) of the year, from which the photic zone
is able to respire just 15 %. Vertical organic carbon fluxes represented 32 % of the
integrated NCP. These values were very similar to those obtained during an
upwelling/relaxation cycle in the Ria de Vigo (30 %, Piedracoba et al. 2008), and close to the
14-26 % obtained by Olli et al. (2001) on the shelf of the Iberian upwelling system.
Approximately 70 % of the NCP is available to be transferred to higher trophic levels or
exported to the adjacent continental shelf. This last process is favoured by the positive
circulation of the Ria during the upwelling season. During autumn and winter, vertical fluxes
of organic carbon exceeded by far NCP (2.7 and 7 fold higher, respectively), suggesting that
there are additional sources of organic carbon to the fluxes others than in situ primary
production, as advection, resuspension processes or organic matter from continental runoff.
Villacieros-Robineau et al. (2013), studying the hydrodynamics of the bottom boundary
layer in the Ria de Vigo by means of a downwards looking Acoustic Doppler Current Profiler,
found that bottom shear stress was strong enough for the autumn period to cause the
resuspension of sea surface sediments. The presence of allochthonous material in the
settling particles explained the lower contribution of Cppnyo to the vertical organic carbon
fluxes during autum and winter compared to the summer period. Furthermore, higher C:N
ratios of the material for winter than the other seasons (11.3 + 3 and 7.2 + 0.4 respectively,
Alonso-Pérez & Castro 2014) reflected less labile organic matter, more characteristic from

continental runoff (Kemp et al. 1997) or resuspended material.

On annual average, vertical organic carbon flux represented approx. 91 % of the integrated
NCP. Although these data might contrast with Prego (1993), who found that the Ria de Vigo
exports offshore 1/3 of the annual net community production, it has to be taken into
account that during autumn and winter a major proportion of organic carbon is from

allochthonous origin and not produced inside the Ria.
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3.3 Benthic fluxes

Benthic respiration may be measured either as oxygen consumption or carbon dioxide
production, and so most researchers measure one of both parameters and assume a BRQ
(benthic respiration quotient) = 1 and Redfield C:N:P stoichiometry for the organic matter
(Hopkinson & Smith 2005). However, BRQ of benthic systems varies widely across studies
and dissolved inorganic carbon flux may exceed oxygen consumption when organic matter
is mainly anaerobically degraded, reaching values of BRQ as high as 2.15 in Tomales Bay
(Dollar et al. 1991). In the present study, both oxygen taken up and inorganic carbon
production were measured. Benthic fluxes of Cox,, showed a similar trend to oxygen

uptake (Fig. 5) being the two variables highly correlated (r: -0.78, p < 0.01, n= 15), with no
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Figure 5. Sediment oxygen uptake (vertical bars) and benthic carbon oxidation
fluxes (Cox,ye, Open circles). Fluxes are in mmol m™ d™. Error bars are based on
the propagation of random errors from measured benthic fluxes.
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significant differences among spring, summer and autumn but significantly lower during
winter. Thus, it is suggested that benthic inorganic carbon fluxes at the Ria de Vigo are also
influenced by the upwelling/downwelling events and the arrival of labile organic matter to
the sediment as it was previously found for the oxygen fluxes (Alonso-Pérez & Castro 2014).
Likewise, averaged BRQ was 0.76 = 0.23 which can be considered low compared to values
reported by Hopkinson & Smith (2005) from different estuaries worldwide, and values
obtained by Forja et al. (2004) at 5 different coastal sites in the Iberian Peninsula (1.1 to 3.1).
These low BRQ values point to the preference of aerobic catabolic processes in the

degradation of organic matter at the sediment surface.

Taking into account the vertical fluxes, 26 % of the organic carbon is remineralized in the
sediment and only 7 % in the aphotic layer of the water column (Fig. 4). This benthic share
was similar to the average of 24 % compiled by Hopkinson & Smith (2005) for different
estuaries worldwide. The percentage of the vertical fluxes remineralized in the sediment is
higher during spring, summer and autumn (approx. 30 %) and descends to 16 % during
winter (Fig. 4), when benthic fluxes were lower and the highest values of relatively
refractory material were registered in the sediment trap. Respiration at the aphotic water
column reaches its maximum (17 % of the vertical fluxes) during summer upwelling
coinciding with the highest contribution of Cppyt, to the vertical fluxes, though it remains low
during the whole year. In contrast, Piedracoba et al. (2008) obtained a contribution of 61%
of the aphotic respiration at the Ria de Vigo during upwelling conditions, based on P/R

oxygen measurements incubated at laboratory.

Overall, benthic respiration appears to be an important metabolic process in the Ria de Vigo,
averaging 34 % of the total respiration, which includes it in the upper range for estuaries
(23 % to 37 %, Hopkinson & Smith 2005). There is a dominance of pelagic respiration during
spring and summer periods (75 % and 73 %, respectively) while benthic mineralization gains
importance during autumn and winter periods, reaching values of 40 % and 44 % of the

total respiration, respectively.
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3.4 NEM: importance of benthic fluxes, mussel culture and fisheries

The unique opportunity of simultaneous measurements of production and pelagic and
benthic respiration allowed to establish an assessment of Net Ecosystem Metabolism (GPP —
total respiration) for the Ria de Vigo on seasonal and annual scales. On a seasonal scale, the
proportion of NEM over the calculated GPP reaches its maximum during summer (72%) and
reduces to -6 % for the winter period (Fig. 4), with an annual average NEM sharing 49% of
GPP. Smith & Hollibaugh (1993) in a study including 22 coastal ecosystems obtained an
inverse relationship between GPP and NEM, where most productive systems had the most
heterotrophic metabolism. This relationship was attributed to the fact that most of the
nutrients delivered to these systems were derived from terrestrial organic matter. In
contrast to coastal sites highly influenced by riverine inputs, NEM in the Ria de Vigo was
positively correlated with in situ GPP (r: 0.98), due to the major contribution of inorganic
nutrients advected into the Ria by upwelled waters (Fraga 1981). The seasonal variability of
NEM also remarks the importance of the benthic respiration on the autotrophy of the
ecosystem. As previously indicated, the pelagic domain of the Ria de Vigo is autotrophic or
in balance (Arbones et al. 2008). When the benthic respiration is included to evaluate the
trophic status of the system, averaged NEM for spring is still autotrophic, though not
significant (0.43 £ 0.53 g Cm™>d™, p > 0.05), autumn NEM is in balance (0.09 + 0.82 g C m™
d?), and averaged NEM during winter is even negative (-0.03 +0.13 g C m?>d?).

Based on data collected in this study and estimations from the literature, a 2D annual
carbon budget for the Ria de Vigo has been built (Fig. 6), including the carbon extracted
from the system by mussel culture, wild catch fisheries and shellfishing. Inputs and outputs
of carbon from the system were normalized to the area of the Ria (117 km?) as delimited in
Fig. 1. Calculations were based on wet weight catches and wet weight: carbon ratios for
each of the faunal groups using referenced data as shown in the first 3 columns of Table 1.

Continental inputs were obtained from Evans et al. (2011).

The main feature of the budget is that the Ria de Vigo is net autotrophic on annual basis

(317+113¢gC m’ yr'l) in contrast to the majority of estuaries that on average appear to be
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net heterotropic (Hopkinson & Smith 2005), including coastal sites affected by upwelling
processes as Tomales Bay (Smith & Hollibaugh 1997). In fact, the annual NEM value of the
Ria de Vigo appeared to be high compared with systems as Chesapeake bay (47 g C m™ yr'l,
Kemp et al. 1997) and some Australian coastal sites (11-21 g C m™ yr’, Eyre & McKee 2002,
Ferguson & Eyre 2010). Our result is closer to the value of NCP obtained by Dale & Prego
(2002) at the Ria de Pontevedra (210-314 g C m? yr'') using a non-stationary state mass
balance. Another important highlight from the budget is that benthic remineralization in
this coastal system (104 £+ 20 g C m yr'') reduces the autotrophy of the system (NCP) by

23%. Input of continental runoff of particulate organic carbon (4.1 g C m™ yr'l) represented

RunOff
4.1
0.8 0.4 8.9 GPP 650
PhoR 203 a
NCP 447
NEM
- 317
Units
gCm?2yr?

Figure 6. Annual carbon budget for the Ria de Vigo presented as a summary of mean annual
carbon fluxes. Rates in g C m~ yr'l. Upper left corner represents the carbon extraction rate
from wild catch fisheries, shellfishing and mussel harvest, respectively (see Table 1). NEM:
net ecosystem metabolism. GPP: gross primary production. PhoR: photic respiration. NCP:
net community production. AphoR: aphotic respiration. BeR: benthic respiration. Runoff:
inputs from continental runoff obtained from Evans et al. (2011).
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only about 1.3 % of the NEM, of which 2.8 g C m’ yr'1 derived from sewage treatment
plants (Evans et al. 2011). If dissolved organic carbon (DOC) is also considered from fluvial
discharges, the input of continental runoff will reach 2.3% (Gago et al. 2005). Carbon
extracted from mussel harvest (8.9 g C m’ yr'l) represented 89 % of the total annual harvest
in the Ria de Vigo, followed by wild catch of fishes (0.8 g C m™ yr'l) and shellfishing (0.4 g C
m’ yr'l). The result means that mussel may uptake approx. 2% of the NCP generated
annually at the Ria de Vigo. Figueiras et al. (2002) already estimated that 12 % of the NCP
was incorporated by mussel at the Ria de Arousa. Although the Ria de Arousa has a surface
1.3 times higher than in the Ria de Vigo, this percentage of NCP taken up by mussels does
not differ substantially between both Rias if it is taken into account that the number of
mussel rafts in the Ria de Arousa is 5 times higher than in the Ria de Vigo (Labarta 1999).
Total harvest in the Ria de Vigo extracted 10 g C m’ yr'1 from the Ria (Table 1), which
comprised 3 % of the NEM. Kemp et al. (1997) obtained a carbon loss rate from fish wild
catches in Chesapeake Bay very similar (8 g C m’ yr'l), but in this case it represented larger
proportion of the NEM (17%). When analyzing the contribution of seafood harvest in terms
of primary production required (PPR) to sustain these mussel culture and fisheries activities,
this low 3% value shifts to a larger share of PPR. For doing this, it has to be taken into
account that the energy transfer efficiency between trophic levels is £ 10 % and estimate

PPR following Pauly & Christensen (1995):

PPR=C x 10™"
C;: Organic carbon from each species harvested

TL;: Trophic Level of each species harvested

Mussel harvest at the Ria de Vigo requires approx. 20 % of the annual NCP, wild catch of

fishes 17 % and shellfishing 0.8 % (Table 1). Total mussel culture and fishing requires 38 % of
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the NCP, surpassing the value of 25.1 % for upwelling areas and the 8.3 % for coastal/reef

systems, obtained by Pauly & Christensen (1995).

If the PPR from fisheries and mussel culture harvest (168 g C m’ yr'l) is extracted to the
NEM, the organic carbon produced in situ at the Ria de Vigo and available for export to the
adjacent shelf or to be buried in the sediment is 149 g C m™ yr™, which is approx. 1/4 of the
GPP. This proportion is higher during spring and summer, when export/advection of organic
material to the adjacent shelf is favoured by means of outwelling events and be an

important food for the shelf benthic communities (Lopez-Jamar et al. 1992).

Overall, this first assessment of the NEM of the Ria evidences the strong autotrophic state
of this ecosystem. However, there are still important uncertainties that must be resolved to
accurately evaluate the trophic state and complete the carbon budget in the Ria. The
FLUVBE station was located in the central axis of the Ria, an area covered by muddy
sediment, which is the most abundant sediment type in the Ria de Vigo (Vilas et al. 2005).
Moreover, the Ria de Vigo is a coastal upwelling driven system which acts as an extension of
the continental shelf and channels the 3D variability of the adjacent ocean into a 2D-
circulation along the Ria main channel which, in last term, modulates the hydrodynamic and
biogeochemical responses (Figueiras et al. 2002). Taking into account both circumstances,
our study site can be considered representative of the subtidal regime in the Ria, though it
has to be recognized that there are different specific benthic habitats in the Ria (Lépez-
Jamar & Cal 1990, Rodil et al. 2009, Casal et al. 2013) mainly driven by sea surface sediment
type (Vilas et al. 2005). As a future remark, it has been shown that changes in atmospheric
pressure fields and associated wind patterns may decrease the intensity of upwelling-
induced ecosystem production along many coastal systems (Barth et al. 2007). For the NW
Iberian coastal upwelling system, several studies demonstrated an interannual weakening
of northerly winds (Pardo et al. 2011, Barton et al. 2013) which leads to a decrease in the
occurrence and intensity of the upwelling of cold and nutrient-rich subsurface waters into
the Rias. If continuing this trend, the potential upwelled waters entering into the Rias will be

warmer and not so nutrient rich. These warmer temperatures will favour benthic fluxes but
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on the other hand a decrease on primary production is expected, ending up in less

autotrophy of this coastal upwelling system.
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Abstract

The influence of suspended mussel culture on the benthic-pelagic coupling was evaluated in
the Ria de Vigo, in the coastal upwelling system of the NW Iberian Peninsula, during the
month of July 2004. Measurements of water column properties were carried out at three
stations in the Ria de Vigo: under a mussel raft (1), and at two reference sites in the main
channel (2) and in the inner part (3) of the Ria. Dissolved nutrients, dissolved oxygen and
inorganic carbon benthic fluxes were measured by means of a benthic chamber at stations
(1) and (3). Sediment traps were deployed at 6 locations to estimate vertical fluxes. The
water column structure at the three study stations was very similar, characterized by
upwelling conditions during the second week of July and a posterior stratification showing a
strong thermocline, with a depth fluctuation mainly modulated by the shelf wind regime.
Vertical particulate organic carbon (POC) fluxes underneath the mussel raft (3.2 g C m?2d?)
were 3 times higher than those obtained between rafts and 10 times higher than in the
main channel reference site. Dissolved oxygen, ammonium, silicate and phosphate benthic
fluxes were significantly higher under the raft than at the inner Ria reference site. A 1D
carbon budget showed the importance of benthic metabolism under the raft (2.7 £ 0.6 g C
m?2d?), being higher than the organic carbon produced at the photic layer (1.3 +0.7gC m’
d?), as a result of higher organic loading compared to the inner Ria reference site. The
results show for the first time the important role that suspended mussel cultures play in the

benthic-pelagic coupling in this coastal upwelling ecosystem.



124 Mussel culture effects on benthic-pelagic coupling

Resumen

Este trabajo estudié la influencia del cultivo de mejillon en suspension sobre el
acoplamiento pelagico-benténico en la Ria de Vigo, la cual forma parte del sistema de
afloramiento costero del NO de la peninsula Ibérica, durante el mes de Julio de 2004. Se
realizaron medidas de las propiedades de la columna de agua en tres estaciones posiciones
en la Ria de Vigo: bajo una batea de mejillon (1), y en dos estaciones de referencia
localizadas en el canal principal (2) y en la parte mas interna de la ria (3). Se midieron los
flujos bentdnicos de nutrientes, oxigeno y carbono inorgdnico disueltos por medio de una
camara bentodnica en las estaciones (1) y (3). Para la estimacion de flujos verticales se
utilizaron trampas de sedimento en 6 posiciones en la ria. La estructura de la columna de
agua en las estaciones (1 - 3) fue muy similar, caracterizada por condiciones de afloramiento
durante la segunda semana de Julio y una posterior estratificacion en la que se observé una
fuerte termoclina, cuya profundidad fluctud principalmente modulada por el régimen de
viento. Los flujos verticales de carbono orgéanico particulado (POC) bajo la batea de mejillon
(3.2gC m? d™) fueron 3 veces mayores que los flujos obtenidos entre bateas y 10 veces
superiores a los obtenidos en la estacidn de referencia del canal central. Los flujos
bentdnicos de oxigeno disuelto, amonio, silicato y fosfato fueron significativamente
superiores a los obtenidos en la estacién de referencia en la parte interna de la Ria.
Mediante un balance 1D de carbono se observé la importancia del metabolismo bentdnico
bajo la batea (2.7+0.6gC m?d™), siendo muy superior al carbono organico producido en la
capa fética (1.3 + 0.7 g C m™? d?), como resultado de una mayor descarga de materia
organica en la batea. Estos resultados muestran por primera vez el papel importante que
tiene el cultivo de mejillén en el acoplamiento peldgico-bentdnico en este sistema de

afloramiento costero.
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1. Introduction

Intensive studies of shallow coastal ecosystems have in recent decades shown the
complexity of the couplings between biogeochemical processes in the benthos and water
column (Giordani et al. 2002, Trimmer et al. 2003, Lund-Hansen et al. 2004). Pelagic
production in these systems may be stimulated by continental inputs (Kemp & Boynton
1984), nutrient regeneration at the sediment-water interface (Nixon 1981, Herbert 1999,
Gibbs et al. 2005) and in coastal upwelling systems by nutrient enrichment from upwelled
offshore waters (Wooster et al. 1976, Fraga 1981). The coupling between the benthic and
pelagic realms works in both directions: sediment nutrient fluxes fuel primary production
into the water column (Nixon et al. 1976) and cycles of production in the water column
provide pulsed inputs of labile organic substrate for regeneration in the sediments (Hatcher
et al. 1994). Thus, benthic-pelagic coupling appears to be a key feature in coastal
ecosystems (Grenz et al. 2000) where the benthic system generally plays an important role

in coastal nutrient regeneration (Balzer et al. 1983).

The appearance of an intensive bivalve culture, which introduces a large biomass of filter-
feeders, may alter the biogeochemistry on the system. Dense bivalve populations may exert
a strong “top-down” control on suspended particulate matter (including phytoplankton,
detritus, auto- and heterotrophic picoplankton and microzooplankton) in coastal systems
through their huge capacity to clear particles from the surrounding waters (Dame 1996).
Contemporary studies to the present one in the Ria de Vigo, working on a single mussel raft
scale, observed depletion of phytoplankton (Petersen et al. 2008) and zooplankton (Maar et
al. 2008) resulted from the feeding activity of cultured mussels and associated epifaunal
community. This feeding activity results in the packing of organic and inorganic material in
their faeces and pseudofaeces (biodeposits) that rapidly settle to the seabed (Kautsky &
Evans 1987).

Bivalve faeces and pseudofaeces are characterised by large bioavailability to microbial
assemblages and by rapid degradation rates (Grenz et al. 1990). Biodeposition leads to an

increase in microbial activity and an enhancement of nutrient regeneration at the sediment-
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water interface under the mussel rafts. Benthic remineralization processes will vary
depending on suspension filter feeder population and the rate of mixing of oxygenated
water down to the sediment surface. As a result, different chemical processes like
denitrification (Kaspar et al. 1985) or sulphate reduction (Hatcher et al. 1994) may occur at
the sediment-water interface under mussel cultures. In short, suspended mussel culture
activities divert primary production and energy flow from planktonic food webs by
producing faeces and pseudofaeces, and cause strong changes in the physical and chemical
characteristics of the sediments, playing a key role in the benthic-pelagic coupling of the

ecosystem.

Studies on the effects of mussel culture within the water system have been mainly focussed
on its capability for increasing organic matter deposition to the sediment (Dahlback &
Gunnarsson 1981, Hatcher et al. 1994, Hartstein & Stevens 2005) and enhancing the rate of
nutrient recycling at the sediment-water interface (Dahlback & Gunnarsson 1981, Nizzoli et
al. 2005). Few investigations exist reporting its influence on the water column inorganic and
organic suspended matter (Souchu et al. 2001, La Rosa et al. 2002, Nizzoli et al. 2005) and
the number of studies targeting the three processes simultaneously is even less. In the
present work, we have performed direct measurements in order to examine the impacts of
suspended mussel cultures on the biogeochemistry of the water column, water-sediment
interface, and vertical fluxes of biogenic particles and finally, evaluate its effect on the
benthic-pelagic coupling. Furthermore, most of the studies on the effects of mussel farming
have been carried out in low energy tide-dominated areas (Hatcher et al. 1994, Christensen
et al. 2003, Nizzoli et al. 2006, Giles et al. 2006). The present work represents the first study

on the effects of mussel culture in a highly dynamic coastal upwelling system.

The NW Iberian coast is characterized by upwelling northerly winds from March to
September. The rest of the year, winds are predominantly from the south and south-west,
favouring the predominance of downwelling conditions. The extension and intensity of the
seasonal upwelling and downwelling favourable periods varies strongly from year to year.
One of the main features of this region is the Galician Rias Baixas, four large (> 2.5 km?) and

V-shaped coastal inlets. They are openly connected with the adjacent shelf and the



Capitulo 127

interaction between coastal upwelling and the circulation patterns in the Rias Baixas
promotes a massive response of phytoplankton productivity inside the Rias (~1.4 g C m?Zd*!
during upwelling season; Figueiras et al. 2002). This high primary production enables the
culture of Mytilus galloprovincialis Lamark in the Rias, supporting the highest mussel
production in Europe. Mussels are the major herbivore harvesting bursts of pelagic primary
production associated with intermittent upwelling (Tenore et al. 1982). Nowadays, the
number of suspended mussel rafts in the Rias Baixas is 3237, with an estimated annual
mussel production per raft of 75 x 10° kg raft™ yr'l, rendering a total estimated production
250 x 10° kg yr'1 of edible mussels, which represents enough biomass to have clear impact
on the Rias as an entire ecosystem (Figueiras et al. 2002). Mussel production gives
employment to 9000 people directly and 20000 indirectly, and hence it is an activity of great

socio-economic importance for the region (Labarta et al. 2004).

Several studies of the Rias Baixas have reported that the organic load under the rafts area
seems to be high enough to cause important effects on the sedimentary environment
(Tenore et al. 1982, Macias et al. 1991, Garcia-Gil 2003, Otero et al. 2006) and over the
benthic community structure (Lépez-Jamar 1978, Tenore et al. 1982, Ysebaert et al. 2009).
However, very few studies report rates of biogenic vertical fluxes (Cabanas et al. 1980,
Tenore et al. 1982) and none of them investigate the role played by the mussel culture on

the benthic-pelagic coupling of the ecosystem.

In this context, the aim of this work was to study the impact of suspended mussel culture on
the benthic-pelagic coupling in the Ria de Vigo by means of direct measurements of water
column properties, biogenic sinking material and benthic fluxes. Even though the Galician
Rias Baixas are the most important mussel farming producer of Europe, none study of these
characteristics have been carried out in this system. This study was carried out in July 2004,
in the framework of the EU-funded MaBenE project, which aimed to develop fully coupled
ecological models for ecosystems dominated by filter feeders to optimise shellfish

production in terms of yield as well as nature conservation.
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2. Material and methods

2.1 Study site

The study site is located in the Ria de Vigo, one of the four Rias Baixas of the NW Iberian

Peninsula (Fig. 1). The circulation in the Ria de Vigo follows a two-layered residual
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Figure 1. Map of the Ria de Vigo showing the location of the raft polygons, the 3
sampling stations (RF: Raft, CH: Channel and IR: Inner Ria), and the positions used for
trap deployments T4, T5 and T6. Below, zoom in nearby the experimental raft (dotted
square) showing the locations T1, T2 and T3 used for trap deployments.
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circulation pattern, positive under upwelling (Prego & Fraga 1992) and negative under
downwelling conditions (Piedracoba et al. 2005). Under upwelling conditions, nutrient-rich
subsurface Eastern North Atlantic Central Waters (ENACW) enters the Rias by positive
estuarine circulation. Conversely, downwelling conditions cause the slowdown or even
reversal of the positive circulation pattern, with the inflow of nutrient-poor surface oceanic
waters. A total of 478 mussel rafts are located inside the Ria de Vigo, occupying ~ 5 % of its
surface. Nowadays, rafts are 500 m? with an average of 500 hanging ropes 12 m long each.
In the Ria de Vigo rafts are organized in several polygons differing in size (DOGA
30/10/1989). Most of the rafts occur in the inner part of the Ria, but three polygons are
located in its outer part (Fig. 1). The experimental raft for this study was situated in the
outer part, located at the southeastern part of a polygon with a total of 68 rafts that were

arranged in five parallel rows (100 m apart).

2.2 Water column characterization

During the MaBenE cruise (19th July to 29" July), daily water column observations were
carried out on board R/V Mytilus at three stations in the Ria de Vigo: (1) the Raft station (RF),
with the vessel attached to the experimental raft, (2) the Channel station (CH), in the main
channel away from the mussel rafts and (3) the Inner ria station (IR), situated in the inner

part of the Ria de Vigo (Fig. 1).

At each station, vertical profiles of temperature, salinity, photosynthetic active radiation
(PAR), transmittance (Sea Tech, 25 cm wavelength) and fluorescence were obtained with a
Seabird CTD probe with a Seatech fluorometer. Besides, at the IR station, in order to have a
continuous recording of water temperature profile, an array with 8 thermistors, at 0.5, 2, 5,

8,11, 14, 17.5 and 20 m of water depth, was deployed since July 6" till July 30™

Bottle casts (rosette sampler with 10-L PVC Niskin bottles) were made to obtain water
samples for dissolved oxygen, dissolved nutrients, chlorophyll a (chl a) and phaeopigments
(phaeo), suspended particulate matter concentrations (SPM), particulate organic carbon

and nitrogen concentrations (POC and PON, respectively). Dissolved oxygen was determined
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by Winkler potentiometric titration. The estimated analytical error was +1 pM. Nutrient
samples were determined by segmented flow analysis with Alpkem autoanalyzers following
Hansen & Grasshoff (1983) with some improvements (Mourifio & Fraga 1985). The
analytical errors were +0.02 uM for nitrite, £0.05 uM for nitrate, ammonium and silicate
and +£0.01 uM for phosphate. Total dissolved inorganic nitrogen (TIN) is the sum of NOs—N,
NO-—N and NH,-N. The concentrations of chl a and phaeopigments were measured by
fluorometry, using acetone extracts after filtration through Whatman GF/F filters.
Fluorescence values from the CTD closely followed the chl @ measurements from the Niskin
bottles, obtaining a regression line: Fluorescence = 0.245 (+0.009) chl a + 0.26 (+0.06) (r’ =
0.83, 135 points). This relationship was used to represent the chl a profiles in the Results

section.

For analysis of SPM, POC and PON, between 2.5 - 5 L were filtered on pre-weighted, pre-
combusted (6 h, 550 °C) Whatman GF/F filters. After being rinsed with Milli-Q water to
remove the salts, filters were dried at 70°C and stored until analysis. SPM was determined
gravimetrically. POC and PON were determined using a Carlo Erba Element Analyzer after

Cr,03 and AgCos04 catalysed oxidation and segregation on a Haysep-Q-column.

2.3 Sediment traps

Five Technicap PPS 4/3 sediment traps with 12 collecting cups (250 ml) were positioned at
different places in the Ria during three different periods (Fig. 1). These sediment traps have
a collecting area of 500 cm” and aspect ratio of 6.25. The first deployment started July 20"
at 23:00h with a synchronized interval of 3h at station T1, T2, T3 and T4. All traps were
placed at a depth of 18 m, which is below the thermocline. The second deployment started
25" July at 04:00h with an interval of 2h. Traps were deployed at T1 (18 m depth), T2 (8 and
18 m) and T5 (8 and 18 m). The third deployment started 28" July at 13:45h with an interval
of 1h. Similar positions were used as for the second deployment, but at T1 no trap was
placed at 8m depth. No preservation was used in any sediment trap since the deployment

duration was very short.
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All samples were inspected for swimmers and, when present, were hand-picked and
removed (observed in only a few occasions). Samples were manually split into two for
pigment and particulate matter analyses respectively. The residue for pigment analysis was
filtered onto glass fiber filters (Schleicher & Schuell, No 6) and stored at -80 °C. Pigments
were extracted in 90% acetone and analyzed using reversed phase HPLC according to
Wiltshire et al. (1998). The residue for particulate matter analysis was filtered onto pre-
weighted, pre-combusted Whatman GF/F filters, rinsed with milli-Q water to remove salts,
and dried at 70 °C. The carbon and nitrogen isotopic composition of the particulate material
was measured using a Carlo Erba Elemental analyzer coupled on line to a Finnigan Delta S
isotope ratio mass spectrometer (IRMS). The carbon and nitrogen isotope ratios are

expressed in the delta notation 5C and 6™N.

Additional vertical particle fluxes were estimated, using a homemade multitrap collector
(MC) system. It was composed by 4 PVC trap baffled cylinders of 28 cm’ collecting area and
aspect ratio of 10.76. Sediment traps were deployed at two sites, one situated approx. 15 m
from the raft, close to the position T2, and within the raft polygon, the other at the inner ria
station (T6, Fig. 1). They were deployed at 18 m depth for a 24 hours period on the 19th,
22" 26" and 29" July.

The material collected in the cylinders was filtered under low-vacuum on pre-weighed and
pre-combusted (450°C, 4h) 47 mm GF/F filters (0.7 um pore size) for the analysis of SPM,
POC and PON. Filters were dried and frozen (-20 °C) before analysis. A Perkin Elmer 2400
CHN analyser was used for the measurements of POC and PON, using an acetanilide

standard daily. The precision of the method is +0.3 umol C L' and +0.1 pmol N L™.

Regarding the catchment efficiency for both types of trap, data from current meters
mounted at the trap mouth registered water current velocities <12 cm s for 90% (de la
Granda, pers. comm.) and 100% (Wiles, pers. comm.) of the deployment time at the IR and
RF sites respectively. Baker et al. (1988) concluded that for speeds <12 cm s, mass flux
collected from moored sediment traps was indistinguishable from that collected in drifting

traps, which are considered to be free of hydrodynamic biases. Therefore, although some
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hydrodynamic bias could have influenced the trap catchment efficiency, its influence is

negligible for the results presented.

2.4 Benthic fluxes

Fluxes of nutrients (nitrate, nitrite, ammonium, phosphate and silicate), total alkalinity,
oxygen and pH at the sediment-water interface were measured in situ by means of a
benthic chamber (Ferrén et al. 2008), placed by a diver directly on the sediment surface.
Four samplings were conducted during the field survey (19th, 22”d, 26" and 29" of July), just
close to the experimental raft (26 m depth). Also at the IR station (Fig. 1) similar
measurements were performed during the first half of July (6th, 8th, 12th, 15th). These data

are used to analyse the spatial variation in benthic fluxes.

Discrete samples were withdrawn from the chamber at prefixed times with a multiple water
sampler provided with 12 syringes of 50 ml (KC Denmark). Samples were split for analysis of
nutrients, total alkalinity and pH. Total alkalinity was determined by potentiometric titration
with HCl to a final pH of 4.4 (Pérez & Fraga 1987) and adapted for small sampling volume of
5 mL. The analytical error was + 4 pM. The measurements of pH were analysed
spectrophotometrically following Clayton & Byrne (1993). Nutrient samples were

determined in the same way as described for the water column measurements.

Total CO, (TCO,) was estimated from pH and total alkalinity using the carbonic system
equations with the carbonic and boric acid dissociation constants of Lueker et al. (2000).

Benthic fluxes were calculated by empirical linear fitting of concentration against time.

2.5 Offshore Ekman transport

As previously described in the introduction, northerly winds provoke the upwelling of
subsurface ENACW (Eastern North Atlantic Central Water) in the Rias Baixas and thus

regulate the oceanographic conditions in this region. Thus in order to understand the
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oceanographic conditions, we analyse the intensity of this upwelling based on the upwelling
index. The upwelling index was estimated using the component -Q, of the Ekman transport

following Bakun (1973) method:
-Q= (pair Co |V| VY)/(f psw)

where p,i is the density of air (1.22 kg m™ at 15°C), Cp is an empirical dimensionless drag
coefficient (1.4 x 10-3 according to Hidy (1972), f is the Coriolis parameter (9.946 x 10~ at
43°N), psw is the density of seawater (1025 kg m™) and |V| and Vy, are the average daily
modulus and northerly component of the geostrophic winds centred at 43°N, 11°W,
respectively. Average daily geostrophic winds were estimated from surface atmospheric
pressure charts. Positive values of -Q, indicate upwelling and correspond to predominance

of northerly winds.

3. Results

3.1 Hydrographic conditions and suspended particulate matter characteristics

The first two weeks of July were mainly characterized by strong northerly winds (avg -Qy =
476 £ 449 m> s Km™; Fig. 2a), that provoked the entry of cold (<13.5°C) ENACW from the
shelf through the bottom ingoing layer based on the thermistor array data at the IR station
(Fig. 2b). During the second half of July, winds reversed and they were mainly blowing from
the southwest, with an average -Qy of 31 + 217 m> s Km™. These conditions favoured the
surface intrusion of warm water (~19°C) and the development of a strong stratification,
deepening the thermocline from 10 m to 20 m depth. However, the weak upwelling event
between July 25" and 27™ resulted in a re-entry of subsurface ENACW, displacing the
thermocline lower limit back to ~10 m depth. Finally, reversal of northerly winds on the
adjacent shelf on July 28th had a clear impact on the water column structure, pushing again
the thermocline downwards. This temporal evolution of the water column hydrographic
conditions was also observed at the RF and CH stations according to the daily CTD profiles

(Fig. 3, first row).
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The nutrient distributions observed at the RF station were clearly controlled by these

hydrographic conditions (Fig. 4). Nutrient levels were low above the thermocline except for

nutrient injection to the photic zone during the weak upwelling events (July 19" and 26th).

Upwelling Index
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Figure 2. a) Offshore Ekman transport presented as upwelling index (-Q,: m>

st km'l). b) Time evolution of temperature (°C) derived from thermistor
mooring at the inner Ria station.

Below the main thermocline, nutrient concentrations were high due to the presence of

nutrient-rich subsurface ENACW and remineralization processes. In fact, for similar TS

properties of ENACW on July 19" and 26th, we observed higher nutrient levels, except for

ammonium, at the beginning of the cruise due to oxidation of organic matter as the lower
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oxygen levels on July 19" indicated (distribution not shown). The other two stations (IR and

CH stations) responded to a similar pattern based on the nutrient relationships (Table 1).

The correlation of nitrate vs phosphate for water samples with temperature <14 °C were
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Figure 3. Time evolution of temperature (°C), chl a (mg m"3) and transmittance (%) at the
raft, channel and inner Ria stations during the MaBenE cruise. Note the different depth
scale

not significantly different (p>0.05) for the 3 stations with slopes lower than the Redfield

ratio.

The N:P slope increases to the Redfield value when we consider total inorganic

nitrogen (TIN) vs phosphate for the RF and CH station. However for the IR station, we have

obtained a lower N:P ratio pointing to a faster remineralization of phosphorus vs nitrogen.

The N:Si slope was similar at the raft and channel stations, considering only TIN and we did

not observe any correlation at the IR location.
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The temporal distributions of chl a (Fig. 3, second row) for the RF and CH stations were very
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Figure 4. Time evolution of nitrate (A); phosphate (B); silicate
(C) and ammonium (D) at the raft station during the MaBenE
cruise. Units are uM.

Table 1. Slope, standard error, and determination coefficient
of the correlations between nutrients at the 3 study locations.

Units are uM.
Raft Channel Inner Ria
NO; vs HPO,”  slope 14.7 +2.2 13.3+1.9 12.1+1.7
r’ (n) 0.81(17) 0.86 (14) 0.95 (7)
TIN vs HPO,” slope 16.2 2.9 16.1£2.4 13.5 3.2
r’(n) 0.73 (17) 0.87 (13) 0.84(7)
NO;" vs Si(OH)a slope 1.78 £1.5 1.53+1.4 n.s.
r’(n) 0.82(17) 0.72 (14)
TIN vs Si(OH),4 Slope 1.95+1.7 1.94 +1.7 n.s
r’(n) 0.86 (17) 0.90 (13)

n.s.: not significant

similar.  The highest

values were observed at
the beginning and end
of the survey (> 10 mg
m?), during the periods
of  spin-down  from
previous upwelling

events. These high

values were located

from the thermocline to

the bottom, with

maximum values just

below the thermocline. For the IR station, the chl a distribution was similar to the other
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stations, but chl @ maximum at the end of the survey was less pronounced. The surface chl a
concentration was usually below 2 mg m™ at the RF station; except for July 26" and 27™
with chl a concentrations > 2 mg m'3, and these surface values were lower than at the CH

and IR stations.

The temporal distributions of transmittance percentage (Fig. 3, last row) mirrored the chl a
distributions with low values associated with the chl a maxima and with higher percentage

during the middle of the survey for the three stations.

Total suspended particulate matter concentrations (SPM) were lowest near the surface
(1.03 £ 0.26 mg L™, above the main thermocline) and generally increased with depth in all
stations (1.95 £ 0.52 mg L™, below the main thermocline; Table 2). POC concentrations did
not exceed 0.3 mg L™ most of the time and did not show strong gradients with depth.
However, we did observe an increasing trend with depth of algal C in relation to non-algal C
for the three stations associated with higher chl a concentrations below the thermocline.
Algal C was calculated as the concentration of chl a times 25.2 £+ 15.6, which was the
average C:chl a ratio (g/g) during the campaign period. PON concentrations were
significantly correlated with POC concentrations (r* = 0.93) with an average C:N ratio of 6.8
(close to the Redfield ratio). Based on these data, we did not observe significant differences
in the quantity and quality of suspended particulate matter among the three study stations
though the quality of the suspended matter was different above and below of the

thermocline.
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3.2 Vertical fluxes

The rates of sedimentation of particulate matter differed substantially between stations
(Table 3). The highest values were observed directly under the raft (T1), with average values
ranging from 25 to 37 g DW m™ d™, and the multitrap collector value (31 g DW m™ d™)
within this range. The high-resolution temporal variability observed underneath the raft
with the Technicap sediment traps showed a large variation. This was probably partly
caused by the fact that visual inspection of the filters showed, besides mussel faecal pellets,
sometimes drop-off material from the raft, such as small mussel shell fragments and
fragments of green macroalgae. In between and in the vicinity of the rafts, the collected DW
was 5-11 g m™ d”, being a factor 3 to 5 smaller than directly underneath the raft. The CH
station, (see Fig. 1, T5) showed much lower values, in the order of 2 g DW m™ d*. A large
difference was observed between the traps deployed at 18 meters and 8 meters, with much
lower values in the traps at 8 meters, especially at T5. POC concentrations were on average
highly correlated with total DW (r*: 0.91), representing about 10 % of the total DW (Table 3).
Underneath the raft average POC rates varied between 2.2 and3.9g C m?d*. At T2 and T3
trap stations POC was trapped at arate of 0.9+ 0.2 g C m?d™. Much lower POC fluxes were
observed in the CH station, especially at 8 meters. Similar trends were observed for PON,
showing significant correlation with POC (r’=0.99). Also chl a was correlated with POC
(r’=0.58). At T5, chl a was very low or even zero at two occasions (Table 3). The average C:N
ratio for the settled material under the raft was 7.6; 7.7 for the traps located between rafts

and 7.0 at T5.

The values of §"°C of the settled material under the raft and in the vicinity of the rafts were
similar (Table 3), whereas the §"C values at T5 were more negative during two occasions.
This variation in isotopic values for 5'3C was related to the variation in the algal proportion
of the POC in relation to non-algal POC. Higher non-algal proportions in the POC resulted in

significantly more negative isotopic values for 6'3C (r’=0.92 for the sediment traps at 18m).
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3.3 Benthic fluxes

Figure 5 displays a comparison on the magnitude of the benthic fluxes of oxygen, total CO,

(TCO;) and nutrients between the RF station and the IR station. It clearly shows that
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Figure 5. Bar plots showing a comparison of the oxygen, TCO,, and nutrient
benthic fluxes between the raft station (red bars) and the inner Ria station
(green bars) during the sampling period.
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sediment-water fluxes were significantly higher (p<0.01) under the raft than at the IR
station. Benthic fluxes at the RF station, rates obtained for July 14th were significantly
higher than for the rest of the sampling days; but even if we do not consider this day, fluxes
under the RF station are still significantly higher. Besides, benthic fluxes under the raft
showed much more variability than at the IR station, based on the corresponded standard

deviations (Table 4).

Dissolved oxygen uptake by the sediments was on average 7 times higher under the raft,
obtaining its maximum on July 14™ (-428 mmol 0, m™> d™). Regarding nitrate benthic fluxes,
it seems that there is a net release of nitrate from the sediment to the water column under
the raft, though with a high daily variability; whereas, nitrate benthic fluxes at the IR station
were consistently negative in all cases and showed much less variability, which could be the
result of denitrification processes. Ammonium was the main N-containing nutrient released
from the sediment. Benthic NH," fluxes were on average 39.7 = 19.8 mmol m™> d™ under the
raft, being 17 times higher than at the IR station. Phosphate fluxes showed a proportional
difference between sites similar to the ammonium fluxes ratio (18-fold increase under the
raft), obtaining average fluxes of 3.6 + 1.6 mmol m™> d™ and 0.20 + 0.1 mmol m™ d™* for the
RF and IR station, respectively. Silicate was released to the water column in a higher amount
under the raft (5 times higher), but the difference between sites was not as high as for

ammonium and phosphate.

Alkalinity fluxes (Alk Corr) were corrected for the influence of ammonium and nitrate fluxes
by adding the fluxes of NO; and subtracting the NH," fluxes (Table 4). Assuming that
calculated TCO, fluxes account for organic carbon remineralization and net dissolution of
CaCO3s, we can establish an upper limit of the amount of carbon oxidized (Max Cox) as the
calculated TCO,. As Ca*? fluxes were not measured, an estimate of the maximum dissolution

of CaCO3 was calculated as % Alk Corr fluxes following Berelson et al. (1998). Consequently,
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the lower limit of the carbon oxidation (Min Cox) was obtained subtracting maximum CaCOs
dissolution rates from measured TCO, fluxes. Based on this assumptions, averaged carbon
oxidation rates are significantly higher (p>0.01) under the raft than at the IR station. The
benthic respiration quotient (BRQ), calculated as the ratio between the averaged Cox and

the oxygen flux, was higher (1.2 £ 0.2) under the raft than at the IR station (0.7 £ 0.2).

4. Discussion and conclusions

4.1 Water column

Studies of the role of suspension filter feeders on the nutrient cycling of coastal systems
have been principally focused on benthic regeneration of the biodeposits (Dahlback &
Gunnarsson 1981, Hatcher et al. 1994, Nizzoli et al. 2005). However, direct release of
nutrients in the water column from filter feeders and their epibiota can also be an
important pathway of nutrient cycling (Souchu et al. 2001, Nizzoli et al. 2006, Richard et al.
2007). In fact, these last two studies have reported a contribution of mussel lines (vs benthic

fluxes) to the total oxygen and nutrient fluxes greater than 30% in semi-enclosed lagoons.

In our case, we did not observe significant differences in dissolved inorganic nutrients and
suspended particulate matter quality and quantity between the raft site and the other two
study sites. We only detect a lower N:P ratio at the IR station, probably due to a faster
remineralization of phosphorous over nitrogen at this location as the low N:P ratios of the
benthic fluxes also suggest (Table 1). The fact that we did not detect any significant
alteration of the water column biogeochemistry associated to mussel farming can result
from the system dynamics. The previously reported shellfish culture areas were semi-
enclosed lagoons, physically forced by tides. In contrast, the Ria de Vigo is an upwelling
driven system characterized by shorter water residence time, between 14 and 7 days for the
upwelling season (Alvarez-Salgado et al. 2000). Consequently, the rapid water renewal

inside the Ria seems to dilute the possible effect of nutrient release from the mussel ropes.
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4.2 Vertical fluxes

In this study, we have observed significant spatial variations between vertical fluxes of POC,
with the highest values under the raft (average 3.2 g C m™ d). Rates of sedimented POC
were 3 times higher than the vertical fluxes obtained between the rafts (0.9 g C m? d'l) and
10 times higher than in the reference site (0.3 g C m?d?), supporting the hypothesis that
suspended mussel farming increases sedimentation rates of SPM and organic matter
(Hatcher et al. 1994, Stenton-Dozey et al. 1999, Hartstein & Rowden 2004, Callier et al.
2006). For the Rias Baixas, Cabanas et al. (1980) presented organic carbon fluxes under a
mussel raft (up to 24.6 g C m™ d™), much higher than our results and the values reported by
Tenore et al. (1982) (up to 2.4 g C m™ d™). The large difference between the vertical fluxes
measured in this work and data from Cabanas et al. (1980) might be related with a different
mussel growth state when the measurements were carried out. Organic carbon fluxes at the
CH station are at the low range of values obtained in the Ria de Pontevedra (0.5-1.8 g C m’

d%; Varela et al. 2004) and a coastal site off A Corufia (0.3-1.2 gC m?2d*; Bode et al. 1998).

Sediment traps may have been influenced by resuspension processes as they were
deployed 5 meters above sea-bottom at the RF and IR station which would provoke
overestimation on the results obtained. However, from the transmittance profile (Fig. 3,
third row) it can be observed that this variable does not decrease abruptly near the sea-
bottom as expected when re-suspension occurs. On the contrary, transmittance is well
correlated with chl a (r2=0.5) which may indicate that lower values of transmittance are the
result of higher phytoplankton biomass -just below the thermocline- and not due to the
presence of material resuspended from the seabed. Furthermore, on a year sediment trap
sampling at IR site, (Zufiiga et al. 2011) found that only during the winter period we observe
the presence of some benthic phytoplankton species (Paralia sulcata). Therefore, although
resuspension may occur, based on these results we believe that this process was not

significantly important during the sampling period.

Regarding the quality of the sinking material, results showed no significant differences

between the RF site and the CH reference site in terms of C:N ratio and isotope (e
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(-19.7 %0 and -20.4 %., respectively) and 5N (6.0 %o and 5.3 %o, respectively). Also, Non-
algalC: AlgalC ratio appeared to be significantly lower (9.83 £ 4.55) at the RF site than in the
CH station (50.9) which points to a major vertical flux of material derived from
phytoplankton under the raft. These data are supported by findings from Zudiga et al.
(2011), where the phaeo/chl a ratio in sediment traps appeared to be higher, though not
statistically significant (p=0.13), under the raft (4.6 + 3.2 S.D.) than at the IR station (1.4
0.6 S.D.). The high phaeo/chl a ratio obtained under the raft may be the result of mussel
grazing on the phytoplankton, a process on which chlorophyll is degraded to
phaeopigments (Dahlbdck & Gunnarsson 1981), promoting a high sedimentation of algal
decay products (Kautsky & Evans 1987). Jordan & Valiela (1982) proposed that half of the
particulate nitrogen and carbon consumed by mussels is expelled as faeces; therefore it
seems that mussel grazing does not alter significantly the C:N over the material processed
but it may degrade chlorophyll to phaeopigments. This fact may indicate that chlorophyll
collected under the raft was more degraded than at the IR station, as low values of
phaeo/chl a reflect phytoplankton not highly degraded (Varela et al. 2004). Jordan & Valiela
(1982) obtained 10 times higher deposition of phaeo than chl a under mussel culture. The
lower C:N molar ratio at the IR station (6.9) than under the raft (8.1) also reflects a higher

degraded phytoplankton sinking under the raft.

Comparison of the quality of suspended particulate matter and sediment trap material
showed no difference on the C:N ratio between these two partitions for the RF and CH
stations. However, the contribution of non-algal carbon was higher on the trap material
than on suspended particulate matter as it could be expected taking into account that the

algal carbon is more labile and thus easier to degrade.

4.3 Benthic fluxes

Even though the Rias Baixas are the most important shellfish farming area of Europe, the
present manuscript shows for the first time its impact on the benthic fluxes and

consequently on the sediment biogeochemistry. The high sedimentation under the
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suspended mussel raft provoked an intense accumulation of organic carbon and

consequently intense benthic recycling processes.

Several authors observed a positive correlation between sea-bottom temperature and
benthic oxygen fluxes (Klump & Martens 1989, Hatcher et al. 1994, Nicholson & Longmore
1999). In our case, we observed benthic oxygen fluxes ranged from - 119 to -428 mmol m’
day™ and from -30.9 to -38.1 mmol m™ day™ for the RF and IR stations respectively and
however sea-bottom temperatures were very similar at both stations (RF and IR, 13.16 *
0.21 °C) in July 2004. For the raft area, unexpected maximum benthic fluxes were registered
during the peak of upwelling event (oxygen flux: -428 mmol m’ day'l), when sea-bottom
temperature was at the minimum (12.91 °C). We suggest that the entrance of cold
subsurface ENACW water through the Ria bottom layer probably favoured resuspension
processes at the benthic boundary layer on July 14" causing significantly higher benthic
fluxes for all the variables compared to the following days. As it was expected from previous
studies on the effects of mussel suspended culture on benthic oxygen fluxes (Baudinet et al.
1990, Hatcher et al. 1994, Christensen et al. 2003), oxygen uptake from the raft sediments
was higher than on the reference site (IR). Benthic oxygen fluxes obtained under the raft
were higher than most studies on mussel culture (Hatcher et al. 1994, Stenton-Dozey et al.
2001, Giles & Pilditch 2006) and of the same order of magnitude than those obtained by
Nizzoli et al. (2005) and by Richard et al. (2007) in semi-enclosed lagoons of the

Mediterranean Sea and Gulf of St Lawrence (Canada) respectively.

As expected, carbon oxidation rates were higher at the RF site (316 £ 220 mmol m™ day'l;
Table 4) than at the IR site (26 + 10 mmol m™ day™) due to a larger availability of organic
matter derived from the higher vertical carbon fluxes under the raft. Although carbon
oxidation rates are not commonly reported on studies regarding mussel culture, our results
are similar to those obtained by Nizzoli et al. (2006) for Goro Lagoon, where TCO, effluxes
varied between 415 and 96 mmol m™ day'l. In any case, these benthic carbon oxidation
rates under mussel farming are much higher than the average respiration rate (34 mmol m’

day'l) from 48 estuarine systems around the world compiled by Hopkinson & Smith (2005).
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Based on these oxygen benthic fluxes and the estimated average carbon oxidized, we
obtained the benthic respiration quotient (BRQ), which indicates to what extent the aerobic
respiration and re-oxidation of reduced compounds from anaerobic respiration occur
simultaneously in the sediment. Under balanced conditions, where all organic matter is
either aerobically metabolized and /or all the anaerobic products reoxidized, the BRQ would
be in the range of 0.7 to 1.1 (Anderson et al. 1986, Glud 2008). According to this, the higher
BRQ obtained at the RF site (1.2 +0.2) indicates that some of the reduced compounds from
anaerobic respiration are not completely oxidized. By contrast, the lower BRQ (0.7 £0.2) at

the IR site may reflect that aerobic respiration is the main mineralization process at this site.

On the other hand, ammonium fluxes also support these two different benthic metabolism
pathways at the RF and IR station. The NH," effluxes under the raft were 17 times higher
(39.7 £ 19.8 mmol m’ d'l) than at the IR site (2.4 + 0.3 mmol m’ d'l), pointing to a
dominance of anaerobic processes under the raft. Oxidation of organic matter loading to
the raft sediments generates higher benthic dissolved nitrogen fluxes, mainly in the form of
NH," (Hatcher et al. 1994). The flux of ammonium under the raft was in accordance to
Nizzoli et al. (2005, 2006) but much higher than most of other reported benthic fluxes (3-20
mmol m? d'l) associated to mussel culture (Baudinet et al. 1990, Hatcher et al. 1994,
Stenton-Dozey et al. 2001, Christensen et al. 2003, Giles et al. 2006) and also than other
undisturbed coastal sediments (Nixon 1981, Devol & Christensen 1993, Berelson et al. 2003).
As described by (Nizzoli et al. 2006), this situation might be the result of the predominance
of sulphate reduction and subsequently oxidation of sulphide, generating more reducing
conditions under the raft. In fact, Otero et al. (2006) described the formation of reducing
conditions that favour the processes of sulphate reduction and methanogenesis in
sediments under a mussel raft in the Rias Baixas. Following Christensen et al. (2003), under
these environments characterized by high sulphide levels, nitrification is inhibited and
consequently denitrification processes avoided, and the prevailing nitrogen route is
dissimilative reduction of nitrate to ammonium (DNRA). Our nitrogen benthic fluxes,
dominated by high NH," effluxes and very low nitrate fluxes, respond to this pattern. In

contrast, nitrogen fluxes at the IR station were completely different from the RF station with
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much lower NH," fluxes and recurrent negative nitrate fluxes. These fluxes and the observed
BRQs seem to point out the prevalence of nitrification — denitrification metabolism route in

this site, though further studies are needed to explore this via.

In contrast to the observations obtained by Hatcher et al. (1994) under mussel culture,
sediments in the Ria de Vigo act as a source of phosphate to the overlying water, and
remineralization of organic phosphorous was much more intense under the mussel raft (3.6
+ 1.6 mmol m™? d!) than at the IR site (0.20 + 0.1 mmol m™ d’!). Benthic phosphate fluxes
under the raft were higher than those obtained by Giles et al. (2006) and Richard et al.
(2007) (max. 0.6 mmol m? d™* and 1.2 mmol m? d*, respectively) and comparable to the
highest fluxes (2.7 mmol m? d?) obtained in a one year study under mussel culture

(Baudinet et al. 1990).

The higher release of silicate to the water column from the sediment at the RF site was
probably related to a high content of diatom frustules in the mussel faeces exported from
the water column to the sediment. This observation is supported by data from Zudiga et al.
(2011) that obtained much higher vertical fluxes of biogenic silica under the raft (95 mol m’?

d!) than at the IR site (15 mol m> d™).

4.4 1D Budget: benthic-pelagic coupling

Based on the benthic and pelagic fluxes presented here, and considering the primary
production and pelagic respiration rates obtained by Arbones et al. (2008) from in situ 24 h
incubations of oxygen collected simultaneously to our data set for the two sites, we have
built up a 1D budget for the RF and the IR location (Fig. 6). In order to convert oxygen
production and oxygen consumption to carbon units a photosynthetic quotient and an
0,/TCO, ratio for pelagic respiration of 1.4 was assumed following Fraga et al. (1998). Net
community production (NCP) at the IR station during the first two weeks of July was 3.48 g C
m?d™?, much higher than at the raft station for the second half of July (1.28 g C m?>d™). The
organic carbon collected on the sediment trap at this IR station, represented 32 % of the

NCP, a value which is lower than the 75% obtained by Varela et al. (2004) in the Ria de
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Pontevedra, but similar to the value of 25-30% presented as the overall range for coastal
areas (Berger et al. 1989). Part of this falling material is respired in the water column ~17%
(0.19+0.14gC m d), and ~28% is oxidized at the water-sediment interface. Thus, at this
location, the benthic fluxes represented 9% of the net community production in the upper
photic zone. However, the situation is completely different for the RF station. At this
position, both the organic carbon settled on the traps (3.16 + 0.78 g C m? d?) and the

material oxidized at the sediment-water interface (2.65 + 0.64 g C m™ d™*) were much higher
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Figure 6. 1D carbon budgets for the raft (RF) and inner Ria (IR) stations. Units are g C m2d™.
NCP: net community production. NCP and respiration data were obtained from Arbones et
al. (2008)

than the organic carbon produced at the photic zone. Carbon oxidation at the sediment-
water interface represented ~84% of the settling material and ~16% is respired in the water
column. Considering these 1D budgets, the importance of the benthic metabolism is

enhanced at the mussel raft site, in response to the higher organic loading at this site.
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However, it has to be mentioned that vertical and benthic fluxes may be affected by

horizontal advection within this area and therefore limit the results shown in the 1D budget.

In summary, our study demonstrates the importance of benthic nutrient regeneration in
coastal upwelling systems like the Rias Baixas and shows that mussel cultures can lead to a
redistribution of organic material and nutrients. However, seasonal variability of net
primary production will have an effect on the mussel harvest and consequently over the
vertical and benthic fluxes. The quality and quantity of the mussels’ (pseudo) faecal pellets
are also dependant on the mussel growth state. Therefore, these aspects must be
considered and studied before extrapolating our results to evaluate the impact of mussel

farming on ecosystem nutrient dynamics.
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Se ha disefiado y caracterizado una cdmara bentdnica auténoma que permite cuantificar in
situ, el intercambio de solutos entre el sedimento y la columna de agua, adaptada para
sistemas costeros con una profundidad de hasta 100 m. La cdmara bentdnica cubre una
superficie de sedimento de 5030 cm?, siendo lo suficientemente grande como para incluir
las heterogeneidades propias de sedimentos costeros e integrar los efectos ocasionados por
la macrofauna. La cdmara incuba un total de 140.8 L de agua, la cual es homogeneizada
mediante tres bombas de recirculacion sumergibles, alcanzando la mezcla completa del
agua incubada en 4 minutos. La agitaciéon dentro de la cdmara es regulable y proporciona
una velocidad tangencial promedio que varia entre 2.0 y 4.8 cm s, en funcién del voltaje
aplicado a las bombas. Con estas velocidades se consiguieron espesores promedio de la
capa limite entre 125 y 279 um, que son comparables a los que se obtienen en sistemas

costeros.

Por primera vez en este sistema de afloramiento costero, se cuantificaron los flujos
bentdnicos in situ de oxigeno y nutrientes durante el transcurso de un afio. Los flujos
bentdnicos de oxigeno fueron siempre hacia el sedimento con una media anual de -34
mmol 0, m™? d™, un valor que es el doble de la tasa media de respiracion bentdnica para las
zonas costeras europeas. Los flujos bentdnicos de fosfato, amonio y silicato fueron siempre
hacia la columna de agua y correlacionaron negativamente con los flujos de oxigeno. A
pesar de que se obtuvieron flujos negativos de nitrato durante las épocas de verano y otofio,
los sedimentos de la Ria actuaron como fuente de nitrégeno inorganico hacia la columna de
agua ya que estuvieron dominados por los flujos de amonio (83%). Los flujos bentdnicos de
oxigeno, fosfato, amonio vy silicato fueron significativamente inferiores durante invierno y
no mostraron diferencias significativas durante primavera, verano y otofio. La cantidad y la
calidad de la materia orgdnica son factores importantes que regulan los flujos bentdnicos,
pero son los cambios de temperatura del agua de fondo, modulados por los pulsos de
afloramiento/hundimiento los que desencadenan y controlan los flujos bentdnicos a corta
escala de tiempo. Se estimd que el nitrégeno y fésforo inorganicos regenerados en el

sedimento pueden representar hasta un 41 % y un 60 %, respectivamente, de la entrada de
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estos nutrientes en el sistema provenientes de la suma de aguas afloradas y aguas

continentales.

Mediante la integracion de datos in situ de produccién primaria, respiracion tanto pelagica
como bentdnica y flujos verticales de carbono se estimé el metabolismo neto del sistema
costero de la ria de Vigo a escala estacional. Se elabord un balance anual de carbono en el
gue ademads de los procesos anteriores se incluyeron las pérdidas de carbono del sistema a
través de la extraccion de cultivo de mejillon, actividades pesqueras y de marisqueo. La
respiraciéon bentdnica representa en media anual, un 34 % de la respiracién total del
sistema. El metabolismo neto del ecosistema en la ria de Vigo es proporcional a produccion
primaria bruta in situ. La ria de Vigo es netamente autdtrofa a escala anual (317 £ 113 g C
m?2d?) aunque el metabolismo bentdnico reduce la produccién neta de la comunidad en un
23 %. El aporte de carbono orgdnico procedente de aportes continentales representa un
2.3 % del metabolismo neto. El carbono orgdnico extraido del sistema por cultivo de
mejillédn y actividades pesqueras supone un 3 % de metabolismo neto del ecosistema, y esta
dominado en su mayor parte por el cultivo de mejilldn (89 %). Sin embargo, basandonos en
la eficiencia de transferencia de energia entre niveles tréficos del 10 %, se calculd que el
conjunto de actividades pesqueras, marisqueras y de cultivo de mejillon requieren hasta un
38 % de la produccidon neta de la comunidad. Finalmente, se estimé que el carbono
producido in situ en la ria de Vigo y disponible para ser exportado a la plataforma adyacente
o ser enterrado en el sedimento, representa una cuarta parte de la produccién primaria

bruta.

En base al analisis de las propiedades de la columna de agua, flujos verticales y flujos
bentdnicos en dos estaciones en la ria de Vigo, una de ellas afectada por el cultivo de
mejillon, se estudid la influencia del cultivo de mejillén en batea sobre el acoplamiento
peldgico-bentdnico en la Ria de Vigo. Las tasas de sedimentacién de carbono organico
particulado fueron hasta 3 veces mas elevadas bajo la batea de mejillén (3.2 g m?d™?) con
respecto a la estacién de referencia y ademas la materia organica sedimentada bajo la
batea tenia mayor contribuciéon de carbono fitoplanctdnico. Los flujos bentdnicos de

oxigeno y nutrientes fueron significativamente superiores bajo la batea, llegando a ser 17
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veces mas altos en el caso del amonio. Los procesos de respiracion anaerdbica parecen
tener mayor importancia bajo la influencia del cultivo de mejillén lo que se ve reflejado en
cocientes de respiracion bentdnica mas altos (1.2 = 0.2) comparados con los obtenidos en la
estacion de referencia (0.7 = 0.2). Mediante un balance de carbono 1D para ambas
estaciones, se observd que la respiracidon en la columna de agua es similar en ambos casos,
sin embargo, los sedimentos bajo la influencia de la batea respiran aproximadamente un
84 % del material organico que les llega mientras que este valor es de un 28 % en la estacion
de referencia. Las altas tasas de sedimentacidon de material organico bajo la batea propician
un metabolismo benténico de carbono muy superior (2.7 + 0.6 g C m? d*) al carbono
inorganico generado en una zona no afectada por el cultivo de mejillon (0.3 0.1 g C m?>d?)
Por lo tanto, estos resultados apuntan a que existe un acoplamiento pelagico-benténico

mayor y mas rapido en las dreas afectadas por el cultivo de mejillon.
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Bajo este epigrafe se sintetizan los resultados obtenidos en el desarrollo de esta Tesis
doctoral que se ha dividido en cuatro capitulos. El primer capitulo se centré en el disefo,
elaboracion y caracterizacién hidrodinamica de una cdmara benténica auténoma para su
uso en zonas costeras. En el segundo capitulo se cuantificaron los flujos benténicos
atendiendo a su variacion estacional asi como a los factores que regulan estos flujos. En el
tercer capitulo se llevé a cabo un estudio en el que se integraron datos, tomados in situ y de
forma simultdnea, de produccidn primaria, respiracién peldgica y bentdnica ademas de
flujos verticales, para estimar el metabolismo neto del ecosistema y se elaboré un balance
de carbono anual para la ria de Vigo, en el que se incluyeron las pérdidas de carbono en
forma de extraccion de mejillén de cultivo en batea, pesca y marisqueo. En el dltimo
capitulo, se estudid la influencia del cultivo de mejillén en suspensidn sobre el acoplamiento
peldgico-bentdnico en la ria de Vigo, comparando dos estaciones, una en el medio de un

poligono de bateas de mejillén y otra en una estacidn de referencia.

1. Caracterizacion de una nueva camara bentdnica

La medicidn del intercambio de solutos a través de la interfase agua-sedimento ha ganado
importancia durante los ultimos afios ya que influye sobre la concentracion y especiacion de
varios elementos de la columna de agua (Aller 1980). Hasta la fecha, han sido diversos los
métodos que se han utilizado para estimar los flujos bentdnicos. De entre las técnicas
desarrolladas, las camaras bentdnicas ofrecen varias ventajas. Al realizar medidas in situ,
evitan la manipulacién del sedimento. Ademds de ello, la superficie de sedimento cubierta
por la cdmara puede ser relativamente grande, incluyendo de esta manera la variabilidad a
pequefia escala y la contribucion de la fauna benténica. Glud & Blackburn (2002) establecen
que para evaluar correctamente la actividad del bentos al cuantificar los flujos bentdnicos,
las medidas deben de hacerse preferentemente mediante camaras bentdnicas y de
tamanos relativamente grandes. En aguas costeras de la peninsula ibérica ya se han
empleado cdmaras bentodnicas para la medicion de los flujos (ej. Forja et al. 2004, Ortega et
al. 2005). Sin embargo estas camaras bentdnicas, ademas de necesitar la actividad de un

buceador auténomo, tenian que estar fisicamente conectadas al barco para la recoleccion
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de las muestras. En este contexto, este trabajo muestra el desarrollo y la verificacién de una

nueva cdmara bentdnica disefiada para su uso en sistemas costeros.

Esta nueva cdmara bentdnica estd compuesta por una estructura de acero inoxidable sobre
la que se montaron todos los componentes del sistema. En el centro de la estructura se
coloca la propia camara bentdnica, una cdmara de PVC opaca y de forma cilindrica con una
altura de 28 cm, que cubre una superficie de sedimento de 5030 cm’. El volumen de la
camara es de 140.8 £ 3.5 L. En la parte superior de la cdmara, tres puertas de PVC, son
operadas mediante un motor de 12 V DC. Durante el fondeo de la cdmara bentdnica estas
puertas permanecen abiertas para evitar en la medida de lo posible las perturbaciones en el
sedimento. Una vez que la cdmara bentdnica estd asentada en el fondo, estas puertas se
cierran para garantizar el sellado del agua incubada. El sistema posee ademds un
muestreador (KC Denmark) para tomar hasta un total de 12 muestras de agua de 50 mL.
Dentro de la cdmara bentdnica existen sensores de temperatura (SBE-39), pH (SBE-18),
oxigeno (SBE-43) y turbidez (Seapoint Turbidity Meter) mediante los cuales se obtienen

medidas continuas de estas variables durante el tiempo de incubacidn.

El equipo dispone de control en tiempo real de los datos de muestreo y de los sensores
implantados. Una boya de comunicacidon en superficie conecta la camara bentdnica
mediante un cable electromecanico. Todo el sistema estd controlado mediante un Data
Logger CR10X Campbell Scientific. Se comprobaron satisfactoriamente dos sistemas de
comunicacién con la cdmara bentdnica para el envio y recepcion de datos. (1) un sistema de
comunicacion de doble via mediante comunicacién GSM (Global System for Mobile
communications) y (2) un sistema de comunicacion mediante radio frecuencia de 869 MHz,
gue permite comunicarse con la boya a superficie de la cdmara bentdnica a una distancia de
4 km. Uno de los factores mas importantes en el uso de estas camaras bentdnicas es el
sistema utilizado para la homogeneizacién del agua incubada dentro de la cdmara (Boynton
et al. 1981). En este caso, el agua incubada en la cdmara es homogeneizada mediante tres
bombas sumergibles (Totton DC 30/5), conectadas a los sistemas de energia, los cuales
pueden regular el voltaje de entrada y por lo tanto, la velocidad de corriente dentro de la

camara. La mezcla completa del agua incubada se consigue en 4 minutos. Se estudio el
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campo de velocidades en 3D asi como la distribucidon de la capa limite de difusién (DBL)
dentro de la cdmara benténica en experiencias de laboratorio empleando como fondo una
capa de sedimento o un falso fondo de neopreno incluyendo placas de disolucién de
alabastro. Se compararon dos sistemas distintos de expulsidn del agua a través de las
bombas. Las velocidades tangenciales a 5 cm sobre el fondo, para el sistema finalmente
escogido, estuvieron dentro de un rango entre 2.0 cm s y 4.8 cm s, dependiendo del
voltaje aplicado a las bombas, lo que generd espesores promedio de la DBL desde 125 um a
279 um. La velocidad tangencial y los espesores promedio de la DBL correlacionaron

102 (R?= 0.97). Finalmente, se realizaron

siguiendo la siguiente férmula: V; = 615x[DBL]
satisfactoriamente medidas de flujos bentdnicos en dos sistemas costeros someros: la ria de

Vigo (NO de Espafia) y la bahia de Cadiz (SO de Espafia).

2. Flujos bentodnicos: variacion estacional y factores que los regulan

El acoplamiento biogeoquimico entre los ambientes pelagico y bentdnico se incrementa en
los sistemas costeros afectados por el afloramiento, ya que las altas tasas de produccién
primaria, caracteristicas de estos sistemas, favorecen un mayor aporte vertical de materia
organica hacia el sedimento (Varela et al. 2004) y, por tanto, mayor disponibilidad de esta
materia orgdnica para su remineralizacion en el sedimento (Jahnke 1996). Los flujos
bentdnicos se ven afectados por diversos factores entre los que se encuentran la
temperatura y la concentracion de oxigeno disuelto del fondo marino, el aporte de materia
organica al sedimento y los procesos de bioturbacion y excavacién por parte de la
macrofauna bentdnica. Hasta la actualidad, los Unicos estudios sobre flujos benténicos en el
afloramiento costero del NO de la peninsula Ibérica incluyen un trabajo en la plataforma
continental (Epping et al. 2002) y otro en la ria de Pontevedra (Dale & Prego 2002). Ambos
estudios estiman los flujos benténicos difusivos mediante incubaciéon en laboratorio de
testigos de sedimento. Dentro de este contexto, en el capitulo Il de la Tesis se cuantificaron,
por primera vez en este sistema de afloramiento, los flujos bentdnicos in situ de oxigeno y
nutrientes a lo largo de un afio, a fin de abordar la variabilidad estacional, los factores que

los controlan y evaluar la importancia de los mismos en la productividad potencial del
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sistema. Este trabajo se engloba dentro del proyecto ‘Acoplamiento entre los flujos
verticales y bentdnicos en la ria de Vigo’ (FLUVBE, CICYT: REN2003-04458/MAR) Se
realizaron un total de 16 campafias oceanograficas entre los meses de abril de 2004 y enero
de 2005, en una estacidon situada en el canal central de la ria de Vigo. Se midieron las
propiedades biogeoquimicas de la columna de agua, los flujos verticales de materia
orgdnica particulada por medio de trampas de sedimento y los flujos benténicos in situ de
oxigeno y nutrientes mediante el uso de la cdmara bentdnica desarrollada en el capitulo Il

(Ferrdn et al. 2008).

Como consecuencia de la degradacion de materia organica, los flujos bentdnicos de oxigeno
fueron siempre negativos y tuvieron un rango entre -18 y 50 mmol O, m? d?, con una
media anual de -34 mmol O, m™ d". Este valor es el doble de la tasa media de respiracion
bentdnica para las zonas costeras europeas (Gazeau et al. 2004) y coincide con la media
global de respiracion de los sistemas estuaricos (Hopkinson & Smith 2005). Los flujos
benténicos de los nutrientes amonio, fosfato y silicato fueron siempre positivos, hacia la
columna de agua. A pesar de que los flujos de nitrato fueron hacia el sedimento durante las
estaciones de verano y otofo, los sedimentos de la ria actuaron como fuente de nitrégeno
inorgdnico hacia la columna de agua durante todo el afio, ya que los flujos bentdnicos de
nitrégeno estuvieron dominados por los flujos de amonio (83 %). Los flujos de oxigeno,
amonio, fosfato y silicato fueron significativamente inferiores en invierno pero no
mostraron diferencias significativas durante las otras épocas estacionales. Las fuertes
correlaciones entre estos flujos sefialan que la respiracion aerdbica juega un papel
importante en la remineralizacidn de la materia orgdnica. Tanto la cantidad como la calidad
de la materia orgdnica son factores importantes que controlan los flujos bentdnicos, pero
son los cambios de temperatura del agua de fondo, modulados por los pulsos de
afloramiento/hundimiento, los que desencadenan y controlan los flujos bentdnicos a cortas
escalas de tiempo. Los flujos de nitrato variaron de una manera totalmente diferente al
resto de flujos bentdnicos, no correlacionando con ninguno de ellos. Estos flujos se ven
afectados por la concentracidn de oxigeno disuelto y nitrito en las aguas de fondo, siendo

hacia el sedimento cuando la concentracidn de oxigeno es menor y la concentracidon de
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nitrito mayor. Los resultados apuntan a que la entrada de aguas afloradas, ricas en nitrito
favorecen los procesos de desnitrificacion directa respecto al acoplamiento nitrificacién-
desnitrificacién, aunque ambos procesos pueden ocurrir al mismo tiempo ocasionando los
flujos negativos de nitrato en las épocas de verano y otofio. El estudio evalia ademas, la
importancia de los flujos bentdnicos sobre la produccidn primaria potencial en el sistema,
obteniendo que, el nitrégeno y el fésforo inorgdnicos remineralizado en el sedimento puede
representar hasta un 41 % y un 60 %, respectivamente, de la entrada de nutrientes al

sistema provenientes de la suma de aguas afloradas y aguas continentales.

3. Metabolismo neto del ecosistema y extraccion de recursos vivos marinos

El metabolismo neto del ecosistema (NEM) representa el balance entre la produccion
primaria y la respiracion total en un ecosistema (Kemp et al. 1997). Estudios sobre el NEM
indican el estado troéfico del sistema al tiempo que proporcionan una idea de cémo el
sistema procesa los nutrientes inorganicos y la materia organica (Smith & Hollibaugh 1997).
De entre los diferentes métodos existentes para medir el NEM, las medidas directas
permiten la division entre los procesos de respiracion y produccion, estimando la
contribucion relativa de cada compartimento tanto peldgico como bentdnico en el
metabolismo total del ecosistema (Staehr et al. 2012). El principal objetivo de este trabajo
fue explorar la importancia de la respiracién bentdnica en la ria de Vigo y evaluar hasta que
punto determina el estado tréfico del ecosistema. Para ello, se analizd la respiracidon
bentdnica en relacion a medidas simultaneas hechas in situ de produccién primaria, tasas
de respiracidon peldgica y exportacion vertical de particulas durante las cuatro campanas
estacionales realizadas en el marco del proyecto FLUVBE. En base a todas estas medidas, el
objetivo principal del trabajo fue determinar el metabolismo neto del ecosistema en la ria
de Vigo a escala estacional y anual. A partir de aqui, se elaboré un balance 2D de carbono
anual, en el que ademas se incluyeron las pérdidas de carbono del sistema a través de la

extraccion de cultivo de mejilldn, de actividades pesqueras y de marisqueo.

El sistema peldgico de la ria de Vigo fue netamente autotréfico durante los periodos de

primavera y verano, y autotréfico o practicamente en balance durante otofo e invierno. Los
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resultados muestran que la respiracién bentdnica es un proceso metabdlico de alta
importancia en este sistema costero, representando, de media un 34% de la respiracidon
total del sistema, lo que incluye a esta zona costera en el rango superior para estuarios
(Hopkinson & Smith 2005). Los procesos de remineralizacion bentdnica ganan importancia
durante los periodos de otofio e invierno, en los cuales la respiracidon bentdnica alcanza un
40% y 44% respectivamente, de la respiracion total del sistema. El metabolismo neto del
ecosistema en la ria de Vigo es proporcional a la produccion primaria bruta (GPP) in situ, de
manera contraria a lo que ocurre en muchos ecosistemas estuaricos en los que se ha
encontrado una relacién inversa entre el NEM y la GPP (Smith & Hollibaugh 1993). La ria de
Vigo es netamente autotrdfica en una escala anual (317 £113gC m’ yr'l) incluso a pesar de
que el metabolismo bentdnico reduce la produccién primaria neta de la comunidad (NCP)
en un 23%. El aporte de carbono organico proveniente de aguas continentales (Evans et al.
2011) representa solamente un 2.3 % del total del metabolismo neto. El carbono orgénico
anual extraido de pesca y cultivo de mejillén, estimado a partir de diferentes referencias
bibliograficas, ascendié a 10 g C m’ yr'l, lo cual supuso un 3% del metabolismo neto del
ecosistema, dénde la extraccidon de mejillén de cultivo representd el 89% del total extraido.
Sin embargo, si nos basamos en la eficiencia en la transferencia de energia entre niveles
tréficos del 10%, se estima que el conjunto de cultivo de mejillon y las actividades
pesqueras, requieren hasta un 38% de la NCP. Este valor es superior al encontrado por
Pauly & Christensen (1995) para las areas de afloramiento (25.1 %) y para arrecifes y zonas
costeras (8.3%). El carbono organico producido in situ en la ria de Vigo y disponible para ser
exportado a la plataforma adyacente o ser enterrado en el sedimento, representa una

cuarta parte de la produccion primaria bruta y es favorecido durante el afloramiento estival.

4. Efectos del cultivo de mejillon en el acoplamiento pelagico-bentdnico

El acoplamiento entre los ambientes peldgico y bentdnico juega un papel clave en los
ecosistemas costeros, en gran medida debido a la elevada regeneracidn de nutrientes que
tiene lugar en los mismos (Balzer et al. 1983). En muchos ecosistemas costeros, la presencia

de densas poblaciones de bivalvos procedentes de la acuicultura, como el cultivo de
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mejillon de bateas, puede ejercer un fuerte control ‘top — down’ dada su gran capacidad de
filtracion de la materia particulada en suspensién en la columna de agua. Fruto de esta
actividad alimentaria resulta la formacion de biodepdsitos de heces y pseudo-heces de
materia organica e inorganica que sedimentan rdpidamente, lo que conlleva el incremento
de la remineralizacién de la materia organica y una intensa regeneracién de nutrientes en la
interfase sedimento-agua. Este trabajo estudié la influencia del cultivo de mejillén en batea
sobre el acoplamiento pelagico-bentdnico en la ria de Vigo durante el mes de Julio de 2004.
Se realizaron medidas de las propiedades de la columna de agua en tres estaciones en la ria
de Vigo: bajo una batea de mejillén (1), y en dos estaciones de referencia localizadas en el
canal principal (2) y en la parte mas interna de ria (3). Se midieron los flujos bentdnicos de
nutrientes disueltos, oxigeno disuelto y carbono inorganico por medio de una cdmara
bentdnica en las estaciones (1) y (3). Ademas se emplearon trampas de sedimento para la
estimacion de flujos verticales de material organico particulado en 6 posiciones en la ria,
qgue incluyeron estaciones bajo la influencia de bateas de mejillén y otras localizadas en
zonas de referencia. La estructura de la columna de agua en las estaciones (1-3) fue muy
similar, caracterizada por condiciones de afloramiento en la primera semana de muestreo y
una posterior estratificacion en la segunda mitad del mes de Julio, en la que se observd una
fuerte termoclina, cuya profundidad fluctud principalmente modulada por el régimen de
viento. Los flujos verticales de carbono orgéanico particulado bajo la batea de mejillén (3.2 g
C m? d") fueron 3 veces mayores que los flujos obtenidos entre bateas y 10 veces
superiores a los obtenidos en la estacién de referencia del canal central, confirmando la
hipétesis de que el cultivo intenso de mejilldn en batea aumenta las tasas de sedimentacién
de materia organica. El andlisis de isotopos de carbono (6'°C) y nitrégeno (6"°N) mostraron
ademas que, la calidad del material sedimentado no fue significativamente distinta bajo la
batea y en las estaciones de referencia. Sin embargo, la ratio entre el carbono ‘no algal’ y el
carbono ‘algal’ fue significativamente menor bajo la batea, lo que indica que la materia
organica sedimentada bajo la batea presenta una mayor contribucidn de carbono

fitoplancténico.
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Los flujos bentdnicos de oxigeno disuelto, amonio, fosfato y silicato obtenidos bajo la batea
fueron significativamente superiores a los observados en la estacidon de referencia del
interior de la ria. Ademas, se obtuvo ademas que el cociente de respiracién benténica (BRQ)
fue mas alto (1.2 + 0.2) en los sedimentos de batea que en la estacion de referencia (0.7
0.2), lo que implica una prevalencia de procesos de respiracion aerdbica en la estacion de
referencia frente a la mayor importancia de procesos anaerdbicos en los sedimentos de
batea. Los flujos bentdnicos de amonio Illegan a ser 17 veces mas altos en la estacién de
batea, probablemente causados por las condiciones reductoras del sedimento que inhiben

los procesos de nitrificacion (Christensen et al. 2003).

Se realizd un balance 1D de carbono en el que se compararon la estacién de referencia y la
estacion de batea utilizando los valores de produccién primaria y respiracién peldgica de
Arbones et al. (2008) y un cociente fotosintético de 1.4 (Fraga et al. 1998). En la estacidén de
referencia, aproximadamente un 17 % del carbono organico que sedimenta es respirado en
la columna de agua y un 28 % es respirado en el sedimento. Por su contra, en la estacién de
batea, a pesar de que el flujo vertical de carbono orgdnico fue 3 veces superior a la estacion
de referencia, se respird un 84 % del carbono organico depositado mientras que un 16 %
fue remineralizado en la columna de agua. Ello pone de manifiesto la importancia del
metabolismo bentdnico bajo la batea (2.7 + 0.6 gC m?d™), siendo muy superior al carbono
inorgdnico producido en la estacidn de referencia de la zona internade laria (0.3+0.1gC
m? d). Los resultados obtenidos muestran, por primera vez, el importante papel que tiene
el cultivo de mejilldn en el acoplamiento peldgico-bentdnico en este sistema de

afloramiento costero.
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