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INTRODUCCION GENERAL

El estudio de los flujos de materia y energia resulta basico para la comprension del funcionamiento
de cualquier ecosistema. El flujo de carbono es de especial importancia debido a su implicaciéon en
el cambio climatico global (Siegenthaler & Sarmiento 1993) asociado al aumento antropogénico en
las concentraciones de dioxido de carbono (CO;) atmosférico. Este CO, atmosférico puede
disolverse facilmente en el medio marino. En este medio, la incorporacion del CO, estda dominada
por la fotosintesis del fitoplancton. Una gran parte de la biomasa producida es consumida por los
organismos heterotréficos, con lo que el carbono fijado en la fotosintesis es respirado o
transportado a otros niveles de la cadena tréfica. La via de transferencia de materia y energia a
través de los diferentes niveles de la cadena tréfica y el tipo de red trofica predominante depende,
entre otras cosas, de las condiciones ambientales en las que crecen los organismos. En términos
generales, en aguas eutroficas (ricas en nutrientes), débilmente estratificadas, mezcladas o
turbulentas, predominan células de fitoplancton de gran tamafio como pueden ser las diatomeas
(Semina 1968, Margalef 1974, 1978, Malone 1980, Harris et al. 1987, Legendre 1990, Kigrboe et al.
1990). En cambio, en aguas oligotréficas (pobres en nutrientes) y estratificadas, la comunidad de
fitoplancton esta generalmente dominada por células pequefas, como flagelados de diversos
grupos o cianobacterias (Cushing 1989, Takahashi & Hori 1984). Esto determina basicamente dos
vias de transferencia de energia y biomasa hacia los productores secundarios (Fig. 1). En el primer
caso (aguas eutrdficas - autotrofos grandes) se desarrollaria la llamada via clasica (Fig. 1a):
fitoplancton - mesozooplancton - peces (Steele 1974) y en el segundo caso (aguas oligotroficas -
autétrofos pequefios) la llamada via microbiana (Fig. 1b): fitoplancton - bacterioplancton - flagelados
heterotroficos - ciliados (Azam et al. 1983). Por lo tanto, la estructura de tamafios de los
productores primarios parece ser un factor fundamental para el establecimiento de una red tréfica u
otra (Legendre & Rassoulzadegan 1995) la cual, a su vez, determinara el destino final del carbono
organico asimilado. El desarrollo de autétrofos grandes favorecera la exportacion del carbono a
capas profundas del océano debido a que tienden a sedimentar mas rapidamente (Smayda 1970,
Smetacek 1980), ya sean las células intactas o al ser incluidas en paquetes fecales (mediante el
mesozooplancton) o al acumularse en determinadas zonas y ser predadas por microfagos (Fig. 2).
En cambio, los autétrofos pequefios (los cuales practicamente no sedimentan o sedimentan muy
despacio) han de agregarse entre ellos y/o a otros materiales para hacer posible su sedimentacion,
lo que hace mas lento este proceso. Por otra parte, en una cadena tréfica basada en autétrofos

pequefos intervienen mas pasos que en una basada en autétrofos grandes. El aumento del nimero
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Fig. 1 — Representacion esquematica de la red tréfica clasica (A) y la microbiana (B). Modificado a partir del
proyecto OEUVRE 1998 (realizado por P. Jonsson).

de intercambios tréficos y la lentitud del proceso de sedimentacidon hacen que aumente la

proporcién de carbono fijado fotosintéticamente que es respirado.

Asi como los diferentes factores ambientales pueden determinar la estructura de tamafios de la
comunidad fitoplanctoénica, el desarrollo de una comunidad de fitoplancton u otra produce cambios a
nivel de los otros grupos de microorganismos plancténicos (bacterias, flagelados heterotréficos,
ciliados) segun se favorezca la via tréfica clasica o la microbiana. Por ejemplo, las bacterias
heterotroficas y el fitoplancton (considerados en esta memoria como organismos osmotroéficos, ya
que ambos grupos asimilan directamente los nutrientes inorganicos disueltos en el agua y en el
caso de las bacterias, ademas, los nutrientes organicos) compiten por el nutriente limitante ante una
situacion de limitacion de nutrientes (Bratbak & Thingstad 1985, Wheeler & Kirchman 1986). Como
veremos a continuacion, la proporcién relativa de un grupo u otro en un ambiente determinado

dependera de las condiciones en las cuales se desarrollen.



Introduccién general

N

Fitoplancton Fitoplancton
grande pequefio
No sedimentacion Agregacion

Bucle

Sedimentacion >\ . \ microbiano
Predacion \,Acumulacion /g jimentacion

(microfagos)
e N X

\

Reciclado/Produccion total

Fig. 2 — Modelo de exportacion de la produccién en los océanos. La longitud y la complejidad de la cadena
tréfica implicada en la exportacion aumenta hacia la derecha. Modificado a partir de Legendre & Le Févre
1991.

¢(QUE FACTORES DETERMINAN LA ESTRUCTURA DE TAMANOS DE LOS ORGANISMOS
OSMOTROFICOS?

Diversas propiedades fisicas (movimiento) y quimicas (concentracion de nutrientes) del agua
juegan un papel fundamental en el establecimiento de una determinada estructura de tamafios de
los organismos osmotroficos, especialmente del fitoplancton. Sin embargo, una vez establecida una
determinada distribucién de tamafios, factores biolégicos como la predacion, pueden cambiarla de

manera significativa.

Hidrodinamica

Los organismos planctonicos estan, por definicion, sujetos al movimiento del agua. La energia
mecanica derivada principalmente del calor solar y del viento (y en grandes masas de agua,
también de la rotacion de la tierra), produce movimientos del agua en forma de remolinos. La
energia cinética asociada al remolino inicial se va disipando en otros cada vez mas pequenos,
hasta llegar a la viscosidad molecular (Ozmidov 1965). Existe un tamafio minimo de remolino en
donde las fuerzas inerciales y la viscosidad se igualan. Se trata de la escala de longitud de
Kolmogorov (Lk, Tenekes & Lumley 1972) definida por:



(1) Lx= (VYe)"™ |

donde v es la viscosidad cinematica y € es la tasa de disipacion de la energia cinética turbulenta.
Por debajo de este tamafio minimo de remolino la energia cinética se disipa como calor y el
movimiento del agua pasa a ser laminar. El tamafio minimo de remolino en los océanos es
generalmente del orden de 1 mm o mas (Lazier & Mann 1989). Muchos de los microorganismos del
plancton (como bacterias y la mayoria de las células de fitoplancton) son mucho mas pequefios que
la microescala de Kolmogorov por lo que los gradientes alrededor de la célula son debidos

fundamentalmente a cizallamiento laminar.

El efecto de la turbulencia sobre los organismos planctonicos puede darse a varias escalas. A nivel
de mesoescala (del orden de 10 a 100 km), la presencia de giros, zonas de afloramiento o frentes
puede ser un factor critico en la seleccion y evolucion de las especies. Por ejemplo, la respuesta del
fitoplancton ante estas perturbaciones fisicas estaria influenciada fundamentalmente por
modificaciones en el abastecimiento de luz y nutrientes. La rotura de ondas internas a nivel de la
termoclina puede inyectar nutrientes en la base de la zona fética y originar pulsos de crecimiento de
organismos de tasa de division elevada, como pueden ser las diatomeas. Ademas, la presencia de
turbulencia de mesoescala puede, o bien reducir las pérdidas de material particulado por
sedimentacion fuera de la zona fotica (Kigrboe 1993), o bien favorecer su sedimentacion mediante

la formacién de agregados con velocidades de sedimentacion mas altas (Smetacek 1985).

La tasa de sedimentacién de los organismos planctonicos puede ser estimada mediante la ecuacion

de Stokes sobre la caida de particulas esféricas en un medio liquido:
(2) v’ =0.222gn"'A(p"-p),

donde r es el radio celular, g es la aceleracion debida a la gravedad, 1 es la viscosidad del liquido y

(p’-p) es la diferencia de densidad entre el fluido y la particula. De acuerdo con esta expresion, las
formas grandes y carentes de movimiento, como muchas diatomeas, tendrian una tasa de
sedimentacion alta y podrian beneficiarse de la turbulencia (en el caso de no formarse agregados)

para mantener sus poblaciones suspendidas en la zona fética de la columna de agua.

A pequefia escala, el movimiento turbulento del agua afecta al transporte de moléculas fuera y
dentro de la célula y puede tener efectos directos en procesos como la division celular (Berdalet

1992, Thomas et al. 1995) y la predacién por organismos herbivoros (Rothschild & Osborn 1988,
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Marrasé et al. 1990). El efecto de la turbulencia a pequefia escala sobre la incorporaciéon de
nutrientes por parte de organismos osmotroficos (fundamentalmente fitoplancton) ha sido un tema
de interés en las Ultimas décadas (Pasciak & Gavis 1975, Savidge 1981, Karp-Boss et al. 1996
entre otros); sin embargo, existen pocos trabajos al respecto.

Nutrientes y turbulencia

Ante una concentracion baja de nutrientes, en ausencia de mecanismos de transporte activo, la
tasa de difusidon molecular a través de la membrana celular en las células osmotréficas puede
limitar el suministro de nutrientes hacia la célula. Cuando el flujo de un nutriente determinado hacia
el interior de una célula osmotréfica es menor que la tasa potencial de consumo metabdlico de este
nutriente, la célula pasa a estar limitada por difusion. La tasa especifica de incorporacién de un
nutriente determinado por difusion molecular puede calcularse a partir de las leyes fisicas.
Consideremos el caso extremo en que la concentracion del nutriente (C) es igual a O a nivel de la
superficie celular (células esféricas). Esta concentracion aumentara, a medida que nos alejamos de
la célula, hasta alcanzar un valor igual a la concentracion ambiental del nutriente, C... (Fig. 3). Esta

relacion se puede describir segun la siguiente ecuacion (Berg & Purcell 1977):
(3) C=-CuR"+C,

donde R es la distancia desde el centro de la célula hacia el exterior (Fig. 3). Consideremos ahora
un numero de capas imaginarias concéntricas a la célula. El flujo por area superficial (J) a través de

cada capa estaria dado por la primera ley de Fick:
(4) J =-DdC/dR,

donde D es el coeficiente de difusion del nutriente. El flujo total integrado para toda el area
superficial a través de cada una de las capas seria igual a la tasa de incorporacion (Q) de nutriente

por la célula:

(5) Q = 4J7R° = -47R°DAC/dR
Combinando las ecuaciones (3) y (5) tendriamos:

(6) Q=4mDC,,

y. por lo tanto, la tasa de incorporacion especifica estaria dada por la siguiente ecuacion:



(7) QNV =4mrDC.,,(4/37r°)" = 3DC.r?,

donde V corresponde al volumen celular. Puede observarse que la incorporacion por difusion de un
nutriente limitante es inversamente proporcional al cuadrado del radio celular. Por ello, cuando no

existe movimiento alguno del agua o de las células y ante una situacién de limitacion de nutrientes,

las células de menor tamafio tendrian ventajas sobre las grandes.

Concentracion del nutriente

N \  Capas concentricas
\ \ conunR>r
A\

Distancia desde la célula (R)

Fig. 3 — Estimacion de la limitacion por difusion de la incorporaciéon de nutrientes en organismos osmotréficos
Modificado a partir de Kigrboe 1993, segun una idea de T. Fenchel.

Un movimiento de las células (ya sea por sedimentacion o por natacion) o del agua circundante,

produce una renovacion del nutriente limitado que rodea a la célula, con lo que aumenta el

gradiente de concentracion entre el medio y la célula y la incorporacién de nutriente por difusion se
incrementa en una cantidad Q.qy, que se denomina “transporte advectivo”.

(8) Qaav = 477DrShC.,,

donde Sh es el numero de Sherwood el cual es el cociente entre el flujo de nutrientes total que llega
a la célula y el transporte de nutrientes solo por difusion. Si el transporte advectivo es cero, el
numero de Sherwood es igual a 1y, por lo tanto, el transporte es solo por difusion. A su vez, el
numero de Sherwood esta relacionado con el nimero de Reynolds (el cual describe la importancia
relativa de las fuerzas inerciales comparadas con la viscosidad) y con el nimero de Péclet (el cual

indica la efectividad del transporte advectivo comparado con el transporte difusivo a través del fluido
sobre una escala de longitud especifica).
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El nimero de Sherwood es dependiente del tamafio celular (Karp-Boss et al. 1996) ya que esta

relacionado directamente con el nUmero de Péclet el cual, a su vez, se define como:
(9) Pe = EFID,

donde E es la tasa de cizallamiento, la cual se calcula a partir de v (viscosidad cinematica) y € (tasa

de disipacion de la energia cinética turbulenta):
(10) E = (e/v)"?

Por tanto, las células mas grandes experimentarian un mayor aumento en el consumo de nutrientes
debido a la turbulencia que las células mas pequefias. Segun Karp-Boss et al. (1996) sdlo las
células mayores de 60 um experimentarian un aumento significativo en términos de incorporacion

de nutrientes debido a la turbulencia.

Predacion

En general, existe una cierta relacion entre el tamafio de los depredadores y el de sus presas. Las
células pequefias de fitoplancton y las bacterias son comidas por pequefios depredadores
(flagelados heterotroficos y ciliados), mientras que el fitoplancton de mayor tamafio es consumido
por organismos de mayor tamafio (como los copépodos y otros grupos de metazooplancton).
Sheldon et al. (1972) propone que una comunidad de organismos pelagicos en equilibrio presenta
una distribucion de tamafios en que la biomasa es mas o menos constante en clases de tamanos
logaritmicas iguales. Posteriormente, Platt (1985) observé que la pendiente en esta distribucion era
igual a - 0.25. Esto hace suponer que la presién de predacién decrece con el tamafio de la presa.
Ademas, parece haber una relacién tamafno depredador-presa mas o menos constante de 10:1 a
100:1 (escala lineal) (Fenchel 1987, Kigrboe 1993). La tasa de crecimiento de los pequefios
flagelados es comparable a la de sus presas, por lo que la predacion podria ser un mecanismo que
mantuviese las poblaciones de picoplancton en rangos mas o menos constantes, evitando asi su
concentracion en grandes cantidades. Por otro lado, tras un pulso de crecimiento rapido de células
grandes como muchas diatomeas, el incremento de la poblacién de herbivoros tiene lugar con
cierto retraso, por lo que no alcanzarian a controlar la poblacion de sus presas y la mayoria de las

células de fitoplancton sedimentarian directamente a las capas mas profundas del océano.



Estructura de tamanos y ecosistemas

En ambientes estratificados y pobres en nutrientes, las células osmotroficas pequefias tendrian
ventajas sobre las células mas grandes a la hora de competir por un nutriente limitante que no
tuviese mecanismos de transporte activo y pudiese ser incorporado a la célula sélo por difusion (la
cual es inversamente proporcional al cuadrado del radio celular). En zonas costeras, frentes o
regiones de afloramiento con aporte de nutrientes y elevada intensidad de mezcla de las aguas, la
turbulencia de pequefia escala daria lugar a un transporte advectivo de nutrientes hacia las células.
En teoria, sin embargo, el incremento en la incorporacion de nutrientes solo seria significativo para
células mayores de 60 um. Por ello, en relacién con la incorporacién de nutrientes, las bacterias y el
fitoplancton de tamafo pequefio tendrian ventajas competitivas sobre las células mayores en aguas
tranquilas, mientras que, en aguas turbulentas soélo se beneficiarian las células de fitoplancton mas
grandes.

CLASIFICACION DE LOS MICROORGANISMOS POR CLASES DE TAMANOS

Uno de los primeros en clasificar los organismos del plancton por tamafios fue Schiitt (1892), que
utilizo los prefijos “micro”, “meso” y “macro”. Posteriormente, se han ido agregando y/o modificando
clases de tamafio a las definidas en esta clasificacion. Lohmann (1911), por ejemplo, introdujo el
prefijo “nano” para designar organismos de tamanios inferiores al “micro” de Schiitt (1892). Hoy en
dia, la clasificacion de tamafos mas utilizada es la propuesta por Sieburth et al. (1978), en la que
los organismos planctonicos se clasifican como: femtoplancton (0.02 - 0.2 um), picoplancton (0.2 - 2
pum), nanoplancton (2 - 20 ym), microplancton (20 - 200 ym), mesoplancton (0.2 - 20 mm),
macroplancton (2 - 20 cm) y megaplancton (20 - 200 cm). Ademas, muchas veces se utiliza el
término ultraplancton para designar a los organismos menores de 8 - 10 ym (Murphy & Haugen

1985) o menores de 5 - 10 um (Sverdrup et al. 1942).

El fitoplancton eucaridtico (diatomeas, dinoflagelados, flagelados autotréficos y cocolitoforales)
estaria ubicado en mas de un compartimento de la clasificacion de Sieburth (dentro del pico-, nano-
y microplancton). Lo mismo ocurriria con los ciliados (nano- y microplancton) y los flagelados
heterotroficos (pico- y nanoplancton). Otros microorganismos entrarian fundamentalmente dentro
de un solo compartimento, como las cianobacterias (Prochlorococcus y Synechococcus) y las

bacterias heterotréficas (picoplancton), o también los virus (femtoplancton).
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CONSIDERACIONES METODOLOGICAS

Un método ampliamente utilizado para cuantificar a los organismos plancténicos por clases de
tamano es el de la filtracion (Herbland & Le Bouteiller 1981, Takahashi & Bienfang 1983, Weber &
El-Sayed 1987, Odate & Maita 1988, Montecino & Quiroz 2000, Teira et al. 2001). Mediante filtros
de un determinado tamafio de poro es posible concentrar y/o separar a los diferentes organismos
del plancton. Sin embargo, este método tiene como desventajas la de no discriminar la composicion
taxonémica de los organismos en cada clase de tamafio y, ademas (segun sea el caso), la de no
poder separar el material detritico del vivo. El mismo problema se presenta con el uso de
contadores electronicos de particulas, los cuales también han sido utilizados para estudiar la
estructura de tamafos de los organismos plancténicos (Kahru et al. 1991). El desarrollo de otras
metodologias, como la citometria de flujo, ha representado un gran avance para estimar de manera
mas exhaustiva la abundancia de los organismos pertenecientes al picoplancton (como las
bacterias heterotréficas, las cianobacterias y picoeucariontes autotréficos), en funcién de su tamafio
y fluorescencia (Olson et al. 1985, Li et al. 1992, Simon et al. 1994). En general, cuando se desea
conocer la composicion taxonémica de los organismos, es necesaria la microscopia ya sea 6ptica,

de epifluorescencia o electronica.

En los trabajos desarrollados en esta memoria, el término fitoplancton incluye, en general, no solo a
los grandes grupos generalmente identificados mediante microscopia o6ptica, sino también a los
grupos de tamafo tipicamente inferior a 2 pm (picoeucariontes y cianobacterias). Para una
adecuada cuantificacion de todos estos grupos de fitoplancton por clases de tamafio (Garcia et al.
1994) se requiere el uso de diferentes metodologias (microscopia invertida, electronica y de

epifluorescencia y citometria de flujo).

ESTRUCTURA DE TAMANOS EN COMUNIDADES FITOPLANCTONICAS

La estructura de tamanos de los productores primarios ha sido ampliamente estudiada debido a su
gran importancia en el funcionamiento de las redes tréficas pelagicas y en el ciclo del carbono.
Entre los estudios que se han llevado a cabo sobre el tema pueden sefalarse los de Durbin et al.
(1975), Malone (1977), Herbland & Le Bouteiller (1981), Bienfang (1984), Hopcroft & Roff (1990),
Delgado et al. (1992), Raimbault et al. (1988a, b), Legendre et al. (1993) y Marafion et al. (2001),
entre muchos otros. En base a muchos de estos trabajos se pueden hacer ciertas generalizaciones

sobre la estructura de tamafios de las comunidades de fitoplancton.



En términos generales, se sabe que el picofitoplancton constituye mas del 50 % de la biomasa y de
la produccién primaria en zonas oligotréficas, pero representa menos del 10 % de estos parametros
en aguas eutroficas (Agawin et al. 2000, revision bibliografica de aguas oceanicas y costeras). En el
Mar Mediterraneo, por ejemplo, esta fraccion del fitoplancton constituye, en promedio, un 59 % y un
65 % de la biomasa en términos de clorofila y de la produccion primaria, respectivamente (Magazzu
& Decembrini 1995). Las altas concentraciones de fitoplancton que pueden observarse en zonas
costeras, frentes o regiones de afloramiento con elevado aporte de nutrientes a la zona fética e
importante movimiento turbulento de las agua, se deben principalmente a un aumento en la
proporcion de células de gran tamafio (Malone 1971, Marafion et al. 2001). Generalmente las
diatomeas son el grupo que mas contribuye a las proliferaciones de biomasa fitoplancténica en
zonas altamente productivas (Margalef 1978).

Tipicamente, cuanto menor es la biomasa de fitoplancton, mayor es la contribucion relativa de los
organismos picoplanctonicos. Por otra parte, el picofitoplancton es considerado como la fraccion
con menor variabilidad espacio-temporal, mientras que las fracciones mas grandes suelen ser las
responsables de los cambios mas importantes en la biomasa autotréfica total (Raimbault et al.
1988b, Magazzu et al. 1996, Rodriguez et al. 1998). Raimbault et al. (1988b) observaron que, en
aguas del Mediterraneo y otros ambientes, la cantidad de clorofila en las fracciones < 1, < 3y
< 10 ym alcanzaba un limite superior que correspondia a 0.5, 1 y 2 ug I, respectivamente. Sin
embargo, la poca variabilidad del picofitoplancton parece ser relativa y es aparente sélo cuando se
comparan determinaciones de biomasa que abarcan un amplio rango de valores. En este sentido,
Marafién et al. (2001) encuentran que la mayor parte de la variabilidad del fitoplancton en un
transecto meridional en aguas abiertas del Atlantico era debida fundamentalmente a cambios en la

fraccion picoplanctonica.

Dentro de los grandes grupos de fitoplancton, se han sefialado ciertas regularidades con respecto a
su estructura de tamafios. Por ejemplo, las diatomeas son consideradas muchas veces como
tipicamente microplanctonicas; sin embargo, dentro de este grupo existe un amplio rango de
tamanos y hay especies con células de sélo 2 um de diametro (Hasle & Thomas 1995).

La distribucion de tamafios y/o las diferentes morfologias que desarrollan las comunidades de
fitoplancton segun las condiciones ambientales estan definidas en algunos modelos conceptuales.
Margalef (1978), en base al suministro de nutrientes y a la intensidad de turbulencia (o energia
externa), propone un modelo (el denominado “Mandala”, Fig. 4) en el cual las diatomeas carentes

de movimiento y con una tasa de crecimiento potencial alta crecerian en aguas ricas en nutrientes y
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Fig. 4 — “Mandala” de Margalef. Los diferentes tipos biolégicos del fitoplancton estan graficados en funcién de
la concentracion de nutrientes y de la turbulencia del agua. Modificado a partir de Margalef 1978.

turbulentas y, en cambio, los dinoflagelados, que se mueven por medio de flagelos, podrian
sobrevivir en aguas estratificadas debido a su capacidad de migrar y obtener nutrientes de aguas
mas profundas. Otros organismos del fitoplancton como los cocolitoforales aparecerian en
posiciones intermedias. Legendre & Le Fevre (1991), basandose en la hidrodinamica del ambiente,
clasifican el ecosistema pelagico marino en cinco tipos segun los diferentes tamafos de fitoplancton
(Fig. 5). En esta clasificacion, los ecosistemas extremos serian aquéllos en que predomina la via
trofica clasica (ecosistema 1 - produccion y biomasa dominada por células grandes) y la via tréfica
microbiana (ecosistema 5 - produccién y biomasa dominada por células pequefias). Entre medio
estarian aquellos ecosistemas donde se combinan células grandes y pequefias como dominantes
en la produccion y/o en la biomasa fitoplancténica. Sin embargo, hay que considerar estas
clasificaciones con precaucion; puede ser que diferentes tipos de via tréfica dominen en distintas

épocas del ano o que varios de estos tipos coexistan en un ambiente determinado.

En las células del fitoplancton se ha observado que procesos fisiolégicos tan importantes como el
crecimiento y la respiracion, asi como el contenido en carbono, nitrégeno, proteina o clorofila a son
dependientes del tamarfio celular (Banse 1976, Blasco et al. 1982, Verity et al. 1992, Montagnes et

al. 1994) y se relacionan, generalmente, mediante la ecuacion alométrica:
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(11) M =aV’,

0, lo que es lo mismo: logM = loga + blogV

donde M es el proceso metabdlico, elemento o compuesto celular, V el volumen del organismo y “a
y “b” son constantes empiricas (Bertalanffy 1964). Asi, por ejemplo, las células mas pequefas
contienen mas carbono y nitrégeno por unidad de volumen que las células grandes. Las primeras
relaciones del crecimiento o la respiracion con el tamafio celular revelaban un coeficiente b entre
-0.25y - 0.30 (Eppley & Sloan 1965). Sin embargo, posteriormente se observé que la relacion de
alometria podria ser mas débil de lo encontrado en un principio (Banse 1982, Blasco et al. 1982,
Sommer 1989), de modo que podria ser mas importante el potencial genético de crecimiento de un
determinado grupo taxonémico de fitoplancton con respecto a otro (Furnas 1990). Por ello, tasas de
crecimiento in situ de diatomeas de tamano pequefio o medio podrian ser iguales o mas altas que

las de pequefios microflagelados o de comunidades ultraplanctonicas.

Fuerzas fisicas 4———— Singularidades hidrodinamicas

Células grandes Células grandes y pequefias  Células pequefias

Células grandes Células grandes y pequefias Células pequefias

Produccion primaria dominada por:

Biomasa de fitoplancton dominada por: -
. . . Alto Bajo

Heterogeneidad espacio-temporal del ecosistema: ¢
Alto Bajo

Exportacién/retencioén del carbono biogénico: -

Fig. 5 — Cinco tipos de ecosistemas pelagicos definidos por la estructura de tamafios del fitoplancton segun el
dominio de células grandes o pequefias en la produccion y la biomasa, y en funcién de las caracteristicas
hidrograficas del ambiente y, como consecuencia, su importancia en la retenciéon del carbono biogénico. El
ecosistema 1 caracterizaria a la cadena tréfica “clasica”, mientras que el ecosistema 5 caracterizaria a la
“microbiana”. Modificado a partir de Legendre & Le Févre 1991.
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IMPORTANCIA DE LA ESTRUCTURA DE TAMANOS Y LA COMPOSICION TAXONOMIQA DE
UNA COMUNIDAD DE MICROORGANISMOS EN RELACION CON LA COMPOSICION QUIMICA
DE LA MATERIA ORGANICA FORMADA

Como hemos visto anteriormente, la turbulencia puede afectar la estructura de tamarios del
fitoplancton favoreciendo las células de mayor tamafo y su importancia relativa con respecto a
otras mas pequefias como las bacterias heterotréficas. Estos dos compartimentos de biomasa
tienen diferentes demandas de nutrientes con respecto a la formacién de biomasa. Se suele
aceptar que el fitoplancton asimila los elementos C:N:P en una relacion 106:16:1 (Redfield 1963)
aunque se han observado variaciones relacionadas con el estado tréfico del ambiente (Harris
1986). En cambio, las bacterias heterotréficas poseen un cociente C:N:P mas bajo, de alrededor de
50:9:1, que también puede variar segun su actividad metabdlica y disponibilidad de nutrientes
(Chrzanowski et al. 1996). Por ello, la estructura de tamafios y la composicion taxondmica de las
comunidades de microorganismos del plancton se ven reflejadas en su composicion quimica.
Generalmente, cuando se habla en términos de biomasa de los diferentes componentes de la
comunidad de microorganismos planctonicos se utiliza el carbono por ser el elemento base de
muchos compuestos y estructuras celulares. Sin embargo, compuestos como el ADN vy las
proteinas son también utilizados como indicadores de biomasa (Holm-Hansen 1969b, Paul et al.
1985, Boehme etal. 1993, Dortch & Packard 1989) debido a su implicaciéon en la division y
crecimiento celular, respectivamente. Ademas, debido a su composicion quimica, ambas
macromoléculas son importantes en la dinamica del nitrogeno en ambientes marinos y el ADN
participa, ademas, en la dinamica del fésforo. Las primeras medidas del ADN en la columna de
agua fueron realizadas como una manera de cuantificar la biomasa fitoplancténica (Holm-Hansen
1969a, b). Sin embargo, trabajos posteriores (donde se obtuvieron simultdneamente medidas de
ADN, clorofila y bacterias), indicaron una buena correlacion de esta macromolécula con la
concentracién bacteriana (Paul & Carlson 1984, Paul et al. 1985, Boehme et al. 1993) pero no con
la de clorofila. Por ello, la mayor parte de la forma particulada de esta macromolécula en ambientes
marinos es atribuida al bacterioplancton. El contenido proteico en las células de fitoplancton es
menor en relacion a su volumen en las células grandes que en las pequefias (Montagnes et al.
1994). Por ello, la estructura de tamafios de la comunidad fitoplanctonica es importante a la hora de

cuantificar su aporte en términos de proteina.
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OBJETIVOS Y ESTRUCTURA DE LA TESIS

En la presente memoria se han estudiado diferentes aspectos de la relacion entre la caracterizacion
taxondémica, la composicibn quimica y la estructura de tamafios de comunidades de

microorganismos plancténicos. Los principales objetivos han sido los siguientes:

A) Determinar experimentalmente la importancia de la turbulencia en el desarrollo de organismos
osmotroéficos (bacterias y fitoplancton) y en la estructura de tamafios y composicion taxondmica

del fitoplancton bajo diferentes condiciones iniciales de nutrientes.

B) Estudiar la estructura de tamafios de comunidades de fitoplancton y su composiciéon

taxondémica en sistemas naturales, asi como su variabilidad espacio-temporal.

C) Estudiar como influye la estructura de tamafios y la composicion taxonémica de la comunidad
de microorganismos plancténicos en la composicion quimica de la materia organica formada, ya

sea en experimentos de laboratorio como en sistemas naturales.

A continuacion, se presentan de forma detallada los trabajos desarrollados en los diferentes

capitulos de que consta esta memoria.

Un estudio de la importancia del tamafio de los organismos osmotroficos como las bacterias y el
fitoplancton en relacién con la turbulencia y los nutrientes se presenta en los Capitulos | y Il de esta
memoria. La hipotesis de base para ambos trabajos fue que la turbulencia beneficiaria el
crecimiento de las células grandes pero tendria un efecto insignificante sobre el crecimiento de
células pequenas. En el Capitulo I, el efecto de la turbulencia en el crecimiento de dos especies de
diatomeas (Thalassiosira pseudonana y Coscinodiscus sp.) ha sido estudiado en cultivos limitados
en fosforo. Ambas especies de diatomeas fueron elegidas debido a que tienen una forma similar
pero son muy diferentes en tamafio, lo que permite separar las interacciones entre turbulencia y
tamafio de efectos relacionados con la forma. Ademas, con el fin de predecir el papel de la
turbulencia en el crecimiento algal, se ha utilizado un modelo simple para caracterizar el crecimiento
de ambas diatomeas en presencia y ausencia de turbulencia. En el Capitulo Il, se ha considerado
el efecto de la combinacién de nutrientes y turbulencia sobre la dinamica y la distribucion de

tamafios del plancton osmotrofico. Para ello, una comunidad plancténica de componentes capaces



de pasar a través de una malla de 150 pm, procedente de la costa catalana (Mediterraneo
Noroccidental), fue cultivada en microcosmos sometidos a diferentes condiciones iniciales de
nutrientes (sin adicion inicial de nutrientes (N:P = “in situ”) y con adicion inicial de nutrientes (N:P
igual y mayor que Redfield) y bajo condiciones de turbulencia y calma. A pesar de que no pueden
considerarse como una “imitacion” de sistemas naturales (Platt et al. 1981, Carpenter 1996) el uso
de microcosmos permite aislar un factor (en este caso la turbulencia) de otros factores que covarian
(como la luz y los nutrientes) con él en la naturaleza. Asimismo, los microcosmos permiten
replicabilidad experimental y un mejor control de los factores ambientales. En el trabajo de ambos
capitulos se ha considerado la limitacion en fésforo como condicién inicial de nutrientes (condicion
unica en el experimento del Capitulo | y una de las tres condiciones de nutrientes en el
experimento del Capitulo II) debido a que es considerado como el nutriente mas a menudo
limitante en las aguas oligotréficas del Mediterraneo (Berland et al. 1990, Krom et al. 1991,
Thingstad et al. 1998, Sala 2002). Los trabajos realizados en estos dos capitulos estan enmarcados
dentro de los proyectos europeos MEDEA (MAS3-CT95-0016) y NTAP (EVK3-CT-2000-00022).

En los Capitulos Il y IV, la distribucion de tamafios del fitoplancton y su variacion espacio-temporal
ha sido observada en dos sistemas naturales del Mar Mediterraneo. En el Capitulo lll, el escenario
elegido para el estudio ha sido el Giro anticiclénico Occidental del Mar de Alboran. Este giro esta
formado por aguas superficiales que entran del Atlantico por el Estrecho de Gibraltar, las cuales se
mezclan con las aguas Mediterraneas residentes formando un chorro de agua Atlantica modificada
(Parrilla & Kinder 1985, Minas et al. 1991, Tintoré et al. 1991). El borde norte del giro se caracteriza
por la presencia de un frente con afloramiento intermitente de aguas profundas que aportan
nutrientes a las capas superficiales de la columna de agua (Packard et al. 1988, Minas et al. 1991),
mientras que el centro del giro esta ocupado por aguas oligotréficas. Estas diferencias fisico-
quimicas entre sus distintas zonas hacen del giro un lugar idéneo para el estudio de la estructura de
tamanos de la comunidad de fitoplancton y su variacion a corto plazo. Se han estimado, ademas,
las tasas de crecimiento de las comunidades de fitoplancton de las diferentes zonas del giro, asi
como sus respectivas relaciones carbono:clorofila, y se las ha relacionado con las correspondientes
estructuras de tamanos. El trabajo formé parte de un “High Frequency Flux Experiment”, cuyo
objetivo era estudiar la variabilidad a corto plazo de las propiedades fisico-quimicas y biologicas de
la zona occidental del Mar de Alboran, dentro del proyecto europeo MATER (MAS3-CT96-0051). En
el Capitulo IV, la zona elegida para estudiar la variabilidad espacio-temporal de la estructura de
tamafios de la comunidad de fitoplancton fue la plataforma del Delta del Ebro. En las capas

superficiales de esta zona se observan masas de agua ligeramente diferentes: las aguas
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Mediterraneas de mar abierto (mas saladas) y las aguas de la plataforma continental (menos
saladas) ademas de las aguas procedentes de la descarga del rio Ebro, con una salinidad aun
inferior (menos de 37.8, segun Salat et al. 2002). La region se caracteriza por una gran variabilidad
en cuanto a vientos y una importante actividad hidrografica de mesoescala (Sanchez-Arcilla &
Davies 2002). En esta area, una amplia red de estaciones (alrededor de 140) fue muestreada en
otofo, invierno y verano, dentro del proyecto europeo FANS (Fluxes Across Narrow Shelves —
MAST3-CT95-0037). Uno de los objetivos principales era el estudio de la influencia de los cambios
estacionales en los parametros fisico-quimicos del agua sobre el fitoplancton. Debido a la
variabilidad de esta zona, era factible esperar fluctuaciones en la estructura de tamafos en la

comunidad fitoplanctonica en las diferentes estaciones muestreadas.

En los Capitulos V y VI, se examinan los resultados entre la estructura de tamarios, la composicién
taxondémica y la composicion quimica de una comunidad de microorganismos plancténicos. El
Capitulo V presenta resultados obtenidos en el mismo experimento considerado en el Capitulo .
Se estudiaron las variaciones producidas en la estequiometria de la materia organica y la dinamica
del fésforo, en relacion con los cambios en la estructura de tamafios y en la composicion
taxonémica observados en las diversas condiciones experimentales. En el Capitulo VI, se presenta
un estudio de la contribucion relativa de proteina y ADN particulados en la columna de agua, de los
principales grupos de microorganismos (bacterias, flagelados heterotréficos, fitoplancton y ciliados)
y del material detritico. Las determinaciones se realizaron en dos estaciones de caracteristicas
distintas, ubicadas en el Mar Catalano-Balear (Mediterraneo Noroccidental). Esta zona del
Mediterraneo se caracteriza por la presencia de tres tipos de aguas, separados por dos frentes, el
frente Catalan y el frente Balear (Salat & Cruzado 1981, Font et al. 1988). El frente Catalan separa
las aguas costeras, de salinidad relativamente baja debido a las descargas continentales (las
cuales fluyen en direccion Sudoeste), del area central, con aguas mas densas y frias (Font et al.
1988). El frente Balear separa esta zona central de las aguas de influencia Atlantica, menos
saladas y mas calientes, que fluyen en direccion Nordeste. Este estudio fue realizado en el marco
del proyecto europeo MAS2-CT93-0063 cuyo objetivo principal era caracterizar las redes troficas
planctonicas en el Mar Catalan y examinar su relacién con los procesos hidrograficos de

mesoescala.

Después de los capitulos, se discute de manera general (Discusion general) como los resultados

obtenidos han permitido responder a los objetivos propuestos al iniciar esta tesis y se ensefan las
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conclusiones de la tesis. Finalmente, se incluye un resumen de la tesis (que resume la

introduccion, los resultados y la discusion general de la tesis).
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Effects of small-scale turbulence on the growth of two
diatoms of different size in a phosphorus-limited medium

ABSTRACT

The response on the growth of two marine diatoms of different size (Thalassiosira pseudonana, 6 um
diameter and Coscinodiscus sp, ca. 110 ym diameter) to turbulence was studied in phosphorus-limited
cultures. The growth of both algae was followed for ca 5 Days under still and turbulent (¢ = 4.4 x 102 cm? s7°)
cultures in two independent experiments. In agree with the theory, turbulence enhanced the growth of
Coscinodiscus sp. but not the growth of T. pseudonana. At the end of the experiment there were about 1.7
times more Coscinodiscus sp. cells in the turbulent than in the still conditions, while for T. pseudonana almost
the same cell numbers were found in both conditions. In addition, the Coscinodiscus sp. cells growing under
still conditions presented a higher specific alkaline phosphatase activity than those growing in turbulent ones
which indicates a higher phosphorus limitation of Coscinodiscus sp. cells in the still cultures. A dynamical
model of phosphorus uptake and cell growth, implemented using literature parameters, fitted experimental
results and showed that turbulence increased the growth rates of Coscinodiscus sp. and T. pseudonana in a

118 % and a 19 %, respectively.
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INTRODUCTION

In nutrient-limited ecosystems the interaction between small-scale turbulence, phytoplankton cells
and nutrients is important to understand whole ecosystem dynamics. Nutrients are transported to
cells by diffusion or advection. In still water and for non-motile cells, the nutrient supply is by
diffusion alone. When the nutrient uptake capacity of these cells is higher than the diffusional flux
and in absence of active transport mechanisms, the cells become diffusion-limited and a nutrient-
depleted region is created around them (Kigrboe 1993). Relative motion of the cells (either by
swimming or sinking) with respect to the fluid, or laminar or turbulent movement of the water, will
generate an advective transport of nutrients to renew the depleted zone. The relative importance
between both kinds of nutrient transport is given by the Sherwood number (Sh), which is the ratio
between the total flux of nutrients arriving to the cell surface and the transport of nutrients by
diffusion alone. If the advective transport is zero (Sh = 1), the nutrient transport is purely diffusional.
The Sherwood number is adimensional and increases with cell size. Thus, when a relative motion
between the fluid and the cells is present, large cells experience a larger increase in nutrient flux to
their cell surface than small cells (Karp-Boss et al. 1996). These authors concluded that the
increase of advective transport owing to small-scale turbulence under normal oceanic conditions is

only significant for cells larger than ca. 60 pm.

The different components of a phytoplankton community compete for the limiting nutrient. In theory,
under still conditions, the smallest organisms would be better competitors for the limiting nutrient
due to their high surface:volume ratio. In addition, motile organisms could have an advantage in
calm waters by increasing nutrient flux through swimming. However, under turbulent conditions, the
increase in the nutrient flux due to turbulence would mainly benefit, as mentioned above, the
growth of the largest cells. In addition, turbulence could enhance the maintenance of large cells in
suspension (Kigrboe 1993). Thus, turbulence could change the competition interactions of the
different components of the phytoplankton community. This could have important implications in
the trophic ecology of the whole ecosystem, as turbulence would favour the “classical” food web
over a more microbial-based food web (Legendre & Rassoulzadegan 1995). In nature, the presence
of particular life-forms of phytoplankton is related to the physico-chemical conditions of the medium
(Margalef 1978). In upwelling areas, with active fluid dynamics and high nutrient concentrations,
diatoms are usually the main component of the phytoplankton community and may form high
biomass blooms. Most diatoms are non-motile and thus may be favoured by the enhancement of
nutrient flux into the cells produced by the relative movement of water with respect to them. There
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are few experimental studies that assess the effect of fluid motion on nutrient uptake and growth of
diatoms. Savidge (1981) found different results on the nutrient uptake of the diatom Phaeodactylum
tricornutum depending on whether the cultures were phosphate or nitrate limited. This author
observed that, under turbulence, the uptake of nitrate was enhanced while that of phosphate was
decreased. For Ditylum brightwellii growing in a nitrogen-limited medium, Pasciak & Gavis (1975)
found that the transport limitation of nitrate and nitrite decreased with turbulence. Although
theoretical approaches conclude that turbulence effects are only significant for cell sizes exceeding
several tens of micrometers (Mann & Lazier 1991, Karp-Boss et al. 1996), no experimental work
has been done assessing the effect of small-scale turbulence on the growth of diatoms of different
sizes. This knowledge may be key to understand diatom bloom formations in marine ecosystems
and a factor to be considered in the parameterisations of phytoplankton growth models.

In the present study we investigate the effect of small-scale turbulence on the growth of selected
marine diatoms. Our approach combines dynamic modelling and laboratory experiments with batch
cultures. Our main interest is to test the importance of turbulence effects depending on cell size.
Two diatoms, T. pseudonana and Coscinodiscus sp. were chosen because they are similar in shape
and other characteristics (both are centric diatoms and belong to the Order Biddulphiales, suborder
Coscinodiscineae), but are very different in size. T. pseudonana has a diameter of around 6 ym and
Coscinodiscus sp. is approximately twenty times larger (ca. 110 ym in diameter). The growth of
both algae was monitored in a phosphorus-limited medium under still and turbulent conditions.
From the calculations of Sh we expected that turbulence would increase the phosphate transport
into T. pseudonana by 5.9 % and into Coscinodiscus sp. by 60 % and that this would be reflected in

their respective growth.

MATERIAL AND METHODS

Experimental setup

We used batch cultures of the diatoms Thalassiosira pseudonana (original strain from Instituto de
Ciencias del Mar de Andalucia - Puerto Real - Cadiz) and Coscinodiscus sp. (CCMP1584 strain
from Provasoli-Guillard National Center for Culture of Marine Phytoplankton - Bigelow Laboratory
for Ocean Sciences). These diatoms are regularly maintained in the culture collection of our
laboratory growing in f/2 or f/20 media with silicate (Guillard 1975).

For this study, we used a phosphorus-limited medium for both stock cultures and experiments. It
was prepared adding known quantities of sterile stocks of inorganic nutrients (as nitrate, phosphate,

21



Capitulo |

silicate, metals and vitamins, Table 1) and TRIS buffer, to nutrient-depleted, aged, sea water, after
filtering through Whatman GF/F and sterilizing at 121°C for 50 minutes. The medium was adjusted
to have a phosphorus concentration of 1 yM and an N:P ratio of 88.2.

Two experiments were carried out (Experiment 1 and Experiment 2) with independent stock

cultures.

Table 1 — Nutrients addition (uM) and N:P ratio.

Nutrient Concentration (uM)

Phosphate (P) 1

Nitrate (N) 88.2

Silicate 125

Metals and vitamins idem proportion to nitrate that for /2
N:P 88.2

At the beginning of an experiment, known volumes of either T. pseudonana or Coscinodiscus sp.
were inoculated into four 2.5 | Nalgene polycarbonate bottles to achieve starting concentrations of
0.037 uM P in algal biomass. This biomass was calculated from algal cell volumes (Table 2) and
average literature values of cell carbon content (Mullin et al. 1966, Blasco et al. 1982, Brzezinski
1985, Moal et al. 1987, Montagnes et al. 1994) and Redfield C:P ratio (Redfield 1963). Theoretical
initial concentrations resulted in 3200 cells ml™" for T. pseudonana and 3.35 cells ml™ for
Coscinodiscus sp. and the measured initial cell numbers resulted, on average, in 7.0 cells ml™" for
Coscinodiscus sp. and 3118 cells ml" for T. pseudonana. Experiments were run in an
environmental chamber at a temperature of 22 £ 1 °C and under a 12:12 hour light-dark period with
a light intensity between 180 and 220 ymol photons m?s”. Two bottles of each species were grown
under still conditions and the other two bottles were grown under turbulent conditions. Turbulence
was generated with an orbital shaker at 130 revolutions per minute (rpm). From the measurements
in Zirbel et al. (2000) we estimated an average turbulence intensity of 4.4 x 10 cm?®s™ with values
ranging from 6.7 x 10°t0 8.0 x 107" cm® ™.

Parameters measured

Samples for algal and bacterial cell numbers and inorganic nutrient concentration (one replicate)

were taken at the beginning of the experiment and at four or five times more during the experiment
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(which lasted for ca. 5 days). Cell numbers and biovolume of T. pseudonana were monitored with a
Multisizer Coulter Counter (validated with simultaneous microscopy counts: y = - 4567.4 +
0.95443x, R® = 0.99, n = 13; y = coulter counts and x = microscopic counts). Coscinodiscus sp.
cells were fixed with Lugol’s solution and counted each day using 10 ml settling chambers in an
inverted microscope (Utermohl 1958). The mean volume of these cells was obtained by measuring
the diameter and height of twenty live cells and applying the formula of a cylinder.

Bacterial concentration and cell volume was estimated by flow cytometry following a methodology
described in Gasol & del Giorgio (2000). Samples of 1.2 ml were fixed with 1 % paraformaldehyde
+ 0.05 % glutaraldehyde (final concentration), left in the dark at room temperature for 10 min and
then stored frozen at - 70 °C. At a later date, samples were unfrozen and run through a FACS-
calibur (Becton & Dickinson) flow cytometer with a laser emitting at 488 nm. A subsample of 200 pl
was stained with Syto13 (Molecular Probes) at 1.6 uM (diluted in DMS), left in the dark for 15 min,
and then run at low speed (approx. 12 pl min'1). Data were acquired in log mode until 10000 events
had been processed. As an internal standard, 10 ul of a 10° mI™" solution of yellow-green 0.92 pm
Polyscience latex beads were added to subsamples. Bacteria were detected by their signature in a
plot of side scatter (SSC) vs. FL1 (green fluorescence).

Phosphate consumption by bacteria in the period of their exponential growth (Table 4) was
calculated dividing the bacterial increase in this period in terms of phosphorus (using a carbon
content of 0.35 pg C um™ (Bjernsen 1986) and a C:P ratio = 50) and the difference in phosphate

concentration between the same period.

Inorganic nutrients (phosphate, nitrate and silicate) were analyzed in an Evolution 1l (Alliance
Instruments) autoanalyzer, using the methods of Grasshoff et al. (1983).

Alkaline phosphatase activity (APA) was determined by using a fluorogenic substrate (MUF)
following the procedure described in Sala et al. (2001). In brief, 1 ml samples were incubated in
replicates with the substrate 4-MUF-P-phosphate (100 uM final concentration). Fluorescence was
measured at 365 nm excitation and 446 nm emission wavelengths before and after an incubation of
1 h in the dark at room temperature. The increase of fluorescence with time was converted to
activity units using a standard curve prepared with the end product of the reactions. Specific activity,
i.e. activity per cell, was calculated dividing activity by the number of algal cells in the culture. The
limitation on phosphate uptake was estimated by the increase of the specific alkaline phosphatase
activity. The activity of this ectoenzyme has been used in different environments as an indicator of
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phosphorus limitation (Gage & Gorham 1985, Li et al. 1998, Sala et al. 2001). A higher alkaline
phosphatase activity in the cells is expected when the cells are phosphorus-limited.

Dynamic model

We set up a numerical model of diatom growth based on phosphorus limitation to simulate
population growth in the experimental containers. The model was developed with the computer
package Stella (Stella Research 6.0, High Performance Systems, Inc.). The units tracked over time

were pmol P mlI™'. The uptake flow of phosphorus by diatoms was computed as:

(1) ops PB

where opg is the affinity constant (Table 2) for phosphorus, and P and B are the concentrations of

phosphorus and of diatoms at a given time. The flux at a particular time step (df) is determined by
multiplying Eqg. 1 times df. The uptake can only reach a maximum value given by Vmay (h'1) from
Moloney & Field (1989).

Table 2 — Parameter values in model runs.

Parameter Units T. pseudonana Coscinodiscus sp.
Carbon content fgC um™ 113° 64°

P affinity constant ml umolP™" h™ 56 20

Cell size (diameter) gm 6.00 109

Cell volume um?® 106 390000

P diffusivity cm’s” 6.12x 10° 6.12x 10°
Viscosity cm®s” 10* 10*

Turbulent kinetic energy dissipation rate  cm*s™ 10°- 10" 10°-10"

C:P molC molP”' 204 ¢ 88°

@ Mullin et al. 1966

® Moal et al. 1987

° Perry 1976

9 Blasco et al. 1982, Moal et al. 1987, Montagnes et al. 1994
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The effect of turbulence on uptake is parameterized by the Sherwood number, which multiplies the
uptake flow. The Sherwood number (Sh) was calculated from the estimations of the Péclet number

(Pe) for spherical cells, as seen in Table 3. Pe is defined as:

(2) Pe = Er*/D,

where E (s'1) is the shear rate, r is the radius of the cell (cm) and D is the diffusivity of solute

(cm®s™). In turn E, is calculated from the kinematic viscosity (v, cm” s™') of seawater and the

turbulent kinetic energy dissipation rate (¢, cm® s™).

(3) E = (e/v)"?

For the still condition, a background ¢ of 10 cm? s produced simply by convection processes was

used. This value was inferred considering the minimum values of € measured in nature (Petersen

et al. 1988, Peters & Marrasé 2000).

We used a combination of direct measurements and literature values for the different parameters
(Table 2).

Table 3 — Equations utilized (from Karp-Boss et al. 1996) in order to calculate the Sh number according to the
Pe number.

Pe range Equation for original equation in
Sherwood number Karp-Boss et al. 1996
Pe < 0.01 1+0.29 Pe'” Eq. 48
Pe > 100 0.55 pe'? Eq. 49
0.01 < Pe <100 mean of 1.014 + 0.150 Pe"” and Interpolation

0.955 + 0.344 pPe'®

The model was run with a Runge-Kutta 4 integration method. We only ran the model for ca. 5 days
(the duration of the experiments), and made no attempt to reach some equilibrium state since we
wanted to simulate the transient batch culture.
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Statistics

Results were analyzed with an analysis of covariance (ANCOVA) using sampling time as the
covariate and cell concentration as the independent variable. Statistical significance was
considered when p < 0.05. Comparison between model output and experimental data was done with
regression analysis. Both the slope and the percentage of variance explained by the regression (R?)
for cell numbers and inorganic phosphorus were used to evaluate the goodness of fit of the
dynamic model.

RESULTS

Experimental results

In both still and turbulent conditions, exponential growth of T. pseudonana was observed during the
first 90 h of the experiment (Fig. 1a, c); then, the population started to reach stationary phase
(Exp.1, Fig. 1a) or a lower growth rate phase (Exp. 2, Fig. 1c). Final concentrations averaged
324500 cells ml™, During the first 60 h, a slightly faster growth of T. pseudonana was observed in
the still than in the turbulent conditions (u = 1.39 + 0.076 d”' (still) and 1.30 + 0.007 d™' (turbulence)
in Exp. 1 (mean + SE) and 1.45 + 0.007 d”' (still) and 1.25 + 0.092 d' (turbulence) in Exp. 2). In all
containers, the inorganic phosphorus (with an initial concentration between 1 and 2 uM) was
consumed during the first 70 h (Fig. 1a, c). The measured initial phosphate concentration was
higher than foreseen, probably due to phosphate added as carryover with the inocula, although the
inocula were from a phosphorus-limited medium as well. Nitrate and silicate decreased during the
experiment until approximately half of their initial concentration (both nutrients in Exp. 2 and nitrate
in Exp. 1) or until their total depletion (silicate in Exp. 1) (data not shown).

Exponential growth of Coscinodiscus sp. was observed during the experiment (Exp. 1 and 2, Fig.
1b, d) for the still and turbulent cultures. The growth rates in the first 40 - 70 h of the experiment
were 0.52 + 0.139 d”' (still) and 0.48 + 0.029 d™' (turbulence) in Exp. 1 and 0.33 + 0.033 d™' (still) and
0.42 + 0.085d™ (turbulence) in Exp. 2 (mean = SE). In the last 50 h of both experiments higher
growth rates in turbulent than in still conditions were observed. Final cell concentrations reached 33
cells ml” (still) and 55 cells ml”’ (turbulence) in Exp. 1 and 22 cells ml” (still) and 38 cells ml”’
(turbulence) in Exp. 2. In both conditions, phosphate concentration decreased during the first 70 hrs
of the experiment and then remained at low levels (< 0.5 uM) until the end. Nitrate decreased
smoothly over the duration of the incubation and approximately 13 % of the initial concentration had
been removed by the end of the experiments (data not shown). A larger decrease in silicate was
observed under turbulence than in still water (data not shown).
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Experiment 1
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Fig. 1 — Growth curves (cells ml™") and phosphate concentration (uM) of T. pseudonana (a and c) and
Coscinodiscus sp. (b and d) under still and turbulent conditions for Experiment 1 and 2.

Although we used sterile techniques throughout the experiments, none of the algal cultures was
initially axenic. We took care in reducing bacteria carryover in the inocula for the experiments,
achieving initial bacterial concentrations from 2.3 x 10° to 3.0 x 10° cells ml” (Table 4), depending
on the experiment. This resulted in particulate-P contribution from bacteria of 10.38 + 0.16 %
(mean + SE, Exp. 1) and 0.87 £ 0.03 % (Exp. 2) of the P-biomass in the T. pseudonana cultures
and of 5.72 + 0.10 % (Exp. 1) and 1.95 + 0.11 % (Exp. 2) in the Coscinodiscus sp. cultures. There
were no significant differences in bacterial abundance between the still and turbulent conditions for

T. pseudonana and Coscinodiscus sp. cultures. In general, an increase in bacterial numbers was
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observed during the first 40 or 75 h of the experiment; thereafter, they decreased (Exp. 1) or
remained at a more or less constant concentration (Exp. 2, Table 4). Estimated phosphate

consumption by bacteria was between 4.8 and 17.5 % (on average 9.1 %).

Table 4 — Initial, end of exponential phase, and final concentration of bacterial abundance at the different
experimental conditions (mean + SE). No replicate for Coscinodiscus sp.-turb. was available on the initial day

of Exp. 2.

Experimental condition

Bacterial
concentration

cells ml™ (*10°)

Initial End exp. phase Final
(time-h)

Exp. 1

T. pseudonana-still 0.03 £ 0.002 2.28 £ 0.75 (40) 0.14 + 0.009
T. pseudonana-turb. 0.03 + 0.001 2.25 £ 0.31 (40) 0.11 + 0.002
Coscinodiscus sp.-still 0.22 £ 0.02 2.06 £ 0.83 (76) 0.65+0.23
Coscinodiscus sp.-turb. 0.29 £ 0.02 3.28 + 0.87 (76) 0.65+0.23
Exp. 2

T. pseudonana-still 0.02 £ 0.0002 0.97 + 0.04 (70) 0.77 £ 0.02
T. pseudonana-turb. 0.03 £ 0.0001 1.57 £ 0.55 (70) 0.99 + 0.32
Coscinodiscus sp.-still 0.06 + 0.007 2.99 £ 0.13 (70) 5.74 +2.08
Coscinodiscus sp.-turb. 0.06 5.07 £ 1.21 (70) 5.13+2.05

The ratios of specific APA-still:specific APA-turbulence (APAs:APA;) for both experiments are
shown in Fig. 2. In T. pseudonana cultures, these ratios were always near unity or slightly higher
(CV =11 %, Exp. 1, 31 %, Exp. 2). However, at the end of the Coscinodiscus sp. experiments, the
ratio APA;:APA; reached values between 2.3 or 4.5 times higher than at the 40 or 46 h time point

(Exp. 1 and Exp. 2, respectively), which was taken as reference.

Model predictions and parameter adjustment

The model was run with the measured initial cell numbers and phosphate concentrations measured
in Exp. 1; the cell carbon content values and the C:P ratios were adjusted within ranges reported in
the literature (Table 2). The P affinity constant was adjusted to optimize the statistics between
model output and observed data. For T. pseudonana the model predicted an initial growth rate (first
four hours of the experiment) of 1.86 d” (still) and 2.21 d' (turbulence). Cells reached stationary
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phase in about 80 h in the turbulent condition and in about 100 h in the still condition (Fig. 3a).
According to the model, maximum cell concentration was slightly higher under turbulence than
under still conditions. For Coscinodiscus sp., the model predicted significantly higher cell numbers
in the turbulent than in the still condition (Fig. 3b). Calculated initial exponential growth rates (first
four hours) were 0.71 d’ (still) and 1.55 d’ (turbulence). According to the model, after the 5 d of the
experiment we expected to find around 36 cells ml™ in the still condition and 63.4 cells mI™” in the

turbulent one.

Experiment 1 Experiment 2
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Fig. 2 — Ratios of specific alkaline phosphatase activity (APA) between still and turbulent conditions
(APAG:APA,) for T. pseudonana and Coscinodiscus sp. cultures and for Experiments 1 and 2.

The model predicted exhaustion of phosphate after the first 110 h in both the still and turbulent
conditions of T. pseudonana cultures (Fig. 3). For Coscinodiscus sp., a faster decrease of this
nutrient was predicted under turbulence. At the end of the experiment, the model predicted lower

phosphate concentration in the still than in the turbulent conditions.

Regression analyses of model output with respect to observed values are given in Table 5. In
comparison with experimental data, the model predicted a faster initial growth rate of Coscinodiscus
sp. in turbulent conditions and a somewhat lower phosphate consumption of both algae. In addition,
the model predicted rather faster growth rates of T. pseudonana in turbulent than in still water.
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Fig. 3 — Model results on T. pseudonana (a) and Coscinodiscus sp. (b) growth and phosphate dynamics using
parameters from Table 2.

Table 5 - Regression analysis of model output against observed values in phosphorus and cell number

concentration. y = model values, x = experimental values

Thalassiosira pseudonana [Pl Cell number
slope R? slope R?

S 0.85 0.64 0.70 0.94

T 0.91 0.70 0.85 0.74
Coscinodiscus sp. [P] Cell number
slope R? slope R?

S 0.71 0.86 1.04 0.99

T 0.82 0.92 1.01 0.71
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DISCUSSION

Enhancement of Coscinodiscus sp. growth by turbulence was observed in the experiments and
could be reproduced by the model (Fig. 1 and 3). However, experimentally, the enhancement of
Coscinodiscus sp. growth was only observed in the last days of the experiment. In the case of T.
pseudonana the model predicted a slightly enhanced growth under turbulence while experimental
data showed the opposite, although almost the same cell numbers were found in both conditions at
the end of the experiment. Phosphate depletion in T. pseudonana cultures was probably the reason
of the decrease in their growth rates at the end of the experiment. However, in the Coscinodiscus
sp. cultures phosphate was not completely consumed, allowing growth to continue until the end of

the experiment.

The best adjustment of model and experimental values was obtained with C:P ratios of 204 for T.
pseudonana and 88 for Coscinodiscus sp. Although the molar Redfield ratio would be 106, higher
and lower C:P ratios have been reported in the literature. Perry (1976) found values as high as 665
in phosphorus-limited cultures of T. pseudonana. Cases where only measurements of diatom cell
carbon and nitrogen are given, C:P ratios could be inferred considering an N:P ratio of 16. Using
this approximation, a C:P of 88 would be also in the range of reported values (Blasco et al. 1982,
Moal et al. 1987, Montagnes et al. 1994). The P-affinity rate has been estimated for nutrient
concentrations tending to 0 (Vadstein & Olsen 1989). For larger P concentrations, the affinity should
be lower. As we found no data on how much lower this affinity should be or a function of affinity
with respect to P-concentration, the affinity was adjusted to optimize the statistics between model
output and observed data.

Once the parameters in the model were tuned, experimental and modelling results agreed quite
well with the theoretical observations of Karp-Boss et al. (1996). According to these authors,
turbulence enhancement of the nutrient transport into the cells would be significant only for cell-
sizes larger than 60 pm. Dynamic modelling results show a 118 % increase in growth rate for
Coscinodiscus sp. and only a 19 % increase for T. pseudonana. According to the model, enhanced
initial growth rate would have been expected in the Coscinodiscus sp. experiments but this was not
the case. Only after later in the incubation were growth rates different owing to turbulence. At the
end of the experiment, the biomass difference between turbulence and still water was of about
70 %.

The specific APA values were higher in the still than in turbulent conditions for Coscinodiscus sp.,
(between ca. 3 and 7 times higher at the end of the experiment, Fig. 2). This indicates a higher
phosphorus limitation of Coscinodiscus sp. cells in the still cultures. However, for T. pseudonana,
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the specific APA was very similar in both conditions or only slightly higher in the turbulent ones
suggesting an almost equal phosphorus limitation in T. pseudonana cells growing in still and
turbulent conditions. In addition, Coscinodiscus sp. reduced silicate faster under turbulence. All this
accumulated evidence points towards the confirmation of the current theory of increasing nutrient
flux through turbulent water motion and on the differential effect depending on the size of cells.

Phosphate consumption was slower in the model than in the experiments, especially in the case of
T. pseudonana. Bacteria were present in the cultures and the fast increase of bacteria observed in
the first hours of the experiment (Table 4) means that part of the phosphate in the medium was
consumed by these organisms. This could explain a faster decrease of phosphate in the
experiments compared to the model output (where bacteria were not considered). However, we
estimated that no more than 17.5 % (average of 9.1 %) of the phosphate would have been
consumed by bacteria. Moreover, the fact that bacteria did not continue growing to achieve much
higher numbers suggests that they became C-limited, influencing still less the dynamics of P in the
cultures. Since there were no statistical differences in the concentration of bacteria between
turbulence and still treatments in any of the experiments, we assumed that the differences
observed for the diatoms were due to turbulence. This agrees with theoretical expectations since
the phosphate transport into a bacterial cell would increase only by 0.6 % due to turbulence (Karp-
Boss et al. 1996). Therefore, as the bacterial nutrient consumption would be almost the same with
and without turbulence, the differences observed in the phosphate concentration in the still and
turbulent conditions would be due fundamentally to differences in the nutrient consumption of the
algae. We did not consider including bacteria in the model because it would have increased

unnecessarily the number of uncertain parameter values.

We observed some sedimentation in the experimental containers, especially in the still water ones
with Coscinodiscus sp. If we use the data in Fig. 1 of Smayda (1970) to obtain a regression of
sinking rate versus average cell diameter and then introduce the dimensions of Coscinodiscus sp.
and T. pseudonana, we obtain sinking velocities of 2.36 x 10° and 1.12 x 10* cm s™, respectively.

These sinking velocities are lower than the eddy velocities derived from the turbulence level
introduced (18 x 102 cm s™) and even for still water (1 x 10%cm s™) if we consider a background €

of 10® cm® s produced simply by convection. This means that, in principle, even if cells are
sinking they would also be resuspended, so we would not expect cell accumulation at the bottom of
the containers. But we did observe part of the population at the bottom of the containers.
Presumably, settled cells would not be able to take up as much phosphate as cells in suspension
(because of having one of their valves in contact with the bottom). Additionally, in the case of
Coscinodiscus sp. we observed empty shells. These shells must have been produced at some point
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and therefore they were accounted for to compute the total number of cells in the experimental
results. However, comparing growth rates with model run output may be misleading since
mathematically all cells are growing in the model. We do not know what triggered cells to die and
generate empty shells. One hypothesis could be that as cells touched the bottom of the container,
some of them would no longer be able to resuspend and would die. Thus, empty shells should be
more abundant in still water conditions. Experimentally, we computed almost the same amount of
empty shells in both the still and turbulent cultures, although the relative amount of these cells was
higher in still water (around 80 % of the total population with respect to ca. 40 % under turbulence
at the end of the experiment). Thus, even after excluding the empty shells from the total cell
numbers, turbulent cultures would still show higher cell counts than still cultures. No empty shells
were observed for T. pseudonana.

Sinking could also have enhanced the flux of nutrients towards the cells since this is one way to
increase the relative motion between the cells and the fluid. The gain in nutrient flux towards the
cells owing to sinking in still water can be computed following Karp-Boss et al. (1996) as:

(4) Sh="%[1+(1+2Pe)"

where Pe is the Péclet number calculated as Ur/D, r the radius of the cell and U the sinking
velocity. This would give a Sh of 1.36 for Coscinodiscus sp. and of 1.0018 for T. pseudonana.
Equation 4 applies for sinking in still water. Unfortunately, there are no theoretical equations that

can resolve the increase in nutrient uptake due to sinking in a turbulent environment.

The turbulent intensity used in our experiments was in the range of intensities found in the ocean
(Mackenzie & Legget 1993, Peters & Marrasé 2000). Thus, our results suggest that turbulence
could favour larger diatoms in natural conditions because of increased nutrient flux towards the
cells. However, the outcome of competition between large and small diatoms in the field may be
modified by other factors such grazing, or by the redistribution of cells in the water column by
turbulence. Additionally, phytoplankton cells in the open sea are subject to time-varying levels of
turbulence and their growth conditions, in terms of turbulence, may be more complex than what we
can currently generate in the laboratory.

The effects of turbulence on the sedimentation rate of phytoplankton are poorly studied. In natural
waters, it is generally accepted that turbulence prevents the loss of phytoplankton cells from the
mixed layer (Kigrboe 1993). However, Ruiz et al. (1996) observed that the sedimentation rate of
phytoplankton cells could be affected by changes in turbulence levels only when their settling
velocity was higher than 1 m d'. This was the case for Coscinodiscus sp. but not for T.
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pseudonana. In addition, diatom cells may modify their sinking velocity by physiological control
(e.g. fat accumulation and gas vacuoles) or by changes in their growth rates (Smayda 1970). Cells
with low growth rate or senescent cells have higher sinking velocities than actively growing cells.
One of the shortcomings of our model is that it did not consider sinking of the cells in the
experimental vessels. This was done to avoid incrementing the number of uncertain mechanisms
and parameters. However, the model needed only parameter tuning to fairly accurately match
experimental results and theoretical predictions and we found it useful to constrain the possible
importance interactions between turbulence and cell size concerning nutrient uptake. Clearly,
further experiments assessing the effects of turbulence on diatoms need to address explicitly the
sinking of cells. This is intrinsically difficult since stirring, aerating or otherwise trying to keep cells in

suspension also introduces turbulence, and no still water control is possible.

ACKNOWLEDGEMENTS

We thank Marta Estrada for the helpful comments on the manuscript and Roser Ventosa for
nutrient analysis. This work was supported by the European projects MEDEA (MAS3-CT95-0016)
and NTAP (EVK3-CT-2000-00022).

34



Combined effects of nutrients and small-scale turbulence
in @a microcosm experiment. |. Dynamics and size
distribution of osmotrophic plankton

ABSTRACT

The response of phytoplankton and bacterial dynamics to turbulence and nutrient availability interactions was
studied in natural coastal waters enclosed in 15 L microcosms. The effect of turbulence was examined under
three nutrient induced conditions: nitrogen-surplus (N - with initial addition of an excess of nitrogen, N:P ratio =
160), nitrogen:phosphorus ratio balanced (NP - with initial addition of nitrogen and phosphorus as Redfield
ratio, N:P ratio = 16) and control (C - no nutrient addition). Turbulence (¢ = 0.055 cm® s™°) was generated by
vertically oscillating grids. The experiment lasted for 8 days and samples were generally taken daily for nutrient
and plankton measurements. Turbulence increased the relative importance of phytoplankton to bacteria when
nutrients were added, while in the control the effect of turbulence was negligible. Turbulence also influenced the
species’ composition and the size distribution of the phytoplankton community. The relative contribution of
diatoms to total phytoplankton biomass and the average cell size were higher under turbulence, particularly in N
and NP treatments. The results of these experiments indicate the importance of considering the hydrodynamic
conditions in studies addressing competition for nutrients among different osmotrophic organisms in plankton

communities.
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INTRODUCTION

In aquatic systems, an osmotrophic cell is said to be diffusion-limited when the uptake rate of the
limiting nutrient is faster than the diffusive transport across the boundary layer surrounding the cell
(Karp-Boss et al. 1996). Small-scale turbulence (including laminar shear) should theoretically disrupt
this layer and thus increase the advective transport of nutrients into the cell. This phenomenon is
especially important for non-motile planktonic cells, which need the movement of water to enhance
their nutrient uptake. The increase in the nutrient flux into the cells due to small-scale turbulence
varies from negligible to significant as cell size increases (Karp-Boss et al. 1996). Karp-Boss and
coworkers concluded that small-scale turbulence is only significant for cells > 60 um, while small
cells should not be directly affected. Some properties of the organisms, such as chain formation in
diatoms, could be a mechanism to enhance nutrient uptake due to turbulence when their length
approaches the Kolmogorov scale (Karp-Boss et al. 1996, Karp-Boss & Jumars 1998, Pahlow et al.

1997) which is the smallest scale of eddy motion.

In a natural plankton community, both bacteria and phytoplankton compete for limiting nutrients. As
mentioned above, small-scale turbulence has been predicted to have little effect on the nutrient flux
to small planktonic organisms, such as bacteria and small phytoplankton, but could favour large
cells in the competition for nutrients. Also, turbulence could select particular life-forms within the
phytoplankton community. Frequently, diatoms dominate in turbulent and nutrient-rich waters, while
dinoflagellates dominate in calm and nutrient-poor waters. Margalef (1978) suggested that this trend
could be due to the different capability of movement of these organisms. In turbulent environments,
non-motile and fast-growing life forms could be favoured as large-scale turbulence reduces
sedimentation losses out of the photic zone, while dinoflagellates could take advantage in calm
waters by increasing nutrient flux through swimming and migratory behaviour. In addition,
dinoflagellates seem to be the most sensitive organisms to turbulence (Thomas & Gibson 1990,
Estrada & Berdalet 1998). Changes in hydrodynamic conditions can affect cell processes like cell
division (Berdalet 1992, Thomas et al. 1995), nutrient uptake (Karp-Boss et al. 1996) or swimming
motion (Karp-Boss et al. 2000).

Few experimental studies have dealt with the effect of fluid motion on osmotrophic organisms
(Pasciak & Gavis 1975, Canelli & Fuhs 1976, Savidge 1981, Thomas & Gibson 1990, Berdalet
1992, Thomas et al. 1995, Kohler 1997). Even fewer have been done with natural plankton
communities confined in enclosures (Oviatt 1981, Estrada et al. 1987, 1988, Peters et al. 1998,

Petersen et al. 1998, Svensen et al. 2001). Most of those studies show that the extent of turbulence
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effects on phytoplankton dynamics depends on the initial conditions and nutrient inputs, but none of

them reported the relative importance of bacteria versus phytoplankton during the experiment.

As changes in nutrient flux to cells induced by turbulence depend on cell size, we hypothesise that:
(1) turbulence increases the relative importance of phytoplankton biomass with respect to bacterial
biomass; (2) phytoplankton size distribution is affected by turbulence; and (3) the relative
contribution of diatoms to phytoplankton biomass increases with turbulence. To test these
hypotheses we enclosed coastal water from the NW Mediterranean Sea and added nutrients in
order to achieve different initial N:P ratios, and then incubated them under still and turbulent
conditions. We also expect that the response of plankton to turbulence will be reflected in the
organic matter stoichiometry. Data on organic matter quality in relation to the degree of heterotrophy
is reported elsewhere (Maar et al. see Chapter V).

MATERIAL AND METHODS

Experimental set-up

Surface water from the Catalan coast (Masnou, NW Mediterranean, ca 1 km offshore) was enclosed
in twelve 15 L cylindrical plexiglass containers (24.2 cm inner diameter and 34.5 cm depth) on
March 25, 1998. The water had previously been filtered through a 150 pm mesh net in order to

remove the larger zooplankton.

The experiment was performed in an environmental chamber at 15 + 1 °C under a 12:12 h light:dark
cycle and a light irradiance of 225 pymol photons m?s”. Six of the twelve containers were subjected
to turbulence (see below), and the remainder were left under still conditions. Within each group of
containers, two were left as controls (C) with no nutrient addition, and four received nitrogen and
phosphorus in different proportions. Of these four, two were enriched with a nitrogen-surplus
addition (N) and two were enriched following the Redfield ratio (NP) (see Table 1). In the N and NP
containers, metals and silicate were also added. The metal solution was added in the same

proportion to nitrate as in the f/2 medium (Guillard 1975). All additions were done at the beginning of

the experiment.

Small-scale turbulence was generated by vertically oscillating stainless steel grids coated with non-
toxic plastic, with a mesh size of 0.6 cm and bar thickness of 0.35 cm (Peters et al. 2002). The grid
moved down to 1 cm from the bottom. Stroke length was 20 cm and oscillation frequency was set to

3.7 rpm.
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Table 1 — Nutrient concentration (uM) and N:P ratio in the initial water, and nutrient addition in the six (with
replicate) different experimental conditions. A and B are replicates, letter combinations explain experimental
conditions, e.g. SCA: still control replicate A.

Still Turbulent PO4 NH4 NO> NO3; SiO; N:P

Initial water 0.05 0.50 0.07 0.4 0.75 19.4

Control SCA TCA - - - - - 19.4
SCB TCB

N-surplus SNA TNA 0.1 - - 16 30 160
SNB TNB

Redfield ratio SNPA TNPA 1.0 - 16 30 16

SNPB TNPB

Turbulence intensity was calculated from these parameters according to Peters & Gross (1994)
giving an estimation of 0.055 cm® s, This value is within the range of turbulence intensities in
coastal areas (Kigrboe & Saiz 1995). We also estimated turbulence intensity in the upper meters of
the NW Mediterranean coastal zone from wind speed data following MacKenzie & Leggett (1993).
Yearly averages fluctuate around 0.007 cm?® s, It is not uncommon to have events with average
intensities of the order of 0.01 cm” s lasting for 4 days or more. When the volume of water
decreased due to sampling, the stroke length was corrected to maintain the same energy dissipation

rate. The final volume of the containers at the end of the experiment was approximately 5 litres.

The grids inside the turbulent containers increase the surface:volume ratio. To test for their possible
effect on plankton, we set up a trial experiment with natural water and nutrient additions as in the
real experiment. Two microcosms were left still without a grid, two had moving grids to reproduce
the turbulence level (¢ = 0.055 cm” s™°) and four microcosms were left still but with grids hanging in
the middle of the containers. Changes in phytoplankton biomass were followed over 6 days. An
analysis of covariance using the sampling times as covariate showed no statistical difference in
chlorophyll a (chl a) concentrations between the still containers with and without grids. On the other
hand, turbulence produced higher concentrations of chl a with respect to still containers (p < 0.001).
Thus, the mere presence of grids inside the containers has no effect on plankton dynamics, at least
as reflected by chl a concentrations.

Parameters measured

Changes in the measured parameters were monitored over eight days. Samples for nutrients, total
and fractionated chl a, flow cytometry measurements (bacteria, picoeukaryotes, and cells in the

Synechococcus and Prochlorococcus genera) and autotrophic flagellate counts were, for the most
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part, taken daily. Samples for coccolithophorid, dinoflagellate and diatom counts were taken on
Days 0, 4 and 8.

On Day 8, one replicate of the turbulent N-surplus (TN) and turbulent Redfield ratio (TNP) containers
was sampled because the other replicate was left for another experiment. Further, after taking the
routine samples on Day 8, each microcosm was strongly mixed until total resuspension of the
settled material was achieved. Samples for chl a and bacteria were taken after resuspension.
Differences in concentration before and after resuspension were used as an estimation of

sedimented phytoplankton and bacterial biomass.

Data were analysed statistically with the analysis of covariance (ANCOVA) using the sampling times
as a covariate. The data for time 0 was not considered as treatments had no time to affect the

different variables. Statistical significance of a particular treatment was considered when p < 0.05.

Nutrients and chlorophyll a determinations

Concentration of nitrate, nitrite, ammonia, phosphate and silicate were determined by means of an
Alliance Evolution Il autoanalyzer, using the methods of Grasshoff et al. (1983) with minor

modifications.

Total and fractionated chl a were estimated fluorometrically (Yentsch & Menzel 1963). For total
chl a, 20 ml samples were filtered through Whatman GF/F filters. For the > 10 um fraction, 40 mi
samples were filtered through 10 uym pore size polycarbonate filters. To extract chl a, all the filters
were ground in 90 % acetone and left in the dark at room temperature for at least two hours. The

fluorescence of the extract was measured with a Turner Designs fluorometer.

Bacteria and autotrophic plankton enumeration

Bacterial and autotrophic picoeukaryotes, Synechococcus and Prochlorococcus abundances were
determined by flow cytometry (Gasol & del Giorgio 2000). Samples of 1.2 ml were fixed with 1 %
paraformaldehyde and 0.05 % glutaraldehyde (final concentration), left in the dark at room
temperature for 10 min and then stored frozen at - 70 °C. Later, samples were unfrozen and run
through a FACS-calibur (Becton & Dickinson) flow cytometer with a laser emitting at 488 nm. To
determine bacterial abundance a subsample of 200 ul was stained with Syto13 (Molecular Probes)
at 1.6 uM (diluted in DMS) and left to stain in the dark for 15 min. Subsamples were run at low
speed (ca 12 pl min'1) and data were acquired in log mode until 10000 events had been processed.

As an internal standard, 10 pl of a 10° mI”" solution of yellow-green 0.92 ym Polyscience latex beads
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was added to subsamples. Bacteria were detected by their signature in a plot of side scatter (SSC)

versus green fluorescence (FL1).

Subsamples of 600 ul were run at high speed (ca 60 pl min'1) for the determination of autotrophic
picoeukaryotes, Synechococcus and Prochlorococcus. As for bacteria, the data were acquired in log
mode until 10000 events had been processed. A volume of 10 ul of a 10° mI™" concentration of
beads was used as an internal standard. Synechococcus was detected by its signature in a plot of
orange fluorescence (FL2) versus red fluorescence (FL3). Prochlorococcus had a lower FL3 signal

and no FL2 signal. Autotrophic picoplankton had higher FL3 signals and no FL2 signal.

Autotrophic nanoflagellate (ANF) samples were fixed with 10 % glutaraldehyde (final concentration
1 %). Twenty ml were filtered through 0.8 um black polycarbonate filters and stained with DAPI
(5 ug 1" final concentration); the filters were kept at - 20 °C. ANFs were counted on a Nikon
Labophot epifluorescence microscope at 1250x (Porter & Feig 1980), and sized using a calibrated

ocular micrometer in 3 size classes (4 - 8 ym, 8 - 16 ym and > 16 ym).

For the identification and enumeration of the rest of the phytoplankton cells (mainly diatoms,
dinoflagellates and coccolithophorids), samples were fixed with formalin-hexamine solution (0.4 %
final concentration). Counts were made with the Utermdéhl technique (Utermdhl 1958) using 50 cm?®
settling chambers. One transect of the chamber was observed at 400x magnification to count the
smaller (< 20 ym) and more frequent organisms. Additionally, one transect or half of the chamber
was observed at 200x to count cells of intermediate size (generally between 20 and 50 ym) and the
whole chamber was scanned at 200x to count the large forms. The observed organisms were

classified to the lowest possible taxonomic level.

Biomass calculations

Bacterial biomass was estimated by flow cytometry following the methodology described in Gasol &
del Giorgio (2000), using a carbon conversion factor of 0.35 pg C um™ (Bjernsen 1986). Chl a values
were converted to carbon using a factor of 30 pg of carbon per pg of chl a (Strickland 1960) which
correspond to the values observed in the upper layers of the water column (average = 32.5, SE =
4.6, n = 6) in the NW Mediterranean Sea (Delgado et al. 1992).

Literature cell volumes for March in the NW Mediterranean (Ribes et al. 1999) were used to
calculated the biovolumes of Synechococcus and picoeukaryotes. A mean size of 0.7 um (Vaulot et
al. 1990) was used for Prochlorococcus volume calculations. A mean carbon content 0.357 pg
C pm™ for Synechococcus was derived from Bjernsen (1986), Kana & Gilbert (1987) and Verity et al.

40



Response of plankton to nutrients and small-scale turbulence

(1992). A conversion factor of pg C cell" = 0.433 x (|.1m3)0‘863

was used for picoeukaryotes (Verity et
al. 1992). For Procholococcus a conversion factor of 0.133 pg C pm™ was used (Simon & Azam

1989).

Cell volume of ANFs was calculated from the mean size of each size class assuming ellipsoidal cell

shape. The carbon conversion factor used in this case was the same as for picoeukaryotes.

Diatom, dinoflagellate and coccolithophorid biomass estimations were also done from size
measurements. At least 20 individuals of the most abundant forms were recorded with a video
camera (Hitachi KPC503) at 400x. Then, each organism was measured (length and width) using a
NIH-Image software and its volume calculated using a geometrical approximation of its form. Carbon
content was estimated from the conversion factor pg C cell’ = 0.109 x (pm?’)o‘991 (

1994).

Montagnes et al.

RESULTS

Data from replicated containers were highly consistent with each other. Nutrient concentrations,
chl a and bacteria showed no statistical differences among replicates for all treatments.

Inorganic nutrients

Variations of the inorganic nutrient concentrations during the experiment for the different treatments,
are shown in Figure 1. In the controls, the initial concentrations of phosphate, nitrate and silicate
were 0.03, 0.08 and 0.2 uM, respectively, and they remained at low concentrations during the
experiment. In this treatment, no significant differences in nitrate and phosphate concentrations
between still-control (SC) and turbulent-control (TC) containers were found. Silicate was slightly
lower in TC (0.26 uM) than in SC (0.48 uM).

In general, in the N and NP treatments a decrease in phosphate, nitrate and silicate concentrations
was observed throughout the experiment which was more evident with turbulence. Turbulence had a
statistically significant effects on nutrient concentrations for the N and NP treatments, with the
exception of phosphate in the N treatment where no difference was found. In the NP treatments, a

depletion of phosphate and nitrate was observed in the turbulent containers from Day 5.
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Fig. 1 — Phosphate (PO.), nitrate (NO3) and silicate (SiO3) concentrations (uM) for the C (control), N (N-surplus)
and NP (Redfield ratio) conditions (still and turbulent) during the experiment. Mean of two replicate microcosms
per treatment + SE. No replicates for TN and TNP were available on Day 8.

Chlorophyil a

The initial total chl a was around 1 ug I in all the containers (Fig. 2). In the controls, no significant
difference in total chl a was observed between still and turbulent containers. In both, total chl a
increased slightly during the first two days of the experiment and thereafter it started to decrease to

around 0.20 ug I by Day 8.

In the N and NP treatments, significantly higher total chl a was observed in turbulent than in still
containers from Day 2 (p < 0.001). In the turbulent N containers, total chl a increased until the end of
the experiment (up to 10.2 pg I of chi a), while in turbulent NP containers total chl a peaked on Day
4 with a concentration of 19.0 + 1.1 ug I"". In the still containers, total chl a increased during the first
two or three days, reaching a maximum of 3.7 £ 2.5 and 4.2 £+ 0.2 ug I""in the N and NP treatments,

respectively.
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The ratio of the > 10 ym chl a fraction with respect to total chl a showed no significant differences
owing to turbulence in C containers (Fig. 3). However, in the N and NP containers, significant higher
values of >10 ym:total chl a ratio were found in the turbulent treatments after Day 2 or 3 (p < 0.001).
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Fig. 2 — Chlorophyll a concentration (ug I”") and bacterial abundance (cells ) for the C (control), N (N-surplus)
and NP (Redfield ratio) conditions (still and turbulent) over the course of the experiment. Mean of two replicate
microcosms per treatment + SE. No replicates for TN and TNP were available on Day 8.

Bacterial abundance

No significant differences in bacterial abundance were observed between still and turbulent
containers in all the treatments (Fig. 2). However, in the NP containers, the tendency in the last days
of the experiments (from Day 5) was a higher bacterial abundance under turbulence. Initial bacterial
number in all the incubators was around 1.88 x 10° cells I"'. After an increase on Day 1, bacterial
abundance decreased down to 5.12 x 10° cells I' on Day 5 or 6. Thereafter, the values increased

again until the end of the experiment. The highest increase was in the NP treatments.

The relationship between bacteria and phytoplankton biomass (as derived from chl a) for the C, N
and NP treatments during the experiment is presented in Figure 4. In C, the evolution of the
phytoplankton and bacterial biomass during the experiment was similar in both, the still and the

turbulent containers.
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Fig. 3 — Ratio of the > 10 pm chlorophyll a fraction with respect to total chlorophyll a for the C (control), N (N-
surplus) and NP (Redfield ratio) conditions (still and turbulent) during the experiment. Mean of two replicate
microcosms per treatment + SE. No replicates for TN and TNP were available on Day 8.
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Fig. 4 — Relationship between bacterial and phytoplankton biomass (as derived from chlorophyll a) for the C
(control), N (N-surplus) and NP (Redfield ratio) conditions (still and turbulent) for the nine days sampled. Initial
day = initial day (Day 0) of the experiment.

However, in N and NP, from approximately the same bacterial biomass evolution, we found higher
values of phytoplankton biomass under turbulence (from Day 2 and until the end of the experiment

in the N treatments and between Days 3 and 6 in the NP ones).

Chl a and bacteria sedimentation

Table 2 shows the chl a concentration and bacterial abundance of the water column and of the
water column plus the resuspended biomass at the end of the experiment (Day 8). Sedimented
phytoplankton was higher in turbulent than in still treatments, while sedimented bacteria were, in

general, similar in both treatments.
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Table 2 — Chlorophyll a concentrations (ug I") and bacterial abundance (cells I') (mean of two replicate
microcosms + SE) at the end of the experiment (Day 8) in the water column and in the water column plus the
resuspended biomass for the still (S) and turbulent (T) containers of the C (control), N (N-surplus) and NP
(Redfield ratio). No replicates for TN and TNP were available on Day 8.

Treatment Chl a Bacteria

water column water column water column water column

+ resuspended + resuspended
SC 0.25+0.05 1.13+0.09 8.41£0.34 (x 10°) 8.50 £ 1.09 (x 10°)
TC 0.15+0.02 1.94 £ 0.05 3.96 + 1.88 (x 10°) 4.58 +2.41 (x 10°)
SN 3.68 £ 2.50 6.73+0.19 1.38+£0.10 (x 10 1.81+0.37 (x 10
TN 10.15 23.38 0.58 (x10% 1.00 (x10%
SNP 417 £0.21 13.47 £ 5.56 3.43+0.23 (x 10%) 6.37 £0.17 (x 10°)
TNP 3.01 17.64 4.84 (x10% 7.24  (x10°)

Phytoplankton size distribution and composition

In general, the highest percentage of large cells (> 50 um) was observed in the turbulent containers,
especially when nutrients were added (Fig. 5). The fraction > 50 um represented more than 85 % of
the autotrophic carbon in the turbulent N-surplus (TN) and turbulent Redfield ratio (TNP) containers
and around 70 % in the TC containers on Day 8 although their contribution in absolute values (in
terms of carbon) was very different (Table 3). This fraction was between 55 and 173 and between
131 and 178 times higher in TN and TNP than in TC containers, respectively. In all the treatments,
the most abundant taxa in these fractions were species of two chain-forming diatom genera:
Chaetoceros and Pseudo-nitzschia.

Among the three still containers, the highest percentages of autotrophic carbon < 20 ym were found
in the C and NP treatments. On Day 8, the fraction < 2 pm was remarkably high (more than 30 % of
the total autotrophic carbon) in these two treatments. Prochlorococcus was not observed in any of

the treatments while Synechococcus decreased to undetectable concentrations by Day 4.

Independent of the percentage of each size fraction present in the different containers, almost
100 % of the cells > 50 uym corresponded to diatoms, while dinoflagellates were more frequent in the
10 - 50 ym size fraction (data not shown).
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Table 3 — Carbon content (ug I'") in the different size classes (mean of two replicate microcosms + SE) of the autotrophic biomass on Days 0, 4 and 8
for the still (S) and turbulent (T) containers of the C (control), N (N-surplus) and NP (Redfield ratio) conditions. No replicates for TN and TNP were

available on Day 8.

Size-fraction (um) Day 0 Day 4
Initial water SC TC SN TN SNP TNP
<2 5.2 2.45+0.04 2.46 +0.09 5.88 £ 0.59 5.25+0.42 4.93+0.17 3.19+0.07
2-10 3.91+1.47 11.88 £ 3.08 8.38 £ 0.67 9.71 £ 3.40 7.73+1.29 25.09+11.13 50.05+9.91
10-20 1.71+£0.23 0.53+0.15 18.13+17.52 8.53+6.43 11.15+8.65 104.17 £34.53 50.64 £47.39
20-50 1.24 £ 0.96 1.49+0.59 0.84 +0.07 1.08 £ 0.19 1.51+0.34 1.77 £ 0.48 1.80+0.48
> 50 38.95+6.25 2.60+0.21 4.43 £0.42 44.08+13.25 243.10+28.15 55.56+0.09 787.15+69.15
Size-fraction (um) Day 8
SC TC SN TN SNP TNP
<2 2.00+0.49 0 2.92+0.32 1.13 34.95+4.54 3.31
2-10 0.62 +0.62 0.10 £ 0.01 9.24 £ 0.20 17.97 20.92 £ 3.47 5.86
10-20 0.39+0.13 0.74+0.44 9.14 £ 0.37 8.58 47.23 + 8.96 10.42
20-50 1.43+£1.40 0.11 +£0.01 1.12+0.21 16.33 1.40+0.21 4.33
> 50 217 +2.04 2.10+0.23 82.66 + 65.87 363.00 12.77 £ 11.09 275.27
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Fig. 5 — Phytoplankton size distribution for the initial water (Day 0), and for the C (control), N (N-surplus) and
NP (Redfield ratio) conditions (still and turbulent) on days four and eight. Mean of two replicate microcosms per
treatment. The associated errors between replicates are given in Table 3 where absolute values are shown. No
replicates for TN and TNP were available on Day 8.
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Fig. 6 — Diatom:total phytoplankton ratio for the C (control), N (N-surplus) and NP (Redfield ratio) conditions
(still and turbulence) on Days 0, 4 and 8. Mean of two replicate microcosms per treatment + SE. No replicates
for TN and TNP were available on Day 8.

The ratio of diatoms to total phytoplankton (ug C:ug C) was higher in turbulent conditions, especially
when nutrients were added (Fig. 6). On Day 4, when nutrients were still available in both treatments,
this ratio was 3 times higher in the TNP than in the still Redfield ratio (SNP) containers and around
1.5 times higher in the TN than in the still N-surplus (SN) containers. Although practically no
differences were observed in the diatom:total phytoplankton ratio between the turbulence containers
of the N and NP treatments (around 90 % in both), in the still containers higher percentages of the
ratio were found in the N (62 - 65 %) than in the NP treatments (9 - 29 %). Without nutrient additions

(TC and SC treatments), diatoms had a low contribution (see > 50 ym size fraction in Table 3). But
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even so, turbulence increased the relative importance of diatoms in relationship to total biomass (2.8
times higher on Day 8).

DISCUSSION

The effect of turbulence on the dynamics of plankton was different depending on the nutrient
conditions. No clear effect was found at very low nutrient concentrations (control containers). In
these conditions the hypothesised increase in nutrient flux to large cells due to turbulence was not
enough to increase significantly the growth of osmotrophic organisms of any size, and therefore not
enough to change the relative importance of bacteria to phytoplankton biomass. However, when
nutrients were added (N and NP containers), the effect of turbulence was noticeable. Petersen et al.
(1998) who examined coastal phytoplankton responses to different levels of turbulence in
mesocosms, also found the effect of turbulence to be dependent on nutrient conditions. They
observed no differences in the chl a concentration between turbulence treatments before nutrient
addition. However, after a nutrient pulse, they did observe differences in chl a concentration. In our
studies, although some trends were coincident for N (P deficient enrichment) and NP (N:P balanced
enrichment) treatments, the timing and the magnitude of the response to turbulence were slightly
different.

In the TNP containers phytoplankton grew rapidly until Day 4 and then decreased abruptly until the
end of the experiment. However, in TN, a continuous growth of phytoplankton was observed (Fig. 2).
These differences in phytoplankton growth could be explained by the dynamic of nutrients. In TNP,
nitrate and phosphorus were initially added in the Redfield ratio and proportionally consumed by the
phytoplankton community until Day 4 when they were almost depleted. After this day, neither nitrate
nor phosphate were available and thus phytoplankton biomass started to decrease. However, in TN
the initial addition of a surplus of nitrate enabled the growth of phytoplankton at a constant rate until
the end of the experiment. Although phosphate was present at very low concentrations, it was
probably quickly recycled (see Maar et al. Chapter V). Thus, the effects of turbulence on the growth
of the phytoplankton community could change depending on the proportion and the concentration of
nutrients in the water. The higher autotrophic biomass observed in the water column of the turbulent
containers was due to a higher phytoplankton growth since sedimented chl a measured on Day 8

was also higher in these containers (Table 2).

Bacterial dynamics were practically the same in turbulent and nonturbulent containers. Bacteria

increased initially (Day 1) but then decreased until Day 5 or 6. Afterwards, another increase of
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bacteria was observed which was most evident in the NP containers. This initial increase in bacteria
followed by a decrease has been observed in other microcosm experiments (Berdalet et al. 1996).
The growth of bacteria observed from Day 5 could be explained by the presence of more
degradable organic carbon (mostly produced by phytoplankton excretion) and the presence of

inorganic nutrients, which in the TNP containers were probably recycled.

Bacteria-phytoplankton relationship

The relationship between bacteria and phytoplankton biomass (as derived from chl a, Fig. 4)
showed that there were no differences over time between turbulent and still containers when the
water was not enriched. However, in the N and NP treatments, lower values of
bacteria:phytoplankton were observed with turbulence from Day 3 until the end of the experiment.
Thus, turbulence increased the relative importance of phytoplankton to bacteria, as we expected,
but only in the microcosms in which nutrients were added. These results are in contrast with those in
Peters et al. (1998) who found high bacterial abundance under turbulence. They concluded that the
grazing of microflagellates shifted from smaller (bacteria) to larger organisms (autotrophic pico- and
nanoplankton). In our experiment, although non-significant differences were observed in bacterial
abundance between still and turbulent containers in all the treatments, a higher bacterial abundance
was observed under turbulence during the last days of the experiment in NP containers (Fig. 2). This
difference was not due to a higher activity of bacteria under turbulence because the specific leucine
uptake rates were higher in the still than in the turbulent containers (data not shown). This finding
could indicate that top-down interactions dominated bacterial population dynamics during the last
days. Peters et al. (2002) found that turbulence increased the heterotrophy in the system, and again
argued in favour of a biomass shift to larger heterotrophic components through changes in grazing
interactions. However, in terms of nutrient conditions, there are some fundamental differences
between those studies and the one described in this paper. We added a relatively high single pulse
of nutrients at the beginning of the experiment while no nutrients or low daily nutrient pulses were
added in Peters et al. (1998) and (2002), respectively. In this study, the addition of nutrients allowed
turbulence to favour large phytoplankton species, while in our previous studies phytoplankton was

dominated by pico- and nanoautotrophs.

Phytoplankton size distribution and composition

As expected, the average size of phytoplankton cells was higher under turbulence. This result
agrees with theoretical approaches (Lazier & Mann 1989, Karp-Boss et al. 1996) which concluded

that the beneficial effect of turbulence on the nutrient flux to the cells increases with cell size. In our
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experiments, this differential benefit among sizes was clear, especially in NP treatments. Diatoms
were the main component of the highest size fraction observed (> 50 ym) and, within this group,
cells from two genera (Chaetoceros and Pseudo-nitzschia) were the most abundant. These species
form chains and could benefit from turbulence and nutrient-rich situations by increasing their
advective transport of nutrients or increasing their total length (Pahlow et al. 1997). In turbulence
treatments, the chain-length of Chaetoceros spp. and Pseudo-nitzschia spp. was larger than in still
treatments (data not shown). The dominance of diatoms in the turbulent conditions agrees with
existing theory (Margalef 1978) and with results from previous experiments (Estrada et al. 1987).

It is also remarkable to note the different responses in still waters depending on nutrient enrichment.
We found a much lower diatom contribution to the total phytoplankton biomass in the NP (nutrient
balance) than in the N-surplus (P deficient) containers (Fig. 6). These results are in contrast to the
findings of Egge (1998) who found that diatoms (in terms of abundance) did not dominate when P
was deficient. In our experiment, when the contribution of diatoms is expressed in terms of
abundance, the differences between the two still enrichment treatments (N and NP) were smaller
(5.5 to 7.7 % and 0.4 to 6.9 %, respectively), but the higher percentages in the N treatment
persisted. In contrast, under turbulent conditions, we found a higher diatom:total phytoplankton ratio
in the NP than in the N treatments (40 vs. 11 %) on Day 4. The experiments in Egge (1998) were
performed in mesocosms in which airlifts were used, therefore producing unquantified turbulence.
Thus, Egge’s results could be more similar to our turbulence treatment. The species-specific
response to nutrient addition should be further studied under different hydrodynamic conditions in
order to better understand the competition interactions for nutrient resources among different life-

forms.

Several authors have pointed out both bottom-up and top-down effects of turbulence on marine
planktonic communities. Bottom-up effects may favour nutrient flux to big cells (Karp-Boss
et al. 1996) and top-down effects may increase encounter probability between predators and prey
(Rothschild & Osborn 1988, Marrasé et al. 1990, Sundby & Fossum 1990), or influence predator
behaviour (Costello et al. 1990, Saiz & Kigrboe 1995, Peters et al. 1998). The combination of these
effects rarely compensate each other and turbulence drives the system, at least temporarily, to a
different state in relation to still conditions. As shown here, the magnitude and duration of the
changes induced by turbulence depend on initial nutrient conditions. Given that turbulence modifies
the response of plankton to nutrients, it can be concluded that parameterisations of biological
processes (e.g. nutrient uptake and grazing rates) to be used in predictive models should be derived

from studies in which the hydrodynamic conditions are considered.
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Phytoplankton size distribution and growth rates in the
Alboran Sea (SW Mediterranean): short-term variability
related to mesoscale hydrodynamics

ABSTRACT

The short-term variability of the size distribution and growth rates of the phytoplankton community was studied
during several visits at three stations located across the anticyclonic gyre of the Western Alboran Sea in May
1998. Chlorophyll a (chl a) concentration, was fractionated in three size classes, picoplankton (< 2 pm),
nanoplankton (2 - 20 pm) and microplankton (> 20 uym). Biovolume and cell carbon estimations, based on cell
cytometry and microscopy counts, image analysis and published conversion values, were carried out for seven
groups of autotrophic organisms. Carbon:chlorophyll a (C:chl a) ratios in combination with '“C uptake
experiments were used to calculate phytoplankton growth rates. Temporal differences among stations in the
size structure and composition of the phytoplankton community were related to hydrographic phenomena. At
the beginning of the survey, the proportion of the three chlorophyll size fractions ranged between 20 and 40 %
for all the stations; this situation changed dramatically after a nutrient upwelling event which occurred at the
station closest to the coast, located at the northern edge of the anticyclonic gyre, and was associated with an
increase of the biomass of the whole phytoplankton community (mainly due to diatoms) and with a shift of the
microplankton proportion from 35 to 60 % of the integrated chl a. In contrast, the pico- and nanoplankton
fractions increased their dominance in the oligotrophic waters of the centre of the gyre (between 75 and 95 % of
the integrated total chl a, mainly accounted for by Synechococcus and small flagellates). At all the stations,
picoplanktonic cells were generally more abundant in the upper layers of the photic zone while nano- and
microplanktonic organisms tended to be more important with depth. Maximum phytoplankton growth rates
ranged from 0.45 to 1.41 d™" and did not present significant differences among stations, in spite of their different
hydrographic and nutrient conditions. In particular, average duplication times of 0.9 d at the oligotrophic central
station indicate that phytoplankton was actively growing there. Growth rates averaged for the photic layer were
not associated to the phytoplankton composition and size distribution but were positively correlated with the
available irradiance. These findings suggest a physiological acclimation of the phytoplankton community to the
light conditions and may be relevant for the parameterisation of primary production models. The C:chl a ratio

decreased with depth an increased from high to low nutrient stations and with the fraction size.
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INTRODUCTION

The size distribution of the phytoplankton community plays an important role in the carbon cycle and
food web dynamics of marine environments (Legendre & Le Févre 1991). In turn, the physical and
chemical characteristics of a given ecosystem are key factors controlling this size distribution
(Parsons & Takahashi 1973, Margalef 1974, Turpin & Harrison 1980, Rodriguez et al. 2001). The
accepted paradigm states that the microbial food web predominates in stratified, oligotrophic waters
(Azam et al. 1983), in which small autotrophic organisms are comparatively more abundant than
other size classes of phytoplankton. In contrast, in turbulent and richer areas, larger size-fractions
tend to prevail sustaining the so-called “classical” or “herbivorous” food web (Steele 1974). These
extreme situations are, however, simplifications of a more complex scenario, with a continuous
functioning of the microbial food web and intermittent departures to the herbivorous food webs when

nutrients are injected into the upper layers of the water column (Thingstad & Sakshaug 1990).

The phytoplankton size distribution is commonly described in terms of chlorophyll a (e. g. Takahashi
& Bienfang 1983) or carbon (e. g. Booth 1988). In the latter case, the cellular volumes of different
phytoplanktonic groups are converted to carbon units using reported or empirically determined
carbon:volume ratios. Fixed phytoplanktonic carbon to chlorophyll a ratios (C:chl a) are frequently
used to convert the routine measurements of chl a into carbon whenever an estimate of algal carbon
is needed. C:chl a ratios are also used in combination with '“C uptake experiments to calculate
phytoplankton growth rates (u), as an alternative to dilution experiments (Landry & Hassett 1982).
However, C:chl a ratios are far from constant depending on environmental conditions such as

nutrient concentrations, irradiance or temperature (see Geider et al. 1997 and references therein).

The remarkable hydrodynamism found in the Alboran Sea (SW Mediterranean) offers a good
scenario to study mesoscale variations of the size structure of the phytoplankton assemblages. This
region is characterized by the presence of two quasi-persistent anticyclonic gyres: the Western and
Eastern Alboran Sea gyres (Parrilla & Kinder 1985, Minas et al. 1991, Tintoré et al. 1991). These
gyres are formed by the superficial inflow of Atlantic waters which enter the Strait of Gibraltar and,
upon mixing with the resident Mediterranean waters, form a conspicuous jet of Modified Atlantic
Water (MAW). At the frontal zone created around the northern edge of the Western anticyclonic
gyre, intermittent upwelling events bring nutrients into the upper layers of the water column (Coste
et al. 1988, Packard et al. 1988, Perkins et al. 1990, Minas et al. 1991), in contrast with the more

oligotrophic waters found at the centre of the gyre.
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In the Eastern Alboran Sea anticyclonic gyre, Videau et al. (1994) found higher phytoplankton cell-
sizes in the frontal zone than in the centre of the gyre. In accordance with this observation we would
expect the same general trend in the Western Alboran Sea gyre, where information on
phytoplankton size structure is only available in relationship with the deep fluorescence maximum
(Rodriguez et al. 1998) or with the magnitude of vertical motion (Rodriguez et al. 2001). Owing to
the episodic nature of the upwelling phenomena in the frontal zone, notable changes in the
phytoplankton size structure could occur on a scale of days, as found by Rodriguez et al. (1994).
The effect of these nutrient pulses on algal growth rates has not been addressed by the few primary
production surveys carried out in this sub-basin (see references in Moran & Estrada 2001) and is
therefore unknown. Information on phytoplankton growth rates is also scarce for other
Mediterranean regions. Estrada (1985) and Pedros-Alio et al. (1999) reported estimates in the NW
Mediterranean in summer, while other authors focused on populations of particular organisms such
as Synechococcus (Agawin et al. 1998, 2000) or Gyrodinium (Garcés et al. 1999).

The study of the short-term variability in the physico-chemical and biological properties of the
Western Alboran Sea was the objective of a High Frecuency Flux Experiment carried out in May
1998. In this context, the specific aims of the study presented here were (1) to describe the small-
scale geographical and temporal variation of the size structure and composition of the phytoplankton
community at different stations located across the anticyclonic gyre, (2) to estimate the variability of
the C:chl a ratio of the various phytoplankton size fractions in the studied coastal-offshore gradient,
and (3) to test whether the size structure of the natural phytoplankton assemblages could be related

to their ambient and maximum growth rates.

MATERIAL AND METHODS
Sampling

This study was performed during Leg 2 of the R/V Hespérides cruise MATER 1, carried out in the
Alboran Sea between 2 and 16 May, 1998. Three fixed stations (A, B and C), located across the
Western Alboran Sea anticyclonic gyre, were visited four times (visits 1 to 4) during the cruise, with
an interval of 3 days between visits (Fig.1, Table 1). CTD casts were performed at each station to
obtain profiles of temperature, salinity, fluorescence and density (sigma-t). Different subsamples for
major inorganic nutrients analysis, total and fractionated chlorophyll a (chl a) determination and
enumeration of diatoms, dinoflagellates, coccolithophorids, autotrophic nanoflagellates, autotrophic
picoeukaryotes, Synechococcus and Prochlorococcus were obtained with Niskin bottles attached at

a rosette and closed at selected levels, generally at 10 - 20 m intervals, from the surface down to
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100 m depth.

Sample treatment

Nutrient samples were frozen prior to their analysis in the laboratory. Soluble reactive phosphate,
nitrate, nitrite, ammonium and silicate concentrations were analyzed using an Evolution Il (Alliance

Instruments) autoanalyzer (Grasshoff et al. 1983).
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Fig. 1 — Location of the stations sampled (A, B and C) along a transect crossing the northern part of the
Western Alboran Sea anticyclonic gyre.

Table 1 — Date and sampling times of the four visits to the sampled stations.

Station Visit Date Time (GMT)
(1998)
A A1 02/05 09:40
A2 05/05 09:30
A3 08/05 11:50
A4 11/05 08:00
B B1 03/05 09:08
B2 06/05 09:40
B3 09/05 09:40
B4 12/05 08:40
c C1 04/05 10:00
C2 07/05 09:05
C3 10/05 08:10
C4 13/05 10:15
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Chl a concentrations (total and fractionated) were measured on board by fluorometry (Yentsch &
Menzel 1963). From each depth, 100 ml of water were filtered through Whatman GF/F glass fiber
filters (25 mm diameter) for total chl a estimation. Parallel samples of 200 and 100 ml of water were
filtered, respectively, through polycarbonate 2 yum PORETICS filters (47 mm) and 20 ym mesh net,
and the filtrates were collected onto Whatman GF/F filters (25 mm). Therefore, the picoplanktonic
chl a fraction (< 2 ym) was measured directly, and the nano- and microplankton (2 - 20 ym and
> 20 pm, respectively) contributions were calculated by subtracting the < 2 ym from the < 20 um
fraction and the < 20 ym from the total, respectively. All the filtrations were done at low vacuum
pressure (< 100 mm Hg) or by gravity (when using 20 um mesh net) and after the filtrations the
GF/F filters were frozen immediately at - 70 °C for at least 5 hours. The filters were placed
subsequently in 6 ml of 90 % acetone for approximately 24 h, in the dark and at 4 °C. The

fluorescence of the extract was measured with a Turner-Designs fluorometer.

Different techniques (Utermohl-inverted microscopy, epifluorescence microscopy and flow
cytometry) were used to quantify the autotrophic organisms according to their size and abundance
(Garcia et al. 1994). Subsamples of 120 ml of water for diatom, dinoflagellate and coccolithophorid
counts were fixed with formalin-hexamine solution (0.4 % final concentration, Throndsen 1978) and
stored in Pyrex bottles. Within a year from sampling, 100 ml of water were sedimented in a
composite chamber and examined using the inverted microscope technique (Uterméhl 1958). One
transect of the chamber was observed at 400x magnification to enumerate the smaller (< 25 ym)
and more abundant organisms. Half of the chamber was additionally observed at 200x to count cells
of intermediate size (generally between 25 and 50 ym) and all the chamber was scanned at 200x to
count the larger forms. The observed organisms (mainly diatoms, dinoflagellates and

coccolithophorids) were classified to the lowest possible taxonomic level.

Samples for nanoflagellate counts (90 ml) were fixed with 10 ml glutaraldehyde (0.5 %, final
concentration). On board, a subsample of 40 ml was filtered through 0.6 ym NUCLEPORE black
polycarbonate filters and stained with DAPI (1 pg ml”, final concentration), the filters were then
placed on glass slides with a drop of fluorescence oil and a coverslip and kept at - 20 °C.
Autotrophic nanoflagellates were counted with an epifluorescence microscope (Porter & Feig 1980)
and sorted into 3 size classes (3.2 - 6.4 um, 6.4 - 12.8 ym, > 12.8 ym). A mean volume of each size
class was used for the biovolume calculations of these organisms. Autotrophic flagellates < 3.2 ym

(= autotrophic picoeukaryotes) were analyzed by flow cytometry.

For the flow cytometric enumeration of autotrophic picoeukaryotes and cyanobacteria
(Synechococcus and Prochlorococcus), 1.5 ml samples, fixed with 1% paraformaldehyde + 0.05 %
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glutaraldehyde (final concentration), were kept at room temperature during 10 minutes and
subsequently deep frozen in liquid nitrogen and stored frozen at - 70 °C. The samples were then
thawed and processed through a flow cytometer FACS-calibur (Becton and Dickinson) with a laser
emitting at 488 nm (Gasol & del Giorgio 2000). Samples were run at high speed (approx. 60 pl min'1)
and data were acquired in log mode until around 10000 events had been recorded. As an internal
standard, we added 10 pl per 600 pl sample of a 10° mI”" solution of yellow-green 0.92 Polysciences
latex beads. Synechococcus cells were detected by their signature in a plot of orange fluorescence
(FL2) vs. red fluorescence (FL3). Prochlorococcus have a lower FL3 signal and no FL2 signal.

Autotrophic picoeukaryotes have higher FL3 signals and no FL2 signal.

Biomass estimates

Autotrophic biomass was estimated for samples taken during the second and fourth visits to each
station.

The biovolumes of Synechococcus and picoeukaryotes were calculated using the volume values
given in Ribes et al. (1999) for samples from the Northwestern Mediterranean Sea. A carbon content
of 0.357 pg C um™ (mean value of Bjernsen 1986, Kana & Gilbert 1987 and Verity et al. 1992) was
used for Synechococcus, and the equation pg C cell” = 0.433 x (um®)®®° (Verity et al. 1992) was
adopted for autotrophic picoeukaryotes. For Prochloroccocus, volume calculations were based on a
mean size (diameter) of 0.7 ym (Vaulot et al. 1990) and the carbon convertion factor used was
0.133 pg C pm™ (Simon & Azam 1989).

Cell volume of autotrophic nanoflagellates was calculated using the mean dimensions of each size
class and assuming an ellipsoid shape for the cells. The carbon conversion equation was the same

as for picoeukaryotes.

For diatom, dinoflagellate and coccolithophorid biomass estimation, once a sample had been
counted, half of the chamber was observed at 400x, and at least 20 individuals of the most abundant
forms were recorded with a video camera Hitachi KPC503. Then, each organism was measured
(length and width) using NIH-Image software and its volume calculated using a geometrical
approximation of its form. Carbon content was estimated from the conversion factor described in
Montagnes et al. (1994, pg C cell” = 0.109 x (um®)>**").
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Growth rates

Carbon-based ambient growth rates (u, in units d”') of phytoplankton during the second and fourth
visits were calculated from daily primary production rates (PP) and phytoplankton carbon biomass
(PB), obtained from Chl a concentrations and the corresponding C:chl a ratios. PP was estimated
from photosynthesis-irradiance relationships, chl a distributions and daily irradiance throughout the
water column (see details in Moran & Estrada 2001). Apart from ambient growth rates (u) at each
station, a weighted growth rate for the photic layer (ypn) Was estimated. The depth of the photic
layer was defined as that receiving 1 % of the surface incident irradiance, and ranged from 42 m at
A4 (fourth visit to station A) to 63 m at C4 (fourth visit to station C).

Maximum growth rates (umax) Were also estimated for the two depths from which samples processed
in the photosynthesis-irradiance experiments were taken (Moran & Estrada 2001). pmax was
estimated from the hourly maximum photosynthetic rate (= given in units mg C (mg chl a)'1 h',

and a daily photoperiod of 13 h, according to the equation:

Hmax = In [1 + (13P°.,/ C:chl a)]

RESULTS

Hydrography

The temperature and salinity distribution along the three stations (A, B and C) for the four visits is
represented in Figure 2. Shallowing temperature and salinity isolines were observed from station C
to A, reflecting the position of the front formed by the jet of MAW and coastal Mediterranean waters.
The steeper temperature and salinity isolines during the second visit indicated the occurrence of an
upwelling event which affected mainly station A but to some extent also station B. For more details

on the hydrography of this zone during the survey see Moran & Estrada (2001).

Nutrients and total chl a distribution

A general decrease in surface nutrient concentrations was observed from the coastalmost station
towards the centre of the gyre (Fig. 3). The upwelling event which occurred during the cruise
brought high nutrient concentrations into the upper layers of the water column, causing a notable
shallowing of the nitrate and phosphate nutriclines (Fig. 3, see also Table 1 in Moran & Estrada,

2001). Station C was homogeneously nutrient-depleted in the upper 100 m along visits.
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Fig. 2 — Temperature (°C) and salinity distribution across the surveyed transect during the four visits.

60



Phytoplankton size distribution and growth rates in the Alboran Sea

Nitrate (uM) Phosphate (uM) Silicate (uM)
A1 B1 C1 A1 B1 Cc1 A1 B1 C1
E E
£ 50
Q.
)
(m)]
100
A C2
E
£ 507t
Q.
)
(@)
100
A C3
E
£ 50t
Q.
)
(m)
100
A4 C4
E <
£ 50¢ T
3 .
(m)
100 . ) L e 1~ L ™ { . L L
30 40 50 10 20 30 40 50 10 20 30 40 50
Distance (Km) Distance (Km) Distance (Km)

Fig. 3 — Nitrate, phosphate and silicate (all in yM) concentrations across the surveyed transect during the four
visits.

The nutrient injection into the upper layers of station A was followed by an increase of chl a from a
maximum value of 1.3 ug I in the first visit to 7.9 Mg I in the third one (Fig. 4). A pronounced deep
chlorophyll maximum (DCM), with chl a exceeding 5 ug I"', was observed at around 40 m depth in

the last two visits to this station.
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Fig. 4 — Chlorophyll a (ug I'") concentration across the surveyed transect during the different visits.

The DCM was shallower at station B (~20 m), with values below 1 ug I except in the second visit.
The lowest chl a values (always <1 ug I'") were found at station C and did not show any appreciable
DCM structure.
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Fractionated chl a distribution

When chl a values were integrated for the photic zone, a higher percentage of the larger size
fractions (nano- and microplankton) was observed at station A (Fig. 5). At this station, a shift from
nano- to microplankton dominance occurred when total chl a increased in the third visit, with

microplankton chl a making up almost 60 % of integrated values.

At station B, nanoplankton formed the highest share of integrated total chl a (ca. 40 %) followed
(except in the first visit) by picoplankton (between 25 and 40 %). The contribution of picoplankton to
total autotrophic biomass was highest at station C, where it increased smoothly from the first (38 %)
to the last visit (51 %). At stations B and C the microplankton contribution was always less than

35 % and it decreased steadily with time along visits.
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Fig. 5 — Variability of the contribution (%) of picoplankton (< 2 ym), nanoplankton (2 - 20 ym) and microplankton
(> 20 ym) size-fractions to integrated total chlorophyll a at stations A, B and C.

The relative abundance of the different chl a size fractions changed throughout the photic zone
(Fig. 6). Higher contributions of picoplankton were generally observed in the upper layers of the
water column at the three stations, while nano- and microplankton were, in general, more abundant
at deeper layers. In the third and fourth visits, the contribution of chl a > 20 ym reached 70 % at the
DCM of station A.

For pooled data, the percentage of chl a < 2 ym was positively correlated with the percentage of
ammonium and negatively correlated with the percentage of nitrate, while the relationships with the

percentage of the fractions of chl a > 2 um were of opposite sign (Table 2).

63



Capitulo Il

% chlorophyll a (< 2 um) % chlorophyll a (2 - 20 ym) % chlorophyll a (> 20 ym)
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
0 )é ‘ ‘ ‘ ‘ ‘ ‘ ‘ N ‘ ‘ — ‘
\ ——A1 Tl /,/
20| A2 || L i dx
4--A3 N S
< ~ == A4 /EF X
c Edof : : s
Qo £ KA
-— P '
© @60 L L <
-— a » %
n k&
80 - - Ly
! /
|
‘
—o-B2 ||
--o--B3
m — ~x—B4
c E -
S =
= £
T & L
‘A QO
n
‘
—e—C1
—-0-c2 ||
4--C3
O -~ ~-C4
c E -
S =
=
s 8 -
n

Fig. 6 — Vertical distribution of the percentage of the three size fractions (< 2 pm, 2 - 20 ym and > 20 ym) to
total chlorophyll a at the three sampled stations.

Phytoplankton size distribution and group composition

A conspicuous shift in the composition of the phytoplankton community was observed at station A
between the second (A2) and the fourth (A4) visits (Fig. 7). At A2, the bulk of autotrophic biomass
was found between 5 and 20 m with a predominance of autotrophic nanoflagellates (which reached
a maximum of 62 % of the total biomass at 20 m depth). Coccolithophorids and picoeukaryotes also
contributed appreciably (around 5 ug C I each) to autotrophic biomass at these depths. From 40 m
downwards, total autotrophic biomass was lower than 8 pg C I, In contrast, at A4, a very high

contribution of diatoms (mainly from the genus Chaetoceros and Pseudo-nitzschia) appeared at the
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DCM level attaining as much as 64 % of total autotrophic biomass.

Total autotrophic biomass decreased with depth in the two visits to station B. The maximum value
(ca. 25 pg C I'") was observed at 5 m, and no group clearly prevailed. At stations A and B,
Prochlorococcus biomass generally decreased with depth and did not exceed 0.12 ug C I,

Table 2 — Correlation coefficients between the percentage of ammonium, nitrite and nitrate to total dissolved
inorganic nitrogen and the percentage of chl a < 2 ym, 2 - 20 ym and > 20 pm to total chl a for pooled data.
*p<0.05;**p<0.01;n=102

% chla <2 ppm % chla2-20 pm % chl a> 20 pm
% Ammonium 0.58** -0.27* -0.31*
% Nitrite 0.09 -0.10 0.05
% Nitrate -0.51** 0.26** 0.25*

An increase in the contribution of Synechococcus to total biomass was the main difference observed
at station C with respect to the other two stations. In the second visit (C2), the contribution of
Synechococcus varied between 29 and 42 % at depths above 40 m. Below this depth, the observed
increase in total biomass was due to the presence of large diatoms (mainly Guinardia striata and
Proboscia alata). Although these diatoms corresponded to less than 0.02 % of the total abundance
of photosynthetic cells (data not shown), their relative carbon contribution was up to 84 %, due to
their high mean volume per cell (Table 3). In the fourth visit (C4), the contribution of Synechococcus
biomass was highest at 20 m depth (68 % of the total) while a high proportion of nanoflagellates was
observed at 40 m. Prochlorococcus was not detected at this station.

Total and fractionated C:chl a ratios

A C:chl a ratio was calculated for three layers of the water column (above 30 m, between 30 and
70 m, and below 70 m depth) for total autotrophic biomass and for the < 2 and > 2 pm size fractions
(Table 4). This C:chl a ratio was generally highest above 30 m depth; below this depth, it tended to
increase with size fraction. When all data were considered, the C:chl a ratio of the < 2 um fraction

was negatively correlated with depth (r = -0.5, p = 0.003, n = 33).
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Fig. 7 — Vertical distribution of the biomass (ug C I") of the different phytoplankton groups (except
Prochlorococcus, see text) considered during the second and fourth visits at the three stations. No samples
were available for A4 - 80 m, B4 - 40 m and C4 - 60 and 100 m.

A consistent increase of the C:chl a ratio was also observed from high-nutrient to low-nutrient
stations. Thus, it was 60 %, 75 %, and 53 % higher at station C than at station A, for the total,
<2 pm and > 2 pm fractions, respectively. This trend was further corroborated by the negative
correlation found between the C:chl a ratio (total and both fractions) and nutrient concentrations
(Table 5).

Phytoplankton growth rates

As expected, estimated ambient phytoplankton growth rates (u) decreased with depth reflecting the
decrease in available irradiance (Fig. 8). Phytoplankton was growing at relatively high growth rates
(~1 doubling d') at the surface of the three stations during the second visit. In general, p was higher

at station B than at the other two stations, although algal biomass was highest at station A (Fig. 4).
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Table 3. Average + SE of the mean volume per organism (um®) of nanoflagellates, coccolithophorids, diatoms
and dinoflagellates for the second and fourth visits to the three stations.

Station Nanoflagellates Coccolithophorids Diatoms Dinoflagellates
A2 68 £ 10 482+ 3 5967 + 1791 22478 + 17840
A4 124 + 38 485+ 7 5756 + 1453 6844 + 1068
B2 48 £ 10 3395 5597 + 1503 3778 £ 722
B4 79+ 24 3342 6301 £ 3619 14270 £ 9919
C2 77+ 20 259+0.4 105960 + 29573 5827 + 609
C4 109 + 32 2707 21925 + 13172 12981 + 3296

Table 4 — Average C:chl a ratio (+ SE) for three layers of the water column (above 30 m, between 30 and 70 m
and below 70 m) at the three stations, for the whole phytoplankton community (Total) and two size fractions
(<2 uymand > 2 ym).

Total <2um >2um

St. A Above 30m 24+ 5 15+6 27+5
30—70m 12+1 311 25+ 1

Below 70 m 11+4 2+04 135

St.B Above 30 m 24+6 25+5 24 +7
30—70m 8+3 7+3 132

Below 70 m 11+2 11+5 11+1

St.C Above 30 m 59+ 11 59 + 14 577
30—70m 3319 19+1 47 + 16

Below 70 m 48 + 19 15+ 4 58 + 25
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Table 5 — Correlation coefficients between total and two size fractionated C:chl a ratios and nutrient
concentrations for pooled data. DIN: dissolved inorganic nitrogen; * p < 0.05; ** p < 0.01; n = 31

Total C:chl a <2 pm C:chl a >2 pm C:chl a
Phosphate - 0.66** - 0.55** - 0.65**
DIN - 0. 59* - 0.49* - 0.59**
Silicate - 0.54** - 0.42* - 0.55**

Station C tended to give the lowest p values, especially during the fourth visit (C4). Photic layer-
weighted values (uyn.) ranged between 0.03 and 0.44 d” and were significantly higher during the
second visit (t-test, p = 0.005), but no significant differences were found between stations. Ambient
growth rates were always lower than maximum ones (Umax), Which ranged from 0.45 to 1.41 d’
(Table 6). No differences in maximum growth rates were observed either for visits or sampling depth
(ANOVA, p > 0.2). The size distribution and the composition of phytoplankton did not appear to be
correlated with growth rates. Thus, no relationship was found between pmax OF Ppha @and the absolute
or relative values of the different chl a size classes. However, a positive correlation (r = 0.71,
p =0.01, n = 12) was found between pn.x and the percentage of picoeukaryotic carbon (i.e. small

flagellates as counted with the flow cytometer).

The extremely low ambient growth rates measured at station C4 were undoubtedly related to the low
irradiance received due to cloudy conditions (Fig. 9), as pmax did not differ appreciably from the
values found at the other two stations (Table 6). Similarly, the notably lower values of the photic
layer-weighted growth rates (upn.) during the fourth visit at the three stations were mainly caused by
the comparatively lower irradiance received (Fig. 9). Although averaged C:chl a ratios changed
notably during the two visits (approximately 1.5 higher in the fourth visit, Table 6), the negative
relationship between ppn and the C:chl a ratio was not significant (p = 0.15).

DISCUSSION

The nutrient enrichment into the upper layers of the northern edge of the Western Alboran Sea
anticyclonic gyre determined a strong gradient of autotrophic biomass, from high chl a values at the
coastalmost station to low values in the nutrient-poor waters of the centre of the gyre (St. C, Fig 3).
Similar observations have been reported in other studies (Packard et al. 1988, Minas et al. 1991) in

the same area of the Alboran Sea.
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Fig. 9 - Relationship between photic layer weighted phytoplankton growth rates (uphi) and average daily
irradiance received in the photic layer (Eph.). Linear regression: ppnt = -0.042 + 0.0031 Epnj; = 0.98,
p =0.001,n=6.
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Table 6 - Photic layer-weighted (ppns) and maximum (Umax) growth rates in visits 2 and 4 to the three stations.
The depth of the photic layer (Z,ni) and the weighted C:Chl a ratio (C:Chl aph.) is also given. pmax was
calculated for the two depths of photosynthesis-irradiance experiments (see the text for details), indicated in a
separate column (Zp.g).

Zohei C:Chl aph.i Mph-1 Mmax Zpg

Station (m) (d™ (d™ (m)
A2 43 14.7 0.44 0.87 25
0.54 50

B2 50 14.8 0.53 1.41 25
1.25 50

Cc2 49 35.7 0.39 1.04 35
0.56 50

A4 42 24.4 0.12 0.59 5
0.69 45

B4 55 22.2 0.19 0.45 5
1.1 25

C4 63 50.5 0.03 0.91 5
0.60 50

The high autotrophic biomass observed in the fourth visit to station A was caused by an increased
contribution of the nano- and microplankton fractions (Fig. 4), which corresponded mainly to chain-
forming diatoms of genus Chaetoceros spp and Pseudo-nitzschia spp (Fig. 7). The vertical motion
produced by the upwelling and the associated introduction of nutrients into the photic layers, could
explain the growth of large forms of phytoplankton in the zone. Several processes could be
responsible. In nutrient-rich, turbulent environments, non-motile and fast-growing life forms (like
diatoms) could be favoured (Margalef 1978) as high nutrient concentrations allow fast division rates
and turbulence reduces sedimentation losses out of the photic zone (Kigrboe 1993). The dominance
of large cells in relation to high vertical motion intensities has been reported by Semina (1968).
Rodriguez et al. (2001), working in the same region, found a significant correlation between the
magnitude of the upward velocity and the relative proportion of large cells in the phytoplankton
community. In addition, at a small-scale, turbulence could also directly increase the nutrient uptake
of large cells (> 60 pm; Karp-Boss et al. 1996) favouring an increase on the proportion of large cells
when high nutrient concentrations are present (Arin et al. Chapter Il). Therefore, both nutrients and
turbulence, in combination, could be the main factors that enhancing the growth of large cells in this

zone of the Western anticyclonic gyre.
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The picoplanktonic fraction was more important at station C (making up to 40 to 50 % of total
integrated chlorophyll), where it was located fundamentally in the upper 40 m of the water column
(Fig. 5 and 6). The dominant organisms at this station were Synechococcus, nanoflagellates and
picoeukaryotes, but large diatoms of Guinardia striata and Proboscia alata were also found below
40 m at station C2. Presumably, the presence of these diatoms was not due to in situ growth, but
was a result of an intrusion of waters from elsewhere, with an already developed phytoplankton
community (see below). Because of its small size and relatively large surface to volume ratio,
Synechococcus is able to live at low nutrient environments. Motile organisms in the upper
nanoflagellate size range could increase their nutrient uptake through swimming, by renewing the
nutrient-depleted water surrounding the cell (Kigrboe 1993), or by taking advantages of their motility

to approach nutrients patches.

The dominance of large or small cells could also be related to the different forms of dissolved
inorganic nitrogen (DIN). At station A, in general, more than 80 % of the DIN was in the form of
nitrate (data not shown) which was positively correlated with the fraction of autotrophic biomass
> 2 um (Table 2). In contrast, ammonium was the principal form of DIN at station C (usually more
than 40 % in the upper 50 m of the water column, data not shown) and was positively correlated with
the fraction of chl a < 2 ym (Table 2). This agrees with previous observations (see for instance
Chisholm 1992 and references therein) which found an association between large forms of
phytoplankton and allochthonous inputs of nitrogen (i.e. nitrate), and a predominance of small

organisms in oligotrophic waters, where regenerated ammonium is the principal form of DIN.

Regardless of the importance of each phytoplankton size fraction at the three stations, the overall
pattern was a high percentage of small cells (picoplankton) in the upper layers of the photic zone
while the largest cell sizes (nano- and microplankton) tended to increase their importance with depth
(Fig. 6). Nutrient concentrations in the upper layers of the water column of the three stations ranged
from low to almost non-detectable (Fig. 3); under these conditions, as commented above, small
organisms would perform better than large ones. The increasing presence of large cells with depth
could be explained by several mechanisms. For the intermediate layer considered (30 - 70 m),
higher nutrient levels combined with enough irradiance would allow for active growth of these size
classes. Below 70 m, where low irradiances would prevent significant photosynthetic activity (Moran
& Estrada 2001) high concentrations of nano- and microplankton could be the consequence of

sedimentation of senescent cells or of advection of water bodies entrained from shallower depths.

The most remarkable temporal changes in phytoplankton community composition were observed at

station A but, unexpectedly, also at station C (Fig. 7). At station A, the community shift from a
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dominance of nanoflagellates to large diatoms can be readily explained by the upwelling event and
the associated nutrient input, as mentioned above. Nevertheless, at station C, which a priori seemed
to be a more stable environment, a marked shift in the composition of the phytoplankton
assemblage took place when the diatoms observed at C2 were replaced by nanoflagellates at C4.
For the same cruise, Moran & Estrada (2001) reported a large increase in maximum photosynthetic
rate and o (initial slope of the P-E curve) at the surface waters of this station, probably as a
consequence of this change in the phytoplankton community. Oligotrophic areas can show rather
conserved size class biomass distributions with conspicuous changes in the relative production of
each size class (Marandn et al. 2001). Here is it shown that despite the dominance of small
organisms, noticeable changes in taxonomic composition took place at a scale of days, under
invariantly nutrient-depleted conditions. As we mentioned above, this interpretation does not imply
that the observed phytoplankton changes occurred in situ. It is likely that advection of water masses
played an important role in the changes of the phytoplankton composition observed. Transport of
organisms through water mass displacement has been suggested in this area and adjacent regions
by other authors (Packard et al. 1988, Gémez et al. 2000).

The C:chl a ratios obtained for the whole phytoplankton community (Table 4) were in the range
reported by Delgado et al. (1992) for the Northwestern Mediterranean Sea. The fact that total C:chl
a changed 7-fold (with a coefficient of variation of 85 %) and that values were generally below 50
warns against the widespread use of constant values (Strickland 1960). Differences in the C:chl a
ratio were observed in relation with depth, the nutrient gradient along the three stations and the
phytoplankton size class. Lower values of the ratio (for the total and the two fractions considered)
were found below 30 m depth, presumably as a consequence of a high chl a concentration per cell
due to photoacclimation (Jensen & Sakshaug 1973, Latasa et al. 1992) and lower carbon content of
cells grown at lower light intensities (Thompson et al. 1991). A decrease of the C:chl a ratio with
depth was also observed by Delgado et al. (1992). In addition, the C:chl a increased from high
(station A) to low nutrient waters (station C). Other studies have also reported higher C:chl a ratios
in oligotrophic than in richer waters (Buck et al. 1996, Chavez et al. 1996). Under nutrient-limited
conditions the cells could decrease some metabolic activiies while photosynthesis (carbon
assimilation) continues. Overconsumption of dissolved inorganic carbon (Sambrotto et al. 1993,
Kahler & Koeve 2001), which appears to be higher at low nitrate concentration (Thomas et al. 1999),
could result in an increase of the phytoplankton C:N ratio. An elevation of carbohydrate content in
diatoms has been observed under nitrate-limiting conditions (Myklestad & Haug 1972, Haug et al.
1973). Thus, it appears that under low nutrient concentrations, the relative proportion of carbon
inside the cells could be higher than in richer environments, originating higher C:chl a ratios. In
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general, in this study, the C:chl a ratio increased with cell size. According to Malone (1980), the
existence of correlations between chlorophyll per cell and surface area and between carbon content
per cell and volume should result in an increase of the C:chl a ratio with cell size. However, there
are exceptions to this hypothesized relationship. For instance, no relation was observed between
cell size and the C:chl a ratio in some marine phytoplankton cultures (Blasco et al. 1982, Geider
et al. 1986, Montagnes et al. 1994).

Growth rates averaged for the photic layer (Upn) Were higher in the second than in the fourth visit
(Table 6); it is likely that after the initial growth pulse and biomass build-up, growth rates had already
decreased. In fact, the patches of maximum biomass (40 m depth at stations A3 and A4) coincide
with nutrient minima (Fig. 3 and 4). Contrary to some findings along broader spatio-temporal scales
in the Atlantic Ocean (e. g. Marafion et al. 2000) no significant relationship was found between ppgn,
and nutrient concentrations or the depth of the nutricline for our data set. Moreover, these ppn.
values (Table 6) were very similar to those found in the NW Mediterranean in early summer, where
more oligotrophic conditions prevail (Pedros-Ali6 et al. 1999). Differences in g between the two visits
were not associated to the observed changes in phytoplankton composition and size distributions,
but to changes in irradiance. Virtually all the variability in pp,. could be explained by the average
irradiance received in the photic layer (Fig. 9), in spite of the reported interspecific differences in the
growth-irradiance response (Langdon 1988, Gallegos & Jordan 1997). This finding suggests a
physiological acclimation of the phytoplankton communities to the environmental light conditions,
independently of other environmental factors or of taxonomic composition. In a comparable way,
Figueiras et al. (1994) and Figueiras et al. (1998) found that photosynthetic parameters of Antarctic
phytoplankton were adjusted to the mean irradiance in the upper water layer and explained it as a
phytoplankton adaptation to maximize carbon uptake and growth rates. Furthermore, we did not find
any clear evidence of higher growth rates when diatoms were dominant, in contrast with the
observations of Furnas (1990) who noted higher in situ growth rates in different species of diatoms
in comparison with smaller species like flagellates or non-motile ultraplankton. In natural waters,
growth rates of diatoms are expected to vary during the successive phases of proliferation following
growth pulses caused, for example, by upwelling events: therefore, the dominance of diatoms in

natural communities may not always be associated to higher growth rates.

In spite of the oligotrophic conditions found in the middle of the gyre (St. C), the algal assemblage
growing there (Fig. 7) showed maximum rates similar to those of the other two stations. However,
this similarity of maximum growth rates (umax) at the three stations, regardless of the different
hydrographical and nutrient conditions, is in agreement with the lack of significant differences in
photosynthetic parameters between stations, except, as commented above, in the last visit to St. C
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(Moran & Estrada 2001). pmax values, corresponding to duplication times lower than 1 d on average
(0.9 d + 0.3 SD), indicate that phytoplankton assemblages were healthy and actively growing during
the sampled period, and suggest that ambient growth rates were similarly limited by irradiance at the

three stations (Fig. 9).

In conclusion, the differences observed in the hydrography of the Alboran Sea were reflected in the
size distribution of the phytoplankton community. The predominance of the largest size fractions in
the northern edge of the Western Alboran Sea anticyclonic gyre was related to a higher
hydrodynamism and higher nutrient concentrations in this zone, while small organisms dominated
the more oligotrophic waters of the centre of the gyre. Phytoplankton growth rates were correlated
with available irradiance but not with organism size. This result may be relevant for parameterisation
of primary production models. The C:chl a ratio varied greatly between the different hydrographical
conditions, but also with depth and phytoplankton cell sizes. This variability should caution about the

use of constant ratios in models and carbon budget calculations.
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Spatio-temporal variability of the size distribution of
phytoplankton at the Ebro Shelf (NW Mediterranean)

ABSTRACT

The mesoscale distribution and seasonal variation of the size structure of phytoplankton biomass, as measured
by chlorophyll a (chl a), was studied in the Ebro shelf area (NW Mediterranean) during three different seasons
of the year: autumn, winter and summer. In autumn and summer, when the water column was, respectively,
slightly or strongly stratified and nutrient concentrations were low at surface, average total chlorophyll a (chl a)
values (+ SE) were 0.31 + 0.02 mg m™ and 0.29 + 0.01 mg m>, respectively. In winter, the intrusion of nutrients
into the photic zone, by intense vertical mixing and strong riverine inputs, produced an increase of the total
autotrophic biomass (0.76 £ 0.05 mg m'3). In the three seasons, the most important contributor to total chl a
was the picoplanktonic (< 2 ym) size fraction (42 % in winter and around 60 % in autumn and summer). The
nanophytoplankton (2 - 20 um) contribution to total chl a showed the lowest variability amongst seasons
(between 29 and 39 %) and the microplanktonic (> 20 ym) chl a size fraction was higher in winter (27 %) than
in the other seasons (less than 13 %). The maximum total chl a concentrations were found at surface in winter,
at depths of 40 m in autumn and between 50 and 80 m in summer. The relative contribution of the < 2 ym size
fraction at these levels of the water column tended to be higher than at other depths in autumn and winter and
lower in summer. In autumn and winter, nutrient inputs from Ebro river discharge and mixing processes resulted
in an increase on the > 2 ym contribution to total chl a in the coastal zone near the Ebro Delta area. In summer,
the contribution of the < 2 and > 2 um chl a size fractions was homogeneously distributed through the sampling
area. In autumn and summer, when deep chl a maxima were observed, the total amount of the autotrophic
biomass in the superficial waters (down to 10 m) of most offshore stations was less than 10 % of the whole
integrated chl a (down to 100 m or to the bottom). In winter, this percentage increased until 20 or 40 %. This
finding has implications in the use of remote sensing techniques. The > 2 um chl a increased linearly with total
chl a values. However, the < 2 ym chl a showed a similar linear relationship only at total chl a values lower than
1 mg m™ (in autumn and summer) or 2 mg m™ (winter). At higher values of total chl a, the contribution of the
<2 pm size fraction remained below an upper limit of roughly 0.5 mg m™. Our results indicate that the
picoplankton fraction of phytoplankton may show higher seasonal and mesoscale variability than is usually
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INTRODUCTION

Recent findings have emphasized the importance of the size structure of the phytoplankton
communities in relationship with the trophic organization of marine ecosystems and its influence on
the magnitude of carbon export from the photic zone to deep waters. The proportion of the
picoplanktonic (< 2 ym), nanoplanktonic (2 - 20 pym) and microplanktonic (> 20 ym) phytoplankton
size fractions (Sieburth et al. 1978) in a given environment depends of a combination of
environmental factors such as nutrient concentrations, light and water movement (Semina 1968,
Kigrboe 1993), which could select for different size fractions through effects on growth rates or
interactions with advective or turbulent transport of the organisms. Many recent studies about
phytoplankton size distribution have pointed out the importance of the picophytoplankton, both in
terms of biomass and productivity, in a variety of marine environments (Takahashi & Bienfang 1983,
Xiuren et al. 1996, Marafion et al. 2001). Dominance of picophytoplankton (> 50 %) is generally
restricted to oligotrophic areas (Chisholm 1992, Magazzu & Decembrini 1995, Agawin et al. 2000)
where new nutrients are scarce and water column stability is high (Cushing 1989). In nutrient-rich
environments, the < 2 ym size fraction may represent less than 10 % of the total, while globally, in
oceans and coastal estuarine areas, it has been reported to account for about 24 % of the total
phytoplankton biomass (Agawin et al. 2000). The prevalence of phytoplankton of larger sizes is
generally associated to upwelling or coastal areas (Malone 1971, Tundisi 1971, Marafién et al.
2001, Arin et al. 2002b) where a combination of vertical mixing and high nutrient concentrations can

be found.

It is generally accepted that the picophytoplankton constitutes the least variable size fraction of
phytoplankton (Malone 1980, Raimbault et al. 1988b, Magazzu et al. 1996, Rodriguez et al. 1998)
while the pulses of growth of the largest organisms are responsible for the major quantitative
increases in the whole phytoplankton community. However, in the Atlantic Ocean, Marafién et al.
(2001) found that the picophytoplankton explained 61 % and 73 % of the variability in total
chlorophyll a and total production, respectively.

In Mediterranean waters, Magazzu & Decembrini (1995) calculated that the average
picophytoplankton contribution to the total biomass (measured as chlorophyll a) of the phytoplankton
community was of 59 %. They reported also that, in spite of the high variability observed, the
proportion of picophytoplankton was higher in oligotrophic than in eutrophic waters. However,
aspects like the mesoscale heterogeneity of the phytoplankton size distribution and their seasonal

variability have been scarcely addressed in Mediterranean waters (Delgado et al. 1992).
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The objective of this work was to study the mesoscale distribution and seasonal variation of the
phytoplankton size structure in a highly dynamic Mediterranean marine ecosystem. For this purpose,
samples were obtained from three cruises, which were carried out in the Ebro shelf area (NW
Mediterranean), during three different seasons of the year (autumn, winter and summer). The Ebro
continental shelf area (comprised between Cap Salou and the Columbretes Islands) is more than
60 km wide and presents a total surface of about 12000 km?. In the upper water column of this zone,
two distinct water masses can be found: offshore, the Mediterranean Open Sea Water (with high
salinity and temperature values) and, inshore, the Continental Shelf Water (with lower salinities than
the former due to its more recent Atlantic origin and the local fresh water inputs received along its
coastal path). These two water masses are separated by a shelf-slope front which displays a
seasonal variability associated with the baroclinic circulation in the area (Font et al. 1995). The Ebro
river discharge can be distinguished by an additional low-salinity water mass, referred to as
Continentally Influenced Water (CIW), with salinity lower than 37.8 (Salat et al. 2002); CIW
distribution depends on both, river discharge and local thermal stratification. The high hydrographic
variability of the Ebro shelf area, linked to strong seasonal fluctuations in water column stability and
river discharge, provided a suitable scenario to address the relationships between environmental

forcing and the size structure of the phytoplankton community.

MATERIALS AND METHODS

Area surveyed

This study was based on three cruises carried out on board the R/V "Garcia del Cid" (Table 1), as
part of an interdisciplinary project (FANS) addressing the particulate fluxes in the area of Ebro shelf
(NW Mediterranean). The cruises covered an area of about 7500 km?, from Tarragona to the
Columbretes Islands and from the coast to around the 1200 m isobath (Fig. 1). Several aspects of
the FANS research have been published in Sanchez-Arcilla & Davies (2002). Information on
hydrographic structure and distribution of major nutrients, total chlorophyll a (chl a) and suspended

particulate matter during these cruises has been reported in Salat et al. 2002.

Sampling strategy

An average of 140 CTD casts per cruise, from surface down to near the bottom, were obtained with
a GO MKkl C probe, equipped with a GO 12-bottles Rossette sampler, a 25 cm Sea-Tech
transmissometer and a Sea-Tech fluorometer. Stations were distributed at regular distances,

ranging from 1 to 5 nautical miles according to the bottom topography, along 12 to 14 adjacent
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transects across the shelf (Fig. 1). At selected stations of each cruise, water samples for total and
fractionated chl a and inorganic nutrients were obtained with the Niskin bottles mounted on the
Rosette, generally at 5/25/40/60/75/100 m depth in FANS | and 5/10/25/40/60/75/100 m depth in
FANS Il and Ill. When the depth was less than 100 m, a sample was taken near the bottom.

Latitude N

Longitude E

Fig. 1 - Grid of stations sampled for the three FANS cruises.

Chlorophyll a and nutrient analyses

For total chl a, 100 ml of water were filtered through Whatman GF/F filters (25 mm diameter,
nominal pore size 0.7 pm). Samples of 200 ml and additionally (at a smaller number of stations) of
100 ml of water were filtered, respectively, through polycarbonate 2 um filters and a 20 ym mesh net
and the filtrates were collected onto Whatman GF/F filters. All filtrations were done under low
vacuum pressure (< 100 mm Hg); after filtration, the GF/F filters were immediately frozen at - 20 °C
and kept at this temperature for at least five hours until their analysis. Chl a was extracted in
acetone 90 % (24 h at 4 °C in the dark) and then measured fluorometrically (Yentsch & Menzel
1963) with a Turner Designs fluorometer (spectrophotometricaly calibrated with chl a extracts from
the same study area). Samples for < 20 ym chl a analyses (from which the > 20 ym chl a was
calculated) were collected only in part of the stations. Thus, unless otherwise stated, > 2 ym chl a

will be referred to as the “large” chl a fraction.
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Nitrite, nitrate, ortophosphate and orthosilicic acid (hereafter referred as silicate) analyses were

made on board with a segmented flow continuous analyser (Whitledge et al. 1981).

Data analyses

Integrated chl a values down to 10 m depth and down to 100 m depth or to the bottom (at depths
lower than 100 m), were calculated by the trapezoidal method. Hereafter, total, < 2 ym or > 2 uym
chl a integrated down to 10 m or to 100 m (or to the bottom) will be referred to as total, < 2 pym or

> 2 um chl ajp1om or total, < 2 pm or > 2 pym chl ait100m, respectively.

Correlation coefficients were calculated considering for each cruise all data pairs obtained from
integrated values of each station. Total vs. fractionated chl a relationships were fitted using a linear

regression model.

RESULTS

Hydrography, nutrients and general features of the chl a distribution

Water column temperature in the FANS | cruise decreased gradually with depth; the average value
was around 19 °C at surface and 15 °C at 100 m depth (Fig. 2a). In this cruise, at 5 m depth, the
CIW occupied a horizontal area of about 350 km” (Fig. 3a). In general, nitrate, phosphate and
silicate showed values lower than 1.0, 0.1 and 2.0 uM, respectively, in the upper 50 - 75 m of the
water column. Below this depth, an increase of the three nutrients was generally observed (see
example in Fig 4a, b, c). In the coastalmost stations (shallower stations), higher nutrient
concentrations were usually observed, specially near the Ebro river outlet. As can be observed in
Fig. 5a, depth-averaged total chl a concentrations (the graph includes all the stations with depths
equal or higher than 100 m), showed a deep maximum (DCM) at 40 m depth. The average total
chl a concentration at this depth for all the stations was 0.5 mg m™ (Salat et al. 2002). A dominance
of the < 2 ym size fraction was observed throughout, with a trend to higher percentages at the DCM
level (Fig. 5a). Total chl ainom ranged between 6 and 40 mg m?, with values of more than
25 mgm™ at different points of the sampled area (Fig. 6a). The highest (> 15 mg m™) chl @ntoom
values of the < 2 ym chl a fraction were located in the most oceanic stations of the southern edge of
the slope (Fig. 6b), while the > 2 um size fraction showed its maximum chl aj,t100m vValues (in general,

> 15 mg m™) at some southern coastal stations (Fig. 6¢).
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Temperature (°C) Temperature (°C) Temperature (°C)
12 16 20 24 16 20 24 12 16 20 24
0 1 L | L 1 J 0 Il 1 I}
50 50
E = E
= L A=
B 1004 B 100 o 100
o] [ @
) lal o
150 4 150 150
a b c
FANS | - Autumn FANS Il - Winter FANS 11l - Summer
200 J 200 200 J

Fig. 2 - Temperature profiles (average with 95% confidence interval, as an indicator of dispersion) for the
FANS | (a), FANS Il (b) and FANS Ill (c) cruises.

In FANS I, the average temperature increased smoothly with depth, from around 12.7 °C at surface
to around 13.5 °C at 200 m depth (Fig. 2b). In most of the sampled area, surface salinity values
were lower than 37.8, corresponding to an area covered by CIW of about 7000 km? (Fig. 3b).
Nutrients (nitrate, phosphate and silicate) were, in general, fairly homogeneously distributed in the
upper 100 m, with a slight increase with depth. Nitrate ranged between 1.0 and 10.0 uM (on average
between 1.6 and 3.2 uM), phosphate between 0.001 and 0.6 uM (on average between 0.03 and
0.11) and silicate between 1.0 and 5.4 uM (on average between 2.8 and 3.8 ym). In this cruise, high
nutrient concentrations were found in the superficial waters of the coastalmost stations of the
transects located to the south of the Ebro river mouth, with around 10 uM of nitrate and 5.5 pyM of
silicate (see example in Fig 4d, e, f). The highest total chl a values were observed at surface
(Fig. 5b), where the average total chl a value was 1.3 mg m™ (Salat et al. 2002). At this layer (5 —
10 m) the percentages of <2 and > 2 ym chl a were both around 50 % of the total chl a. Below
these depths, a dominance of the > 2 ym size fraction was observed. Total chl aint100m values (which
ranged between 21 and 210 mg m'2) decreased in the offshore direction and were highest at the
northern and southern coastal stations of the sampled area (Fig. 6d). The smallest fraction (< 2 um)
of the chl aint100m Showed two peaks exceeding 25 mg m™ north and south of the central coastal-
offshore transect (Fig. 6e). The highest > 2 ym chl ajt100m values (also > 25 mg m'2) in this cruise
tended to be found near the coast stations (Fig. 6f). A marked thermocline (with the 15 °C isotherm

at its basis) was observed in the FANS lll cruise at depths between 40 and 50 m (Fig. 2c).
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Fig. 3 — Surface salinity distributions for the FANS | (a), FANS Il (b) and FANS Il (c) cruises. The shaded area
shows salinity values below 37.8 to show the extent of the Continental Influenced Waters (CIW). The isolines
are drawn every 0.2.

In this cruise, the average sea surface temperature was higher than 22 °C and the CIW surface area
was about 2100 km? (Fig. 3c). In general, nitrate and silicate in the upper 40 - 60 m of the water
column were lower than 0.5 pM and 2.0 pM, respectively. Below these depths, a higher
concentration of both nutrients was found (see example in Fig 4g, h, i). Phosphate was generally
lower than 0.2 pM and its distribution in the upper 100 m depth was more or less homogeneous. A
well developed DCM was observed between 50 and 80 m depth (Fig. 5c) with an average value of
0.7 mg m™ for all the stations (Salat et al. 2002). In general, the proportion of < 2 uym chl a was
higher than 50 % at all depths, with the exception of DCM or near the DCM depths, where both chl a
fractions (< 2 and > 2 ym) were equally important (Fig. 5c). At the coastal stations, total chl aint10om
values were generally lower than 10 mg m™, while in the southern part of the sampled area and near
the slope, they exceeded 30 mg m™ (Fig. 6g). The chl aint100m Values of both, the < 2 and > 2 ym size
fractions (Fig. 6h, i), showed a similar distribution, with lower values than 10 mg m™ at the coastal
stations and between 10 and 20 mg m?in the remaining ones.

In the three cruises, < 2 and > 2 ym chl ajn100m Were positively correlated with their respective total
chl aint100m (Table 2), except for the < 2 ym size fraction in FANS II. These correlation coefficients
were higher for the > 2 ym chl a.
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Fig. 4 — Nitrate, phosphate and silicate concentrations (uM) for the FANS | (a, b and c, respectively), FANS I
(d, e and f, respectively) and FANS Il (g, h and i, respectively) for one of the transects sampled. The transect
position in each cruise is shown in Fig. 6. In FANS Il and Ill data for phosphate concentrations at coastal
stations were not available.
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Fig. 6 — Distribution of vertically-integrated total and fractionated (< 2 ym and > 2 um) chl a values (mg m) for
the FANS | (a, b and c, respectively), FANS Il (d, e and f, respectively) and FANS Ill (g, h and i, respectively)
cruises. Arrows show the position of the transects of which nutrient concentrations are illustrated in Fig. 4.

Total and fractionated chl a concentrations in superficial waters in relation to whole water
column

For the three seasons, the percentages of total and fractionated (< 2 and > 2 pm) chl aipt1om With
respect to their respective values of chl an0om are shown in Fig. 7. As expected, the highest
percentages (more than 40 %) were found at the coastal stations, specially around the Ebro Delta,

where the bottom was, in general, lower than 40 m. In winter, total autotrophic biomass in the
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superficial waters of most stations represented between 20 and 40 % of the total chl a or of the
<2and > 2 ym size fractions (Fig. 7d, e, f). In the other seasons, less than 10 % of the total or
fractionated chl a was found in the upper 10 m of the water column of most oceanic stations. In
summer, in particular, this proportion was generally lower than 5 % (Fig. 7g, h, i). The < 2 ym
chl aintiom Showed significant negative correlation with its corresponding chl aint10om in all the cruises
(Table 2). However, total chl aj1om Was negatively correlated with its corresponding chl ajt100m Only
in summer and autumn, and the > 2 ym chl ajn1om Was negatively correlated with its corresponding

chl aint100m ONly in summer.

Relationship among the total and fractionated chl a concentrations

In the three FANS cruises, < 2 ym chl a (Fig. 8a, b, c) increased linearly with total chl a only up to
total chl a values of 1 mg m™ (FANS I: r* = 0.81, p = 0.000, n = 222 and FANS Ill: * = 0.85, p =
0.000, n = 376) or 2 mg m> (FANS II: ¥ = 0.66, p = 0.000, n = 344), reaching maximum
concentrations of 0.72 mg m™ in autumn, 1.11 mg m™ in winter and 0.61 mg m™ in summer. At
higher values of total chl a, the concentration of the < 2 uym fraction remained approximately stable,
with values not exceeding 0.5 mg m™. The > 2 ym chl a fraction increased linearly with respect to
total chl a through all the range of total values (Fig. 8d, €, f; FANS I: ¥ = 0.90, p = 0.000, n = 236;
FANS II: ¥ = 0.96, p = 0.000, n = 369; FANS IIl: r* = 0.88, p = 0.000, n = 384).

Seasonal and mesoscale variability of the relative contribution of the < 2, 2 - 20 and > 20 um

chl a fractions

The highest means of the < 2, 2 - 20 and > 20 ym chl a concentrations were observed in winter
(FANS Il cruise) and the lowest ones in the summer cruise (FANS lll, Table 1). However, the relative
contribution of the different size fractions to total chl a was different in the three cruises (Table 3).
Although the fraction of < 2 um chl a was always the most important fraction, its contribution to total
chl a was higher in autumn and in summer (more than 50 %). The nanophytoplankton (2 - 20 um)
contribution was similar in the three cruises (between 29 and 39 %), while the > 20 ym size fraction
was relatively more important in winter (27 % vs. less than 13 % in the other seasons). The relative
contributions of the < 2 ym and > 2 pm size fractions showed, respectively, a marked increase or
decrease for values of total chl a above 1 mg m™ (FANS | and IIl) or 2 mg m™ (FANS II) (Table 3).
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Table 1 — Sample dates of the three FANS cruises and total and fractionated (< 2 ym, 2 - 20 ym and > 20 pm)
chl a range and mean in each cruise. bd = below detection.

Cruise Date Season Chl a(mgm™)
Total <2um 2-20 pym > 20 um
FANS| 2-8Nov.96 Autumn  Range 0.03-2.10 0.01-0.72 bd -1.56 bd - 1.60
MeantSE  0.31+0.02 0.16+0.01 0.12+0.02 0.06 +0.01
n 335 236 151 172
FANS Il 4-13 Feb.97 Winter  Range 0.07 - 8.77 0.03 - 1.11 0.02 -5.11 bd - 3.19
MeantSE  0.76+0.05 0.25+0.01 0.34+0.09 0.31+0.08
n 374 369 64 64
FANS Il 7-14Jul.97 Summer Range 0.02-1.90 0.01 - 0.61 0.01-0.64 bd - 0.68
MeantSE  0.29 £ 0.01 0.15+0.01 0.11 +£0.01 0.03 £ 0.01
n 386 384 53 53

Table 2 — Correlation matrix between integrated chl a values for the three FANS cruises. Level of significance: *
p <0.05; ** p<0.01; ™ p <0.001. FANS I: n =47, FANS II: n =64 and FANS |IlI: n = 68. Chlint1oom and Chlint1om
= integrated chl a at 100 m and 10 m depth, respectively.

FANS |
Chlint100m Chlint10om Chlint100m Chlint1om Chlint1om Chlintiom
Tot <2um > 2 um Tot <2um > 2 um
Chlint10om Tot —
Chlint1oom<2 pm 0.60 *** —
Chlint100m>2 pm 0.72**  -0.12 —
Chlintiom Tot -0.38 ** -0.75 *** 0.18 = e
Chlintiom<2 pm -0.34* -0.76 *** 0.23 0.99 *** R
Chlintiom>2 ym -0.39 ** -0.72 *** 0.14 0.99 *** 0.97 ***
FANS Il
Chlint100m Chlint10om Chlint100m Chlint1om Chlint1om Chlintiom
Tot <2um >2um Tot <2um >2um
Chlint10om Tot —
Chlintioom<2 pm 0.06 = e
Chlint100m>2 pm 0.98 ***  _.0.16 —
Chlintiom Tot 0.04 -0.39Q *** (0% T——
Chlintiom<2 pm -0.03 -0.40 *** 0.06 0.87 *** —
Chlintiom>2 pm 0.08 -0.35** 0.15 0.96 *** 073%% e
FANS Il
Chlint10om Chlint100m Chlint100m Chlint1om Chlint1om Chlintiom
Tot <2pym > 2 um Tot <2um > 2 um
Chlint10om Tot —
Chlintioom<2 pm 0.79 *** —
Chlinti0om>2 pm 0.93 *** 0.51 *** e
Chlintiom Tot -0.53 *** -0.64 *** 037 % e
Chlintiom<2 pm -0.53 *** -0.66 *** -0.35** 0.99Q *** ——
Chlint1om>2 pm -0.53 ***  .0.62 *** -0.37 ** 0.99 *** 0.99 *** .
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Fig. 7 — Percentage of integrated total and fractionated (< 2 pm and > 2 pm) chl a at 10 m depth (related to
their respective integrated chl a values down to the bottom or 100 m depth) for the FANS | (a, b and c,
respectively), FANS Il (d, e and f, respectively) and FANS Il (g, h and i, respectively) cruises.
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The spatial distribution of the relative contribution of the < 2 ym size fraction to total chl a

(percentages from integrated values) showed different patterns in the three cruises (Fig. 9). In

FANS I, the proportion of this size fraction varied from less than 40 % at the stations near the Ebro

Delta to more than 60 % in the southern edge of the sampled area, in the most oceanic stations and
in some patches of the northern part of the Ebro shelf (Fig. 9a). In FANS II, the maximum
percentages of the < 2 ym size fractions (40 %) were found in the middle and southern parts of the
sampled area and the lowest in the coastal area (Fig. 9b). In FANS IIl, most of the stations showed

a contribution of the < 2 uym size fraction between 40 and 60 % (Fig. 9c).
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Fig. 8 — Relationship between the total chl a and the <2 ym and > 2 ym size fractions for the FANS | (a and d,
respectively), FANS Il (b and e, respectively) and FANS Il (c and f, respectively) cruises. Plots within the upper
graphs show the relationship between the < 2 um size fraction and total chl a values lower than 1 mg m? (a and
c) or 2 mg m™ (b). See the equations in the text. Note the differences in scale for FANS Il (b and e).

88



Seasonal variability of phytoplankton size distribution at the Ebro Shelf

41

45

Latitude N

40

41 b

45

30

Latitude N

40

41

45 °

Latitude N
£

Longitude E

Fig. 9 — Distribution of the percentage of < 2 um chl a for the FANS | (a), FANS Il (b) and FANS Il (c) cruises.
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Table 3 — Percentage (mean + SE; (n)) of fractionated chl a (< 2 ym, 2 - 20 ym and > 20 ym) in relation to the
total chl a using all data set and for total chl a < and > of 1 mg m™ (FANS | and Ill) or < and > of 2 mg m™

(FANS 11).

Size-fraction

Total chl a

All data <tmgm”™*or >Imgm™ *or
<2mgm?** >2 mg m>**
FANS [ <2 pm 58+ 1.0 (236) 60£0.9 (223) 2827 (13)
2-20 pm 29+ 1.1 (151) 28+ 1.0 (139) 45+53 (12)
> 20 pym 13+£1.0 (172) 12+ 0.9 (160) 286.7 (12)
FANS Il ** <2 pm 42108 (369) 44108 (344) 15£2.8 (25)
2-20 pm 38+1.8 (64) 38+£1.9 (58) 39:7.7 (6)
> 20 pm 2727 (64) 2527 (58) 45+ 11.1 (6)
FANS III * <2um 53+ 0.6 (384) 54+ 0.6 (376) 37+56 (8)
2-20 pm 39+£16 (53) 39£16 (52) 36 (1)
> 20 pm 8+12 (53) 7+11 (52) 38 (1)
DISCUSSION

Seasonal variability in the contribution of the different size fractions

As expected, the chl a distribution and its size structure showed marked differences among the
autumn (FANS 1), winter (FANS 1l) and summer (FANS Ill) cruises. The main patterns of the
variability of total chl a, during the three cruises, can be related to the hydrographical conditions and
nutrient concentrations as discussed in Salat et al. (2002). Briefly, in autumn, thermocline erosion
brought nutrients from deep waters into the lower layers of the photic zone, enhancing
phytoplankton growth and chl a concentrations in subsurface waters (generally at 40 m depth,
Fig. 5a). The nutrients provided by the river were also reflected in higher chl a at surface near the
Ebro river mouth. In winter, due to strong vertical mixing and convection processes, in addition to
strong riverine inputs, nutrient concentrations were high at surface, leading to maximum chl a at this
level (Fig. 5b). In summer, there was limited nutrient supply to the upper layers due to stratification
and the availability of nutrients at surface was restricted to the river plume. A DCM was observed

generally between 60 and 80 m depth (Fig. 5c).

The highest values of chl ai100m Were observed in winter, (between 21 and 210 mg m'z) when, as
mentioned above, high nutrient concentrations were observed at surface. In the other two seasons,
chl ain100m Values ranged only between 6 and 60 mg m?, due to the low nutrient availability in the

upper layers of the water column. The higher total chl a values observed in winter, with respect to
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the other seasons, were due to an increase in the three measured size fractions (Table 1). However,
in winter, the relative contribution of the > 20 um size fraction was higher than in the other seasons
(27 % vs less than 13 %). In all the cruises, the most important contributor to total chl a was the
< 2 um size fraction (42 % in winter and between 50 and 60 % in autumn and summer). The
nanophytoplankton (2 - 20 ym) contribution showed the lowest seasonal variability (between 29 and
39 % of the total chl a, Table 3). The differences observed in this study in the phytoplankton size
structure among seasons, agree with those found by Delgado et al. (1992) in the Catalan Sea (NW
Mediterranean). These authors reported that the > 20 pym size fraction dominated the autotrophic
biomass (in terms of carbon) in winter (55 %), while Synechococcus and the 2 - 5 ym size fraction
were the main contributors to autotrophic biomass in spring (65 %). However, in the present study,
although the highest contribution of the > 20 um size fraction was observed in winter, the
picophytoplankton fraction was always the dominant one. The percentages of chl a < 2 uym in the
FANS area were similar to (in autumn and summer) or lower than (winter) the mean value (59 %)

calculated by Magazzu & Decembrini (1995) for the Mediterranean waters.

Within each season, the variability of the total chl a was due to changes in both, the smallest
(<2 pm) and the largest (> 2 uym) size fractions, as indicated by the highly significant positive
correlations observed between the integrated values of the total chl a and the fractions (except for
the < 2 um size fraction in winter, Table 2). However, the highest correlation coefficients were
observed between the total and the > 2 ym size fraction, suggesting a strongest dependence of total
chl a on this fraction.

In the three seasons, the relative contribution of the < 2 and > 2 ym size fractions to total biomass
varied with the total chl a concentrations (Table 3). When total chl a was lower than 1 mg m*
(autumn and summer) or 2 mg m* (winter) the chl a < 2 pm increased lineally with total chl a.
However, at total chl a values exceeding these thresholds, the < 2 ym size fraction ended to remain
stable near an upper limit of 0.5 mg m* (Fig. 8). The finding that there is an upper concentration of
total chl a, beyond which the proportion of chl a < 2 ym tends to become constant, agrees with the
observations of Raimbault et al. (1988b), who found that the biomass of picophytoplankton (defined
as the fraction of chl a < 1 ym), for Mediterranean waters and other environments, was around
0.5 mg m. However, these authors reported that this was the maximum picophytoplankton standing
stock through all the range of total chl a concentrations, while, in our study, chl a < 2 ym could reach
higher values when total chl a was lower than 1 or 2 mg m>. The wider range of data used in this
study, compared with those of Raimbault et al. (1988b), could explain the observed differences. Our
results suggest that, independently of the season (and thus, the physico-chemical conditions of the

water), at low total chl a concentrations, the amount of < 2 and > 2 ym organisms would increase in
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parallel, while at higher concentrations, the contribution of the picoplanktonic fraction would be

restricted by competition of the larger phytoplankton fractions.

It is widely accepted that the variability in total autotrophic biomass is associated with changes in
large size fractions and that the picoplanktonic fraction is a rather constant component of the
phytoplankton community (Malone 1980, Raimbault et al. 1988b, Magazzu et al. 1996, Rodriguez et
al. 1998). However, in this study the picophytoplankton contributed significantly to enhance the total
chl a concentration in winter and it was related with changes in total biomass in each season. In a
similar way, in the Atlantic Ocean, Maraién et al. (2001) found that the changes in total
phytoplankton abundance and productivity were due to the variability on the picoplanktonic size
fraction. As these authors commented, the constancy of picophytoplankton would be true only if
concentration changes of several orders of magnitude are considered as a threshold for variability.

The spatial distribution of the contribution of the < 2 ym size fraction to total biomass (from
integrated values) showed differences among seasons (Fig. 9). While in autumn there was a trend
towards an increasing contribution of this size fraction from coastal to off-shore stations, in winter no
clear patterns were observed (although, as in autumn, the lowest contributions of this size fraction
was observed in the coastal area) and in summer the picophytoplankton contribution was practically
homogeneous throughout the sampling area. The differences observed among seasons in the
relative contribution of the < 2 ym chl a to total biomass could be related to nutrient inputs from the
Ebro river into the coastal zone and to water column stability. In autumn and specially in winter, the
nutrient input from the river and mixing processes would be enough to enhance the growth of the
largest (> 2 um) size fractions of the phytoplankton community in the coastal area (Fig. 6c, f). Thus,
in this zone, the contribution of the picophytoplankton was lower than in off-shore stations. In
summer, although the nutrient inputs from river discharge were in the same order of magnitude than
in autumn (Salat et al. 2002), the higher water column stability due to stratification could restrict the
growth of the largest fractions of phytoplankton and thus, the size structure of the phytoplankton
community was similar in coastal and off-shore regions. Taking into account several Mediterranean
ecosystems, Magazzu & Decembrini (1995) observed that, on average, the percentage of the
< 2 pym chl a fraction was similar in oceanic (57 %) and coastal (64 %) environments. Concretely, in
a late-spring cruise, Delgado et al. (1992) observed in the Catalan Sea (NW Mediterranean) that the
percentage of < 2 ym chl a varied from 21 % (coastalmost st.) to 27 % (oceanic st.). However, in the
same area of the Catalan Sea, in summer, Arin (unpublished data) found an increase of the
percentage of < 2 ym chl a from coastal to off-shore stations (form 31 to 58 % in June 1995 and

from 21 to 54 % in June 1996). The results obtained in this study and those observed in other
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regions of the NW Mediterranean suggest a high spatio-temporal variability of the size structure of
the phytoplankton community.

Vertical distribution patterns

The total amount of the autotrophic biomass was poorly represented in the superficial waters (down
to 10 m), specially in autumn and summer, when deep chl a maxima were observed. In these
seasons, the chl a in the upper layers of most of the off-shore stations was less than 10 % of the
whole chl ain00m. In winter, this percentage increased until 20 or 40 % (Fig. 7). This finding has clear
implications in the use of remote sensing techniques. Ocean colour sensors will detect pigments
within only one optical depth, which can be defined as the depth at which surface irradiance is
attenuated to 1/e = 37 % of its intensity at surface (Joint & Groom 2000). Thus, algorithms used for
the estimations of chl a and primary production (Eppley et al. 1987, Gitelson et al. 1996) are based
on pigment concentrations in the upper euphotic zone, which may represent a small percentage of
the total biomass, specially in areas where there are subsuperficial or deep chl a maxima.
Knowledge of the proportion of small and large fractions in the phytoplankton community is also
important for calculations of chl a concentration from satellite images due to their different
attenuation coefficients. The specific attenuance of phytoplankton chlorophyll is much larger in
oligotrophic waters than elsewhere probably by the presence of a high percentage of small
phytoplankton, including coccolithophorids, the cells of which are covered by calcareous scales
(Megard & Berman 1989, Gitelson et al. 1996). Some coccolithophorids forms tend to inhabit the
upper layers of the water column, as found by Cros (2001) in the same cruises of this study and in
other areas of the NW Mediterranean Sea.

In autumn and winter, the percentage of <2 ym chl a tended to be higher at depths of maximum
total chl a, while in summer the lowest percentages of the < 2 uym size fraction were located at or
near the DCM depth (Fig. 5). Both types of relationship between the vertical distribution of the
<2 um size fraction and total chl a maxima have been observed in different areas of the
Mediterranean (see review of Maggazu & Decembrini 1995) in conditions of marked or moderate
water stratification. As deep chl a maxima represent, in general, regions of active phytoplankton
growth (Estrada 1985), a relatively high proportion of the large fractions could be expected, although
factors such as grazing could locally modify the size structure of the phytoplankion community.
However, in our case, the vertical variations in the proportion of < 2 ym chl a were small, and the
different patterns found among cruises must be interpreted with caution. In winter, the dominance of
the > 2 ym size fraction at depths below the total chl a maxima, where low irradiance probably
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impeded the active growth of large organisms, may be a consequence of sedimentation of

senescent cells from superficial layers.

In conclusion, the all size fractions of the phytoplankton community of the Ebro shelf area presented
a seasonal variability related with changes on the physico-chemical characteristics of the zone. In
contrast with the widely accepted paradigm about the constancy on the picophytoplankton
abundance, in this study we found that this fraction varied among seasons and contributed markedly
to changes of total phytoplankton biomass. In autumn and summer, when deep chl a maxima were
observed, only less than 10 % of the water column integrated chl a values (total and fractions) were
represented in the superficial waters. This finding is important for the estimation of chl a and primary

production by remote sensing techniques.
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Combined effects of nutrients and small-scale turbulence
in @a microcosm experiment. ll. Dynamics of organic
matter and phosphorus

ABSTRACT

In the oligotrophic sea, phytoplankton and bacteria compete for nutrients. Turbulence changes the outcome of
this competition by means of an increase in the nutrient flux to cells by the shear fields, which is cell size
dependent. This effect is insignificant for small cells such as natural bacteria. The hypothesis is that turbulence
will increase the phytoplankton competition-capability for nutrients and reduce the organic matter utilisation by
bacteria. Consequently, the composition of particulate organic matter should change. To test this hypothesis we
studied the response of natural plankton communities to turbulence enclosed in 15 L microcosms. We evaluate
the response in terms of the ratio of heterotrophic:total biomass and the stoichiometry of particulate organic
matter. Results under turbulent and still conditions were compared in 3 nutrient-induced conditions: nitrogen
surplus (N with initial addition of an excess of nitrogen, N:P ratio = 160), nitrogen:phosphorus ratio balanced (NP
with initial addition of nitrogen and phosphorus as Redfield ratio, N:P ratio = 16) and control (C no nutrient
addition). In N and NP conditions, turbulence decreased the heterotrophic:total biomass ratio up to two-fold, and
induced changes in the stoichiometry of the particulate organic matter. We found higher values of
carbon:phosphorus and nitrogen:phosphorus ratios in turbulent than in still treatments. The magnitude of these
responses to turbulence depended on the induced nutrient conditions. In the control microcosms we found the
maximum differences of carbon:phosphorus ratio between turbulence and still treatments. In terms of biomass

the response to turbulence was clear in the enriched conditions and insignificant in the control microcosms.
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INTRODUCTION

In the oligotrophic NW Mediterranean Sea, phosphorus (P) has been suggested to be the limiting
nutrient for phytoplankton (Margalef 1997, Thingstad et al. 1998) as well as for heterotrophic
bacteria (Thingstad et al. 1993, Thingstad et al. 1998, Zweifel et al. 1993, Sala et al. 2002). The
outcome of the competition for nutrients between bacteria and different sizes of phytoplankton has
implications for the structure and function of the pelagic food web. If small cells dominate the uptake
of nutrients, the “microbial” food web will be favoured with respect to the “classical” food chain
(Legendre & Le Févre 1991). Under P-limiting conditions, the ability of a cell to compete with others
will depend, in principle, on its affinity constant for P. Theoretically, the affinity constant (o) for

orthophosphate can be calculated from the physical law of diffusion (Thingstad 1998):
(1) a=3Dc"r?

where D is the diffusion coefficient for phosphate (~ 4.8 x 10 cm? s'1), o is the volume specific P-
content (umol P cm'3) and r is the cell radius (cm). Due to their size, bacteria, pico and
nanophytoplankton are expected to outcompete larger phytoplankton species under nutrient
limitation (see Table 1). However, the relative advantage of the smaller hetero- and autotrophic
components can be reduced in the presence of turbulent mixing. It has been suggested that small-
scale turbulence will favour large non-motile phytoplankton cells by keeping them suspended in the
euphotic zone of the water-column and by replacing the nutrient-depleted water around them
(Pasciak & Gavis 1974, Lazier & Mann 1989, Kigrboe 1993, Karp-Boss et al. 1996).

Studies of nutrient uptake and phytoplankton growth under turbulence are scarce. Pasciak & Gavis
(1975) found a Michaelis-Menten type relationship between nitrate uptake rate and shear rate for the
large diatom Ditylum brightwellii at low nitrate concentrations. Savidge (1981) observed increased
growth and uptake of the diatom Phaedactylum tricornutum when agitated under P-limited
conditions. In natural waters, where other components of plankton are present, turbulence can
change the relative importance of autotrophs to heterotrophic bacteria (Arin et al. see Chapter II).
These two biomass compartments have different nutrient:carbon demands. Thus we speculate that
turbulence could change the dynamics of nutrient concentrations. The availability of nutrients has
been shown to affect the stoichiometry of organic matter. Guildford & Hecky (2000) found higher
carbon:phosphorus ratios in P-limiting conditions. Thomas et al. (1999) found deviations of the

Redfield ratio associated with a high contribution of recycling nutrients.
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Table 1 - The theoretical affinity constant (a) estimated for different organisms from the physical Iaw of
diffusion (Eq. 1) by assuming spherical shag)es The cell carbon contents were calculated as 0.35 pg C um”™ for
bacterla (ijarnsen 1986) 0.433 x (um®) pg C cell® for nanoflagellates (Verity et al. 1992) and 0.109 x
(um*)**" pg C cell” for diatoms (Montagnes et al. 1994). Carbon contents were converted to phosphorus by a
ratio of 50 and 106 for bacteria and phytoplankton, respectively. The literature values of the affinities are from a
review by Vadstein & Olsen (1989).

Volume specific Theoretical Literature
Organism Radius P-content afflnlty afflnlty

um umol-P cm* | pmol-P~ h | pmol-P” h

Bacteria 0.25-0.75 583 16 - 142 30 - 146
Pigmented nanoflagellates 1-3 515-590 1.1-8.9 2-17
Diatoms 3-10 170- 174 0.3-3.3 0.9-10

In this paper, we examine the dynamics of nutrients in relation to the response of plankton to
turbulence in experiments with Mediterranean coastal waters. As P is often the limiting nutrient in
these waters, we studied the variations of P in the particulate (POP) and dissolved (DOP) organic
forms, as well as in the soluble reactive phosphorus (SRP). We hypothesise that small-scale
turbulence will affect P turnover-rate and plankton structure by favouring large osmotrophic
organisms. We also expected these effects on plankton to be reflected in the quality of particulate
organic matter. To test these hypotheses we enclosed natural plankton communities in 15 L

microcosms and studied their response to turbulence under different N:P ratio conditions.

MATERIAL AND METHODS

The microcosm experiment

Sea water was collected ca 1 km offshore of the Catalan coast north of Barcelona (Spain). The sub-
surface water was screened through a 150 pym Nytex mesh to remove mesozooplankton and
transported in clean 50 L containers. In the laboratory, water was distributed in twelve 15 L
cylindrical containers (made of transparent Plexiglas, 24.2 cm inner diameter and 34.5 cm depth).
The enclosures were divided into 3 series: controls with no nutrient addition (C), enriched with a
nitrogen-surplus addition (N) and enriched following the nitrogen:phosphorus Redfield ratio (NP),
and incubated under still (S) and turbulent (T) conditions (Table 2). Each combination of treatments
had two replicates. Nutrients were added at the beginning of the experiment according to Table 2. In
N and NP containers, silicate and metals were also added. The metal solution was added in the
same proportion to nitrate as in f/2 medium (Guillard 1975). The experiment was carried out in an

environmental chamber at 15 + 1 °C under a 12h:12h light:dark cycle and at light irradiance of
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225 umol photons m™? s within the containers. Small-scale turbulence was generated by a system
of vertically oscillating grids as described in Arin et al. Chapter Il. The turbulent kinetic energy

dissipation rate (¢) was estimated as 0.055 cm” s™.

Inorganic and organic nutrients

Inorganic nutrients, namely soluble reactive phosphorus (SRP ~ PO,), NO;, NO,, NH,; and SiO3,
were determined daily in all the containers, with an Alliance Evolution Il autoanalyzer following
standard procedures as described in Grasshoff (1983). Particulate and dissolved organic
phosphorus and nitrogen were determined by wet oxidation into SRP and NO; Analyses were done
in one series of replicates (A) daily from Day 0 until Day 7 except for Day 5. Subsamples of 250 ml
were taken in polyethylene bottles and filtered through pre-combusted GF/F filters under gentle
vacuum (< 50 mm Hg). The filters were stored in tinfoil envelopes at - 20 °C. Simultaneous
determination of particulate organic phosphorus and nitrogen (POP, PON) was achieved following
the persulphate oxidation procedures of Pujo-Pay & Raimbault (1994). In brief, 20 ml Milli-Q water
and 2.5 ml persulphate + boric acid reagent were added to the filter in glass vials, and autoclaved at
120 °C for 30 min. Then, samples were centrifuged to remove filter remains and analysed for PO,
and NO; + NO; in the autoanalyser as above. The standard error of analysis was generally within
10 %. The same wet oxidation method was also applied to the total dissolved P (TDP) determination
in the filtrates (Koroleff 1983, Valderrama 1995). In glass vials, thirty-ml aliquots were mixed with
4 ml of the oxidant reagent, autoclaved under the same conditions as for POP and autoanalysed.
Dissolved organic P (DOP) was calculated by subtracting SRP from TDP. Standard error of analysis
replicates for DOP was generally within 25 %.

Sedimented phosphorus

To gain a more complete picture of P dynamics, sedimented particulate phosphorus had to be
determined. Accumulation of biomass on the bottom was evident in several of the containers;
however, we did not sample and measure it directly as we wanted to avoid disturbing the system.
Thus, sedimented POP was estimated as follows. Assuming that P could not be lost from the
container because its air-water exchange through volatile forms is insignificant, the value of the P
burden for each treatment was fixed as the concentration of total P on Day 0, right after the addition
of nutrients. Then, sedimented POP at Day i was estimated by subtracting the measured P pools in
the water column from the total P burden, i.e.: sedimented POP; = P burden - (PO, + DOP + POP)..
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Table 2 — Summary of the treatments (each treatment has two replicates) with the initial added nutrient concentrations (uM). No nutrients were added
in the control enclosures (SC and TC). Dissolved inorganic nitrogen (DIN) and silicate (Si) concentrations (uM; mean of two replicate microcosms +
SE) at Days 0 and 4 in each treatment and the osmotrophic biomass increase:dissolved inorganic nitrogen consumed (OBI:DINC) and diatom biomass

increase:Si consumed (DBI:SiC) ratios (both in pM:uM) from Day 0 to 4. Due to the low inorganic nutrient concentrations and a poor increase in
biomass these ratios were not calculated in the control enclosures.

Initial nutrient addition DIN OBI:DINC Si O3 DBI:SiC
PO4 NO3 SiO3 Day 0 Day 4 Day 0 Day 4
SC - e e 0.24 + 0.01 0.23+0.04 | = - 0.37 051+003 | -
C - - e 0.36 + 0.07 0.16+0.005 | - 0.25+0.005 025+004 |  -—-
SN 0.1 16 30 21.35+1.71 14.36 + 0.55 0.49+0.29 |35.97+1.32 25.88 £ 0.63 0.07 £ 0.07
TN 0.1 16 30 19.58 £ 0.50 13.44 £ 0.54 5.35+0.42 |33.88+0.22 21.65+0.03 1.38+£0.17
SNP 1.0 16 30 18.72+0.17 11.04 £ 0.07 2.82+0.46 |33.44+0.33 22.83+£0.05 0.13
TNP 1.0 16 30 18.97 £ 0.26 1.62+0.76 5.02+0.31 33.00 £ 0.22 19.34 £ 1.02 4.63+0.84
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Phosphate turnover-rate

The turnover-rate K (h'1) of phosphate was measured by adding radioactively labelled
orthophosphate to subsamples from one series of replicates (A) of each treatment at Day 0 to 7

(except Day 5).

K is defined as the speed of exchange of a phosphate concentration C by a community of uptake

rate U:

2) K=UC"

Uptake of radiolabelled orthophosphate was measured by adding 100 ul carrier-free ¥po,*
(Amersham) to 10 ml subsamples in scintillation vials to give a final radioactive concentration of 2 x
10° to 4 x 10° dpm ml”'. From each microcosm, three or four subsamples were incubated for
between 5 min and 5 h depending on the expected turnover-rate. Temperature and light irradiance
was similar to the experimental containers. Incubations were terminated by adding a cold chase of
100 pl 0.01 M K;HPO, to the vials. Subsamples of 3.3 ml were filtered through 25 mm polycarbonate
filters of 0.2 ym. To minimise cell breakage, filters were supported by Whatman GF/F glass-fibre
filters saturated with 0.1 M K;HPO,. Suction was applied and increased gradually until all samples
had passed through the 0.2 um filters and then increased to a maximum pump capacity of 0.7 bar
until the filters were dry. Blanks were determined each day by adding the cold chase to the
subsample before the isotope. The filters were transferred to polyethylene scintillation vials
(Zinnsner) and counted in 7 ml Ultima-Gold XR in a Beckmann liquid scintillation counter. The exact
start concentration of the added **PO,* was determined by transferring 100 ul subsample to
each of three plastic vials with 7 ml scintillation fluid. Turnover-rate of phosphate K was calculated

from the equation:

(3) K=-In(1-f)t"
where t is the incubation time and f the fraction of added isotope retained on the 0.2 um filters
corrected for blanks. The radioactivity of blanks was below 4000 dpm and the signal:blank ratio was

higher than 6.2 in C and N containers and higher than 2.5 in NP containers.

Plankton biomass

Phytoplankton biomass was monitored by daily chlorophyll a (chl a) measurements and converted to

carbon biomass using a factor of 30 (Strickland 1960). Chl a was analysed fluorometrically (Yentsch
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& Menzel 1963) after extraction in 90 % acetone. In addition, phytoplankton biomass was also
estimated by their group composition. On Days 0, 4 and 8, abundances were determined for the
diatoms, dinoflagellates and coccolithophorids using an inverted microscope (Utermohl 1958), for
the autotrophic picoeukaryotes, Synechococcus and Prochlorococcus by flow cytometry (Gasol &
del Giorgio 2000) and the autotrophic nanoflagellates were enumerated by epifluorescence
microscopy (Porter & Feig 1980). Carbon contents were estimated from the following conversion
factors: diatoms, dinoflagellates and coccolithophorids: pg C cell”’ = 0.109 x (um?)®>%*"
etal. 1994); Synechococcus, 0.357 pg C pm™ (Bjornsen 1986, Kana & Gilbert 1987, Verity et al.
1992); picoeukaryotic and autotrophic nanoflagellates, pg C cell” = 0.433 x (um®)®®® (Verity et al.

1992) and for Procholococcus, 0.133 pg C um™ (Simon & Azam 1989).

(Montagnes

The heterotrophic components of the plankton biomass (bacteria + heterotrophic nanoflagellates +
ciliates) were also estimated on Days 0, 4 and 8. Abundances were determined for heterotrophic
bacterial abundance by flow cytometry (Gasol & del Giorgio 2000), for heterotrophic nanoflagellates
using epifluorescence microscopy (Porter & Feig 1980) and for ciliates using an inverted microscope
(Utermohl 1958). Bacterial biomass was estimated using a carbon conversion factor of 0.35
pg C pm™ (Bjernsen 1986). The same conversion factor as for autotrophic nanoflagellates was used
for heterotrophic nanoflagellate organisms. For ciliates, carbon conversion factors of 0.2 pg C um?®
(Putt & Stoecker 1989) and 0.053 pg C um® (Verity & Langdon 1984) were used for non tintinnids
and tintinnids, respectively. More details on plankton counts and biomass calculations are reported
in Arin et al. Chapter II).

On Day 8, one replicate of the TN and TNP containers was sampled because the other replicate
was left for another experiment. In this paper the term “osmotrophic biomass” is used in reference to
phytoplankton plus bacterial biomass in terms of carbon, while the term “living carbon” refers to the
whole plankton community. The osmotrophic biomass increase (OBI) was calculated during the first
four days of the experiment taking into account the estimated sedimented fraction. To estimate the
OBI, the biomass of osmotrophs on Day 0 is subtracted from the biomass on Day 4 (biomass in the
column water + sedimented biomass). As we only measured the sedimented biomass of osmotrophs
on Day 8, we estimated the sedimented biomass on Day 4 in two ways by considering that: (1)
sedimentation was constant over the time course of the experiment and (2) the sedimentation
across the experiment was proportional to the biomass in the column. As we did not find any

significant differences between both estimations, we used the former one to calculate the OBI.
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Statistical analyses

All statistical analyses were conducted using the SYSTAT software package. Analysis of covariance
(ANCOVA) was applied to different variables using the times of sampling as the covariate. Statistical
significance was considered as p < 0.05 for each of the independent variables (presence or absence
of turbulence; nutrient addition treatment). Data are usually presented as means and standard errors
of the replicates of each experimental treatment. For organic P and N compounds as well as for P
turnover data, the errors are related to the analytical replicates as we only sampled one container of

each condition for those variables.

RESULTS

Phosphorus dynamics

The dynamics of phosphorus in the control containers (C) behaved similarly over time (Fig. 1). The
suspended particulate fraction (POP) was very low and decreased slightly from 0.1 yM to 0.04 uyM
between Days 1 and 6. The phosphate concentration varied between 0.02 and 0.13 yM and DOP
decreased from 0.08 uM to zero. In the N series, the suspended biomass increased one day after
the addition of nutrients (0.11 £ 0.02 and 0.16 £ 0.01 uM in SN and TN, respectively). Sedimentation
took place mainly in SN with a final settled biomass on Day 6 of 0.11 yM that corresponds to 55 %

of total (suspended + settled) biomass.

There were no significant differences in the phosphate concentration (0.04 - 0.10 uM) and DOP
(< 0.13 uM) between the turbulent and still containers. In the NP series, the biomass increased
considerably due to the enrichment. The suspended biomass peaked on Day 4 with 0.32 and
0.65 uM in SNP and TNP, respectively, and was followed by a small decrease. Sedimentation was,
however, important in both containers, where the estimated settled biomass on Day 6 was 0.56 and
0.62 pM in SNP and TNP, respectively. The higher biomass build-up in TNP resulted in faster
depletion of phosphate than in SNP. Phosphate concentrations on Day 6 were below detection limit
in TNP and 0.31 pM in SNP.

Initial P turnover-rate before nutrient additions was 1.1 h™ (Fig. 2). In general, we found higher
values of P turnover-rate in turbulent treatments (ANCOVA, p = 0.069), especially in the NP
containers. In the C and N series, the turnover-rate varied between 0.2 and 1.9 h™". In the NP series,
the turnover-rate increased with decreasing P concentrations and was strongest in TNP (from 0.005
to 1.7 h” between Days 1 and 6).
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Fig. 1 — The mass balance of phosphorus with time expressed as particulate organic phosphorus (POP), the
estimated sedimented phosphorus (Sed), inorganic phosphate (SRP =~ PO4) and dissolved organic phosphorus
(DOP). (S = still, T = turbulence, C = control, N = N-surplus, NP = nutrient balance). Mean of two replicate
microcosms per treatment + SE for PO, values. Analytical means + SE for POP (below the value) and DOP.
Errors transmissions are shown for the calculated sedimented values (above the value).

103



Capitulo V

2.5

1
@)
1)

O

P turnover-rate h”

-1

P turnover-rate h

10

-1

1C

0.1

P turnover-rate h

0.01

0.001 1 1 1 1 1 1

Time (days)

Fig. 2 — The turnover-rate (h™') of phosphate during the experiment. Symbols are the mean of three to four
analytical replicates + SE. (S = still, T = turbulence, C = control, N = N-surplus, NP = nutrient balance). Note
logarithmic scale in the NP treatment graph.

Plankton biomass

The experiment starts with a phytoplankton biomass of around 30 pg C I (Fig. 3). A slight increase
of this biomass was observed in the control containers at the beginning of the experiment which
then decreased to around 1.2 pg C I'". No significant differences were observed between the still

and turbulent containers for this nutrient condition over the course of the experiment. In the enriched
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enclosures (N and NP), phytoplankton biomass was significantly higher with turbulence (p < 0.001).
In the TN containers an increase of phytoplankton was observed during the experiment (up to 304
ug C I on Day 8), while in TNP phytoplankton biomass peaked on Day 4 (with 571 £ 32 ug C I'1)
and was followed by an abrupt decrease until Day 8. In SN and SNP, phytoplankion biomass
increased to a maximum of 110 + 75 and 125 + 6.3 uyg C I, respectively, by the end of the
experiment on Day 8. On Day 4, for all nutrient conditions, diatom biomass (in terms of carbon) was

higher in the turbulent than in the still treatments (Table 3).

Table 3 — Diatom biomass (ug C I'") and diatom mean volume per cell (um® cell’) and mean surface:volume
ratio (mean of two replicate microcosms + SE) on Day 4 for the still (S) and turbulent (T) containers of the C
(control), N (N-surplus) and NP (Redfield ratio) treatments.

Biomass Mean volume Mean

(MgCI™ (um° cell™) Surface:volume
SC 26+0.2 647 + 43 1.04 £ 0.035
TC 44+04 646 + 135 1.00 £ 0.070
SN 44 +13 644 + 61 1.04 £ 0.025
TN 243 + 29 1892 + 109 0.51 +0.005
SNP 55+0.2 669 + 45 0.98 £ 0.015
TNP 787 + 69 1688 + 55 0.47 £ 0.020

Osmotrophic biomass shows practically the same pattern as phytoplankton biomass (Fig. 3). The
contribution of bacteria to total osmotrophic biomass was, on average, higher in the control (45 %)

than in the nutrient enriched containers (20 %).

The percentage of heterotrophic to total biomass in control containers increased during the
experiment to ca. 80 % (Fig. 3). A lower contribution of heterotrophs was observed in N and NP
containers. Heterotrophic biomass was lower than 20 % on Day 4 in the TNP treatments and on Day
8 in the TN treatments coinciding with the highest values of phytoplankton biomass. For each
nutrient condition, a higher percentage of heterotrophic:total biomass was observed in the still than
in turbulent containers (p < 0.05, analysis of variance considering Days 4 and 8 as levels of a

categorical variable), except in the controls where similar values were found (Fig. 3).
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Fig. 3 — Phytoplankton and osmotrophic biomass (ug C I") during the experiment and percentage of
heterotrophic biomass to total biomass on Days 0, 4 and 8. (S = still, T = turbulence, C = control, N = N-surplus,
NP = nutrient balance). Mean of two replicate microcosms per treatment £+ SE. No replicates for TN and TNP
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Particulate organic matter composition and nutrient consumption

In conditions without nutrient additions, the ratio PON:POP showed significantly higher values in
turbulent than in still treatments throughout the experiment. In the nutrient added conditions (N and
NP) the ratio showed, in general, higher values with turbulence after Day 4, although when

analysing the whole data set the differences between still and turbulent treatments were not

significant (Fig. 4).
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Fig. 4 — Particulate organic nitrogen:particulate organic phosphorus (PON:POP) ratio during the experiment.
Symbols are the mean of three analytical replicates + SE (S = still, T = turbulence, C = control, N = N-surplus,
NP = nutrient balance).

We found significant differences from Day 4 to 8 (ANCOVA, p < 0.01). In the N and NP conditions,
OBI in relation to inorganic phosphate consumed (IPC) was significantly higher in turbulent
containers than in the still ones (Fig. 5a, t-test: p = 0.006 for N and p = 0.05 for NP). Higher values
of this ratio were observed in TN than in TNP (12 %, p = 0.006) while this was not so clear in SN
compared to SNP (1 %, p = 0.09).
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Fig. 5 — (a) Osmotrophic biomass increase (UM carbon) vs. phosphate consumed (uM) from Day O to 4. Note
the two replicates of each treatment. (b) Living carbon:particulate organic phosphorus (Living C:POP) on Days
0 and 4. Lines indicate the value of Redfield ratio. (S = still, T = turbulence, C = control, N = N-surplus, NP =
nutrient balance).

In addition, for each nutrient condition, OBI in relation to dissolved inorganic nitrogen consumed
(DINC) was higher in turbulent than in still treatments (Table 2; t-test: p = 0.01 and p = 0.06 for the N
and NP conditions, respectively). The diatom biomass increase (DBI) in relation to the silicate
consumed (SiC) was significantly higher with turbulence for the N (p = 0.02) and NP (p = 0.03)
conditions (Table 2). The same tendency was observed in the living C:POP ratio for Day 4 (Fig. 5b)
which was higher in turbulent than in the still containers (t-test: p = 0.03) and within the turbulent

treatments, it was higher in the non-enriched container (C).
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DISCUSSION

Despite working with natural communities, the replicates for the different treatments behaved alike.
We found no significant differences in nutrient, chl a concentrations or bacterial abundance between
replicates. The good replicability in similar microcosm experiments has already been found in
previous experimental studies (Marrasé et al. 1989, Peters et al. 2002). This argues in favour of the
appropriateness of the experimental set-up used here to examine "cause-effect" relationships, when

the initial water manipulations are carefully done.

The response to turbulence was different depending on the nutrient conditions. Without nutrient
addition (C containers) it was very difficult to attribute changes in biomass to turbulence. Previous
experiments also encountered difficulties in seeing an effect owning to turbulence under low nutrient
concentrations (Petersen et al. 1998, Peters et al. 2002). The nutrient levels in the experiments
conducted by Peters et al. (2002) were similar to those found in our control conditions. They found a
slightly higher proportion of heterotrophs under turbulence and an increase of heterotrophy after
enclosing the communities in all the treatments, except for the ones where nutrients were added.
While in our case, turbulence did not induce a significant increase in heterotrophy in the non-
enriched conditions, we did find an increase of heterotrophy towards the end of the experiment. This

increase of heterotrophy probably reflects a dominance of recycling and regenerated production.

A different temporal trend of the trophic status of the system was found when nutrients were added.
The addition of nutrients induced a phytoplankton increase during the first period of the experiment
in all the containers, characterised by a decrease in heterotrophy (Fig. 3). After Day 4,
phytoplankton biomass changed little (SN and SNP containers) or decreased abruptly (TNP
containers) and an increase in the proportion of heterotrophs was observed in these treatments,
except in the TN containers (see below). Thus, for plankton and nutrient dynamics, we detected two
phases during the experiment. The first phase was fuelled by new production (phytoplankton
absorbing nutrient additions) and the second phase (post-bloom) was driven by regenerated
production. A specific response was found in turbulent treatments with N-surplus (TN), where the
photosynthetic organisms were growing slowly and the system did not get to the post-bloom phase
during the time course of the experiment. This, together with high P turnover-rate (from 1.8 to
05h"" during the first 4 days), seems to indicate a faster P recycling in N-surplus conditions
favouring autotrophic growth. Other experiments performed with Mediterranean water also found an
anomalous phytoplankton production with N-surplus in comparison with P-surplus additions (Granéli
et al. 1999). These authors also attributed the exceptional phytoplankton growth to a fast recycling

of P. We found that both nutrients and turbulence influenced the dynamics of plankton.
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Changes over time in inorganic nutrients (Si, N and P) indicate a faster nutrient decrease under
turbulence (Table 2). This faster consumption matched a faster increase of osmotrophic biomass
(Fig. 3). In addition, the increase of osmotrophic biomass with respect to nutrient consumption
during this period was clearly different in turbulent and still conditions. The ratio of osmotrophic
biomass increase to inorganic nitrogen and phosphorus consumed (OBI:INC and OBI:IPC,
respectively) was significantly higher in turbulent conditions (Table 2 and Fig. 5a). As sedimented
biomass was taken into account to calculate OBI, we can not attribute the higher values of the ratio
in turbulent treatments to differences in sedimentation or resuspension of osmotrophic biomass
between treatments. In addition, when we compare the ratio living C:POP in the water column, we
also find higher values under turbulent conditions (Fig. 5b). These higher values can not be
explained by the differences in the proportion of heterotrophs or diatoms to the total biomass. This is
because the controls (without nutrient additions) show the highest differences in living C:POP and
no or low differences in the proportion of heterotrophs or diatoms between turbulent and still
conditions (Fig. 3 and Table 3). A possible explanation for the high living C:POP in turbulent
conditions is that, P was used faster, biomass increased faster and the community reached a P-
deficient situation earlier than in still water. In this limiting situation, carbon assimilation and cell
division were not affected equally by the limitation. This interpretation is supported by the fact that
the values of PON:POP were higher in turbulent treatments compared to still ones after Day 4
(Fig. 4), and also by the higher values of P turnover-rate found in turbulent treatments. Although in
principle we expect turnover-rate to increase with biomass, we did not find this trend. Actually, P
turnover-rate and biomass were not significantly correlated, indicating that the faster turnover-rate

was a response to a combination of factors not linearly associated to biomass.

When comparing the results across different nutrient conditions, both OBI:IPC and living C:POP
ratios were higher in the microcosms without P additions. These results agree with Guildford &
Hecky (2000), who compiled data from different systems. They found the highest values of the
POC:POP ratio (up to five fold Redfield ratio) in systems where the total P (TP) was lower than
0.5 pM. In our study, the conditions with no or low P additions account for a TP of less than 0.3 M,
finding the highest values of the living C:POP ratio. It may be that under P deficiency, cell division
decreases or stops while photosynthesis (carbon assimilation) continues. Since these two activities
have different P demands (Margalef 1997), the stoichiometry of biomass would change. Guildford &
Hecky (2000) found not only the highest values of the POC:POP ratio in systems with low TP but
also the highest variability. For systems with less than 0.5 yM of TP, they found values of the
POC:POP ratios that ranged from close to 100 to more than 600. In our study, the largest
differences in the living C:POP ratio between turbulence and still treatments were found in the
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microcosms were no or low amounts of P were added and TP was < 0.3 pyM. Our results indicate
that one possible cause of the high POC:POP ratio variability in natural systems could be the

variability in hydrodynamic conditions.

We also found that the increase in diatom biomass with respect to Si consumed (DBI:SiC, Table 2)
was higher in turbulent treatments. The mean diatom cell volume was larger under turbulence and
therefore the mean surface:volume ratio was lower (Table 3). This could explain the lower demand
for Si compared to carbon (mol:mol). These results, together with the aforementioned differences in
P and N dynamics, indicate that the amount of carbon assimilated for one unit of nutrient (P, N or Si)
was higher in turbulent conditions and that the stoichiometry of the particulate matter was affected
by mixing. It has been shown that nutrient limitation influences the stoichiometry of organic matter,
and the POC:POP and PON:POP ratios have already been used as indicators of nutrient limitations.

Our observations highlight turbulence as a cause of variability in the stoichiometry of organic matter.

The values of the living C:POP ratio found in turbulent treatments had important deviations from
Redfield ratios, especially in non-enriched conditions (2.1 times higher than the Redfield ratio), while
in still treatments these values were close to or lower than Redfield. In terms of carbon fluxes,
biological factors such as species’ composition can influence carbon sedimentation rates. Our
results showed larger cell sizes and a higher proportion of diatoms under turbulence (Table 3). This
can favour sedimentation and therefore carbon sequestration, once the kinetic energy decays.
Therefore, during mixing episodes, carbon assimilation could be underestimated if hydrodynamic

factors are not considered. In our experiment, we had only two constant hydrodynamic conditions:
still and turbulent (¢ = 0.055 cm? 3'3). In nature, turbulent environments are the norm and mixing

events are episodic. Therefore, further experiments varying the level and the duration of the
exposure to turbulence will be necessary to elucidate the linearity of the response of the particulate
organic matter. Caution should be taken in extrapolating the results of this study to all natural
scenarios since we suspect that the response of the particulate organic matter will depend on the
characteristics of mixing phenomena (depth of the mixing layer, duration and the intensity of the
mixing event, etc). Nevertheless, this finding might be important for the construction of models with
biogeochemical fluxes and indicates that hydrodynamic variables like turbulence should be
examined when looking for trends in carbon and nutrient fluxes across systems. The significance of
our results is that they provide evidence of the link between mechanical energy and geochemical
fluxes through biological interactions.
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Particulate DNA and protein relative to microorganisms
biomass and detritus in the Catalano-Balearic Sea (NW
Mediterranean) during stratification

ABSTRACT

Using microscopic and biochemical approaches, the relative contribution of the main groups of pelagic
microorganisms (bacteria, heterotrophic nanoflagellates, phytoplankton and ciliates) and detritus (< 150 pm)
to total particulate protein and DNA was investigated at two stations of the Catalano-Balearic Sea (NW
Mediterranean) during the stratified period. The two stations, one located in the shelf break front (S) and the
other in the open sea, above the central divergence zone (D), were sampled twice in early summer 1993. Both
of them showed a well-developed deep chlorophyll maximum (DCM). Maximum DNA concentrations were
observed close to the DCM, while protein concentrations were fairly homogeneous from surface to 60 m depth
in all samplings. In general, the microorganism distribution showed maximum concentrations at or near the
DCM depths. At both stations, bacteria were the most important contributors to living particulate DNA (22.5 to
32.6 %), while phytoplankton and heterotrophic nanoflagellates were the main contributors to living particulate
protein (3.8 to 24.4 % and 2.9 to 29.1 %, respectively). In addition, an important amount of detritic DNA and
protein was estimated to occur at both stations. Detrital DNA accounted for 23.9 to 42.9 % of the particulate
DNA, while detritic protein represented from 63.5 to 84.7 % of the particulate protein. Because both protein
and DNA contain nitrogen and DNA is also a phosphorus source, these results indicate that heterotrophic
organisms and detritic particles play an important role in the nitrogen and phosphorus cycles in the open sea

waters of the NW Mediterranean.
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INTRODUCTION

The proportion between heterotrophic and autotrophic organisms, the contribution of the detritic
material to the suspended organic matter, and the partitioning between the classic trophic chain and
the microbial food web are basic questions about the structure and plankton dynamics in oceans.
During the last twenty years many studies have changed some tenets about those topics. For
instance, in contrast to the classical idea of a plankton community sustained by a broad base of
autotrophs, there is now increasing evidence that the microbial food web dominates in oligotrophic
waters (Cho & Azam 1987, 1990) and most biomass is heterotrophic (e.g. Dortch & Packard 1989,
Gasol et al. 1997). This suggests that, in oligotrophic ecosystems, the plankton community would
have a higher trophic efficiency than in eutrophic ecosystems.

In addition, the proportion of detrital organic matter appears to be relatively high in oligotrophic
areas (Winn & Karl 1986, Boehme et al. 1993, Caron et al. 1995). Detrital matter may play an
important role in aquatic ecosystems because it serves as food for filter-feeding animals (Posch &
Arndt 1996, Wotton 1984), contributes to the vertical transport of organic matter (Passow &
Alldredge 1994), and provides important substrates for nutrient remineralization and carbon cycling
(Long & Azam 1996). However, data on the proportion of detritus to total particulate organic matter

are still scarce.

In the oligotrophic open waters of the Catalano-Balearic Sea (NW Mediterranean) there are few
data on the contribution of autotrophic and heterotrophic organisms and detritus to total suspended
matter. In this area, the water column is stratified from early spring to late autumn and a deep
chlorophyll maximum (DCM) is found at depths ranging from 40 to 90 m, coinciding with the
nutricline (Estrada 1985a, 1985b, Estrada et al. 1993). Several studies have provided data on the
distribution of different groups of planktonic organisms in relation with the DCM and the associated
structures of the water column (Estrada 1985a, Alcaraz et al. 1985, Algarra & Vaqué 1989, Delgado
et al. 1992, Dolan & Marrasé 1995, Calbet et al. 1996). However, the relative contribution of
particular planktonic groups to total particulate matter (TPM) has only been approached partially by
Alcaraz et al. (1985). These researchers found that the ratio of phytoplankton biomass to TPM and
phytoplankton to mesozooplankton biomass (in terms of particulate nitrogen and carbon) was lower
in the Mediterranean than in upwelling areas. But there are still no data on the relative contribution
of the components of the microbial community and detritus to the TPM in the Mediterranean Sea.
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Particulate DNA and protein concentrations are often used as indicators of biomass (i.e. living
organisms) but there is evidence that in natural environments DNA and protein represent both living
and non-living (detritic or non-replicating) particulate matter (Holm-Hansen 1969b, Paul et al. 1985,
Winn & Karl 1986, Bailiff & Karl 1991, Boehme et al. 1993). DNA and protein are two important
macromolecules in cell. DNA constitutes the genetic material and varies within a factor of two in
eucaryotic cells (Berdalet et al. 1992, 1994); proteins, which constitute more than 50 % of the dry
weigh in cells (Lehninger 1974) vary with nutrient (fundamentally nitrogen) availability (Dortch 1982,
Dortch et al. 1984, 1985). Furthermore, because of their chemical composition, both molecules
participate in the dynamics of nitrogen in the aquatic environment and DNA participates, in addition,
in that of phosphorus. Additionally, particulate protein has a nutritional implications for animal

feeding, because this compound provides a potential nutritive value.

The objective of the present work was to investigate the relative contribution of the autotrophic and
heterotrophic components of the microbial community and of detritus to the suspended DNA and
protein. This objective was approached by a combination of microscopic and biochemical
techniques. The importance of the different DNA and protein partitioning is discussed in the context

of nutrient cycles.

MATERIALS AND METHODS

Field sampling

The study was carried out in the Catalano-Balearic Sea, during the VARIMED 1993 cruise on board
the R.V. "Hespérides". A transect, perpendicular to the coast of Catalonia (Fig. 1) was repeatedly
surveyed between June 1 to 8, 1993 for the estimation of hydrographical parameters and
chlorophyll a concentration. Two stations, one (S) located in the shelf break front (41°06" N,
2°23'E), and another (D) in the open sea (40°38' N, 2°45' E), above the central divergence zone of
the Catalano-Balearic Sea were sampled twice to perform biochemical profiling and other biological
studies (Fig. 1). Stations S and D were located approximately 30 km and 85 km offshore,
respectively; sampling dates were June, 10 and 14, for station S, and June, 11 and 15, for station
D.

At each station, a CTD cast was performed with a Neil Brown Mark 1l probe down to 1000 m, to
obtain profiles of temperature, salinity and sigma-t. Water samples for major inorganic nutrients,
oxygen, and chlorophyll a were obtained with a rosette of Niskin bottles, at 10 m intervals between
0 and 100 m, and at larger intervals between 100 and 400 m. Aliquots for phytoplankton
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identification and estimation of ciliates, autotrophic and heterotrophic flagellates, and bacteria
abundance were taken down to 100 m (except for heterotrophic flagellates on June 11). Samples
for protein and DNA analyses were obtained at six selected depths (between 0 and 100 m). More
details on the sampling strategy and the basic data of the cruise can be found in Mas6 & VARIMED
Group (1995).

42.0° J
415° Barcelona
41.0° 7
40.5°
40.0° ig;ié“@ Mal%
/L | T T |
05° 10° 15° 20° 25° 30° 35°

Fig. 1 — Main transect studied in the VARIMED 93 cruise during June. S and D indicate the location of the
shelf break front and the open sea station, respectively.

Chlorophyll a analysis and plankton counts

Chlorophyll a concentration was estimated fluorometrically (Yentsch & Menzel 1963). Water
samples (50 - 100 ml) were filtered through Whatman GF/F (25 mm) glass fiber filters, which were
ground in 90 % acetone and left to extract for 30 minutes in the dark at room temperature. The

fluorescence of the extract was measured with a Turner Designs fluorometer.

Bacterial samples were fixed with formaldehyde (4 % final concentration) and flagellate samples
with glutaraldehyde (1 % final concentration). Samples for determination of bacterial (15 ml) and
flagellates (50 ml) abundance were filtered through 0.2 ym and 0.8 um pore diameter black
polycarbonate filters, respectively. Both types of samples were stained with the DNA specific
fluorescent stain DAPI and counted with an epifluorescence microscope (Porter & Feig 1980).
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Phototrophic and heterotrophic nanoflagellates (PNF and HNF, respectively) were counted
separately. Samples for phytoplankton counts (100 ml) were fixed with a formalin-hexamine
solution (Throndsen 1978) and examined in an inverted microscope (Uterméhl 1958) as described
in Estrada (1985a). The observed organisms (mainly diatoms, dinoflagellates and
coccolithophorids) were classified to the lowest possible taxonomic level and sorted in to three
size classes (< 10 ym, 10 - 20 ym and > 20 pm). Ciliate samples were preserved with acid Lugol’s
(1 - 2 % final concentration). Information regarding the ciliate population can be found in Dolan &
Marrasé (1995).

Protein and DNA determination

For particulate protein and DNA determinations, 4 liters of sea water were passed through a 150 ym
mesh and then vacuum-filtered (at a pressure < 100 mm Hg) on precombusted (350 °C for 24 h)
Whatman GF/F (47 mm) glass fiber filters which were immediately frozen in liquid nitrogen. Protein
quantification was carried out using the Lowry et al. (1951) method. DNA was determined using a
DNA-specific stain (Hoechst 33258) as described in Berdalet & Dortch (1991); DNA values were
divided by 1.46, the conversion factor proposed by Fara et al. (1996), to correct for the
overestimation of DNA resulting from the use of this method. Bovine serum albumin and DNA from
calf thymus were used as protein and DNA standards, respectively.

To investigate the contribution of the different groups of microorganisms to total DNA and protein,
values of DNA and protein content per cell taken from the literature (Tables 1 and 2) were multiplied
by the average abundance of each group at three layers of the water column (above the DCM, at the
DCM [chlorophyll > 0.6 pg I'1] and below the DCM), on the two sampling days at each station.

Four groups of microorganisms were evaluated: Bacteria, Phytoplankton (including the PNF counted
by epifluorescence), HNF and Ciliates (fundamentally heterotrophic, see Dolan & Marrasé 1995).

For bacterial DNA and protein content per cell we used the conversion factors given by Simon &
Azam (1989) for 0.05 pm?® bacteria, which correspond to the average bacterial volume found in this
cruise (Massana et al. 1997). Phytoplankton group was classified in 4 classes: PNF, < 10 ym, 10 -
20 ym and 20 - 150 ym, and the average DNA and protein content per cell of each class (using all
values for a given class listed in Table 1 and 2) was used for the calculations. Due to the lack of
DNA and protein data for HNF, we assumed values of DNA and protein per cell equal to PNF. No
data are available on the protein content of ciliates and only one value was found on DNA content.

117



Capitulo VI

Table 1. Mean DNA concentration per cell (+ SE) for the main groups of microorganisms. The average
DNA value (using all studies for a given group) was used for the calculations; N = number of data points;
PNF = phototrophic nanoflagellates; HNF = heterotrophic nanoflagellates.

Group DNA (pg cell™) N Reference
Bacteria 0.0025 Simon and Azam 1989
Phytoplankton PNF 06+0.2 12 Holm-Hansen 1969a

Wallen & Geen 1971
Cattolico & Gibbs 1975
Madariaga & Joint 1990
Boucher et al. 1991
Fara & Berdalet (unpublished)
<10 ym 1.1+£0.6 3 Wallen & Geen 1971
Holm-Hansen 1969a*
Fara & Berdalet (unpublished)
10-20 ym 85+24 13 Rizzo & Noodén 1973
Holm-Hansen 1969a
Galleron & Durrand 1978
Berdalet et al. 1994
Oku & Kamatawi 1995
Fara & Berdalet (unpublished)
Boucher et al. 1991
20-150 ym 82.1+16.4 14 Strickland et al. 1969
Holm-Hansen 1969a
Werner 1971
Rizzo & Noodén 1973, 1974
Haapala & Soyer 1974
Tappan 1980
Cembella & Taylor 1985
Boucher et al. 1991

HNF 0.6+£0.2 12 Idem ref. than PNF

Ciliates 10 1 Mandel 1967

* Data from N. pelliculosa were excessively low compared to the average and were not included for our calculations

Detrital DNA and protein were estimated by the difference between the calculated and the analyzed
DNA and protein, respectively. Hereafter, the terms calculated DNA and protein will be used for the
estimated amounts of DNA and protein in the different groups of microorganisms and analyzed DNA
and protein to refer to the results of the biochemical analyses of seston.

As some bacteria can pass through GF/F filters (0.7 ym nominal pore size), we carried out tests to
estimate possible bacterial losses. Mediterranean water samples was filtered through GF/F filters
and the bacterial abundance in the filtrates were estimated by flow cytometry (Gasol & Moran 1999)
and epifluorescence microscopy.
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Table 2. Mean protein concentration per cell (+ SE) for the main groups of microorganisms. The average
protein value (using all studies for a given group) was used for the calculations; N = number of data points;
PNF = phototrophic nanoflagellates; HNF = heterotrophic nanoflagellates.

Group protein (pg cell™) N Reference
Bacteria 0.0177 Simon & Azam 1989
Phytoplankton PNF 259+6.7 29 Moal et al. 1987*

Thompson et al. 1992
Madariaga & Joint 1990
Montagnes et al. 1994
<10 ym 16.6 + 6.6 15 Thompson et al. 1992
Dortch 1982
Moal et al. 1987
Montagnes et al. 1994
10-20 ym 271.2+ 384 24 Berdalet et al. 1994
Conover 1975
Moal et al. 1987
Montagnes et al. 1994
Fara & Berdalet (unpublished)
20-150 ym 933.5 + 330.6 10 Moal et al. 1987*
Montagnes et al. 1994

HNF 259+6.7 29 Idem ref. than PNF

* Data from Cryptomonas sp. and Coscinodiscus wailesii were excessively high compared to the average and were not included
for our calculations.

We determined that an average of 14.3 % of the total bacteria passed through the GF/F filters and
we used this result to correct the bacterial contribution to the analyzed DNA and protein.

RESULTS

Hydrographic conditions

The S and D stations presented a similar vertical distribution of temperature, salinity and sigma-t
during the sampling period (Fig. 2). Thermal stratification was observed at both stations, but was
stronger at D; the maximum temperature gradient occured between 10 and 25 m depth (Fig.
2a and b).

Distribution of the biochemical parameters and the main groups of microorganisms

A deep chlorophyll maximum (DCM) was observed between 40 and 50 m depth at the two stations
throughout the sampling period (Fig. 3a). At both stations, the chlorophyll a concentration at the

DCM was > 1 ug I and maximum DNA values were observed close to the DCM and generally
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above it (Fig. 3b). DNA concentrations ranged from 0.45 to 3.30 pg I'" at station S, and from 0.72 to

4.22 ug I"" at station D.
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Fig. 2 - Vertical distribution of temperature, salinity and sigma-t at stations S (a, c, €) and D (b, d, f).

The highest protein concentrations were recorded between the surface and 60 m depth at both
stations (Fig. 3c), without a deep maximum (station S) or with only a slight increase at or above the
DCM depth (station D). Protein concentration ranges were higher at station S (21.1 to 215.9 ug I”")
than at station D (7.8 to 133.7 pg I'"). Phytoplankton, bacteria, heterotrophic flagellates and ciliates
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tended to present population peaks at or above the DCM (Fig. 4). However, phytoplankton vertical
distribution differed from others. Phytoplankton abundance in surface waters was much lower than
at the DCM, while heterotrophic organisms were abundant not only at or near the DCM depth, but
also in the upper layers.
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Fig. 3 — Vertical distribution of chlorophyll a (a), DNA (b) and protein (c) (all in ug I'") at stations S and D.

Contribution of microorganisms and detritus to DNA and protein

The distribution of calculated and analyzed DNA values observed at the three layers of the water
column (above, at the DCM and below it) was similar at stations S and D (Table 3). Both analyzed
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and calculated DNA showed a slight increase at the DCM level and the lowest values of them were
found below this level. The highest calculated protein at station S (Table 4) was found at the DCM,
while the highest analyzed protein at this station was found above the DCM. At station D, the
maximum of analyzed and calculated protein was observed at the DCM level.

At both stations, the heterotrophic (i.e. bacteria + HNF + ciliates) and detritic fraction accounted for
70 to 87 % and for 77 to 96 % of the analyzed DNA and protein, respectively (Tables 3 and 4). In
the case of DNA, the main contributor was the bacterial group (23 to 33 %) while for protein, the
detritic fraction represented the main protein pool (51 to 85 %) at the three layers of the water
column. Less than 30 % of the analyzed DNA and protein corresponded to HNF group, and ciliate
contribution to analyzed DNA was only between 0.2 and 0.5 %. The contribution from autotrophic
fraction in terms of DNA and protein was < 30 % and < 25 %, respectively.

Table 3. Analyzed and calculated DNA (ug I"') and DNA contribution (as a percentage) of the main groups of
microorganisms and detrital DNA to the total analyzed DNA at stations S and D. In all cases, the given data
constitute the average of the parameters obtained at the depths above, at, and below the DCM, on the two
sampling dates at each station. Phototrophic nanoflagellates (PNF) were included in the phytoplankton group.
HNF = heterotrophic nanoflagellates.

DNA (ug I™) % DNA
Analyzed Calculated Bacteria  Phytoplankton HNF Ciliates Detritus

Station S

Above DCM 1.71 1.02 30.3 12.9 16.4 0.2 40.3
DCM 2.40 1.51 23.9 26.7 12.1 0.3 371
Below DCM 0.91 0.55 25.7 30.0 4.8 0.5 39.0
Station D

Above DCM 1.80 1.37 32.6 20.8 22.4 0.3 23.9
DCM 2.89 1.79 225 30.4 8.8 0.2 38.2
Below DCM 0.84 0.48 23.7 28.6 4.6 0.2 42.9
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Table 4. Analyzed and calculated protein (ug I') and protein contribution (in percentage) of the main groups
of microorganisms and detrital protein to the total analyzed protein at stations S and D. In all cases, the given
data constitute the average of the parameters obtained at the depths above, at, and below the DCM, on the
two sampling dates at each station. Phototrophic nanoflagellates (PNF) were included in the phytoplankton
group. HNF = heterotrophic nanoflagellates.

protein (ug I") % protein
Analyzed Calculated Bacteria  Phytoplankton HNF Detritus

Station S

Above DCM 137.56 21.01 2.7 3.8 8.8 84.7
DCM 97.17 35.50 4.2 19.5 12.9 63.5
Below DCM 66.05 10.29 2.5 10.2 29 84.4
Station D

Above DCM 59.80 30.74 6.9 12.8 29.1 51.1
DCM 88.73 37.19 5.2 24.4 12.3 58.1
Below DCM 24.73 9.44 5.7 23.6 6.9 63.9

DISCUSSION

The hydrographic conditions (Fig. 2) and the vertical chlorophyll profiles (Fig. 3a), which showed a
well-developed DCM, were characteristic of the stratification period in the study area (Delgado et al.
1992, Estrada et al. 1993). The DCM results not only from a higher content of chlorophyll a per cell,
due to photoacclimation (Jensen & Sakshaug 1973, Latasa et al. 1992), but also from an increase
in phytoplankton abundance (Fig. 4a). Our measures of DNA were in the range reported in other
oligotrophic areas (i.e. mean chlorophyll < 1.5 ug I mean DNA values < 2 Mg I'1), including
previous studies conducted in the Catalano-Balearic Sea (Berdalet & Estrada 1993, Table 5).
Measured protein values, reported here for the first time in the Catalano-Balearic Sea, were close
to those found in other oligotrophic marine areas (i.e. mean chlorophyll < 1.5 ug I"": mean protein
between 30 and 130 ug I'1) including other oligotrophic NW Mediterranean waters (Nival et al. 1976,
Table 6).

Compared to chlorophyll, DNA presented a smoother deep maximum near the DCM (Fig. 3a and
3b). Nevertheless, phytoplankton DNA contribution was also high below the DCM (Table 3). This
was due to a different size distribution of the phytoplankton cells in the water column. At the DCM
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level, around 80 % of the phytoplankton cells corresponded to PNF (with the lowest DNA cell
content, Table 1), while below this level bigger cells (> 10 ym) were more abundant (> 36 %).
Analyzed protein showed a different vertical distribution than chlorophyll (Fig. 3a and 3c) with high
values throughout the euphotic zone, suggesting a low protein contribution from autotrophic
organisms in the shallow waters. In addition, above the DCM, the phytoplankton protein contribution
was the lowest comparing with the other levels of the water column (Table 4).

We estimated that bacteria were the main contributors to the living DNA at the three layers of the
water column, while most living protein was accounted for by phytoplankton or HNF depending on
the level of the water column (Table 3 and 4). In other systems a major contribution of bacteria to
total DNA has been reported by Paul & Myers (1982), Paul & Carlson (1984) and Paul et al. (1985).
In addition, Boehme et al. (1993) found that bacterioplankton provided the largest contribution
(> 50 %) to the particulate (> 0.2 ym) DNA pool, whereas phytoplankton accounted for an average
of 8 % in the subtropical waters from the Southeastern Gulf of Mexico. In contrast, in terms of
protein, we found that bacterioplankton would be a small contributor (3 to 7 % of the total protein)
probably as a result of to the high nucleic acid:protein ratio found in small organisms (Skjoldal
1993).

Thus, depending on which biochemical component is considered as indicator of biomass the
contribution of the different groups of microorganisms varied. However, the heterotrophic biomass
(bacteria + HNF + ciliates), in terms of both DNA and protein, generally, exceeded that of the
autotrophs. This results supports the idea that heterotrophy and the microbial food web dominate in
oligotrophic planktonic ecosystems, in contrast to eutrophic systems with a much higher proportion
of autotrophic biomass (Cho & Azam 1987, Dortch & Packard 1989, Gasol et al. 1997).

Assuming the difference between analyzed and calculated protein as detritus, our approach also
revealed a high fraction of detrital protein (> the 50 % of the total), whereas the detrital DNA
fraction constituted between the 24 and the 43 % of the total. In eucaryotic cells, protein content is
variable and depends on parameters such as nutrient concentration - particularly nitrogen - (Dortch
et al. 1984, 1985, Berdalet et al. 1994), light (Wallen & Geen 1971) or stage of growth (Moal et al.
1987). On average the protein content ranges within a factor of two under different physiological or
environmental conditions (Moal et al. 1987, Berdalet et al. 1994). Even using twice the amount of

protein concentration per cell reported in Table 4 for Phytoplankton and HNF groups (althoug value
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Table 5. Mean (+ SE) and range of chlorophyll and DNA concentrations (both in ug I'") in different marine ecosystems and in this study. Note that

when mean chlorophyll is < than 1.5 pg I, mean DNA values are < 2 Mg I"". N = number of data points

Source Location Chi Chi DNA DNA N
mean * SE range mean * SE range
Takahashi et al. 1974 North Pacific Ocean 0.45+0.28 0.02 - 7.11 1.65+0.22 0.13-5.24 25
Dortch et al. 1985 NE Pacific Ocean 5.10+1.10 1.62 - 11.40 4.88 £ 0.71 2.10-10.6 10
Paul et al. 1985 Gulf of Mexico 2.24 £0.95 0.002 - 12.80 10.24 £ 2.72 0.16 -42.6 16
(nearshore, interm. and
offshore stations)
Fabiano et al. 1993 Ross Sea (Antarctica)
- photic layer 1.87 £ 0.60 0.46 - 4.66 31.59 £ 6.46 10.90 - 63.20 9
Berdalet & Estrada 1993  NW Mediterranean Sea
-May 1989 0.65+0.14 0.15-2.18 1.09£0.13 0.46 - 2.55 21
-February 1990 0.86 + 0.07 0.07 - 1.62 1.32£0.09 0.16 - 2.77 30
This study NW Mediterranean Sea 0.40 £ 0.09 0.04 - 1.43 1.73+0.21 0.45-4.22 23




Table 6. Mean (+ standard error) and range of chlorophyll and protein concentrations (both in ug 1) in different marine ecosystems and in this

study. Note that when mean chlorophyll is < than 1.5 pg I, mean protein ranges between 30 and 130 ug I

Source Location Chi Chi Protein Protein N
mean * SE range mean * SE range
Takahashi et al. 1974 North Pacific Ocean 0.45+0.28 0.02 - 7.11 48.70 + 9.01 11.40 - 230.00 25
Packard & Dortch 1975 North Atlantic Ocean
- oceanic stations 0.23 +0.03 0.02 - 0.64 39.98 + 5.58 5.04 - 135.24 30
- upwelling stations 2.42 +£0.31 0.43-4.02 141.68 + 19.37 36.12 - 297.36 12
Nival et al. 1976 NW Mediterranean Sea 0.66 + 0.12 0.12-1.60 107.19 £ 10.01 60.00 - 200.00 16
(Villefranche-Sur-Mer
Bay)
Mayzaud & Taguchi 1979 Bedford Basin 3.27+0.72 0.30 - 7.06 437.38 £ 48.18  185.00 - 604.00 8
Hendrickson et al. 1982 Peruvian upwelling 2.25+0.35 0.50 - 5.77 306.90 + 37.53 82.00 - 764.00 20
Fabiano et al. 1984 Ligurian Sea 0.40 + 0.04 0.17-0.49 95.82 £ 6.00 72.00 - 121.20 8
Dortch et al. 1985 NE Pacific Ocean 5.10+1.10 1.62-11.4 104.20 + 19.30 28.56 - 204.12 10
Dortch & Packard 1989 Washington coast
- oligotrophic stations 0.52 + 0.09 0.15-1.03 133.63 + 27.05 64.29 - 386.42 11
- eutrophic stations 21.88 + 8.62 7.72 - 63.74 496.60 + 136.55 266.21 - 6
1158.16
Bode et al. 1990 Cantabrian Sea 1.12+0.15 0.13-2.68 31.79 £ 3.43 13.15-79.28 18
Fabiano et al. 1993 Ross Sea (Antarctica) 1.71 £ 0.56 0.23 - 4.66 169.6 + 49.18 41.00 - 485.20 10
photic layer
This study NW Mediterranean Sea 0.40 + 0.09 0.04 - 1.43 78.29 £ 12.48 7.80-21590 23
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in this table reflect different physiological stages of cells), the detrital protein would still account for
a very high percentage of the analyzed protein (41 % on average). In addition, given the lack of
data on protein content of ciliates, assuming values similar to those reported for dinoflagellates,
ciliates would only account for < 0.5 % of the protein. For cyanobacteria (data not available in our
study), we have estimated that they would have contributed up to the 7 % and 1.5 % of the
particulate DNA and protein, respectively, based on the data of a previous cruise in this area
(Algarra & Vaqué 1989) and assuming the same cellular content as bacteria.

The fact that detritic protein may be an important part of the suspended organic matter has been
recently considered by Long & Azam (1996). Using a protein stain, they visualized proteinaceous
particles which appeared to constitute an important fraction of the marine snow in natural seawater.
With regards to the detritic DNA, its existence was noted as early as this compound was measured
in seawater (Holm-Hansen 1969b, Falkowski & Owens 1982, Winn & Karl 1986, Boehme et al.
1993). Most of these studies were concerned with biomass but Winn & Karl (1986) found that non-
replicating DNA comprised 75 - 90 % of the total DNA in various locations in the oligotrophic Pacific
Ocean. Our data suggest that detritus, in this case in the form of either DNA or protein constitute an
important component of particulate matter in the oligotrophic NW Mediterranean in summer.
Whether the proportion of detrital protein and DNA is higher in the NW Mediterranean than in other
oligotrophic areas is not known. Using a similar indirect approach (i.e. based on particulate carbon
and nitrogen conversion factors), in the Sargasso Sea, Caron et al. (1995) estimated that the
detrital fraction accounted for the 76 % and 70 % (August 1989) and 45 % and 37 % (March - April
1990) of the total carbon and nitrogen, respectively. Both, this study and our present work reveal
the importance of detritus in the oligotrophic food webs, indicating that a major effort is required in

quantifying this fraction.

Both detrital protein and detrital DNA may be an important source of organic nitrogen and
phosphorus to bacteria and zooplankton in the open sea waters of the NW Mediterranean, where
inorganic nutrients are almost undetectable in the euphotic zone during the stratification period.
Thingstad & Rassoulzadegan (1995) and Thingstad et al. (1998) argued that the microbial food web
in Mediterranean surface waters is characterized by phosphorus-limitation of both phytoplankton
and bacteria during the stratified period. In this cruise, very low bacterial production values
(between 0.5 and 1.2 pg C I'" d”, Pedrés-Alio et al. 1999) were found. Thus, we can hypothesize
that the utilization of detritic material by the heterotrophic bacteria, limited by phosphorus, occurs at
low rates, and therefore a major part of this material is available to grazers; this food source could

account for the high zooplankton:phytoplankton biomass ratio found by Alcaraz et al. (1985).
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In other words, in the stratification period, the detritic fraction with low sedimentation rates, and
degraded slowly by bacteria, can constitute a reservoir of nutritive particles, which can be used by
predators. Therefore, we conclude that the quantification of the detritic fraction, specially in periods
of low nutrient availability, should be routinely considered in studies addressing nutrient and C

fluxes in marine systems.
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DISCUSION GENERAL

El primer objetivo de esta tesis consistia en determinar experimentalmente la importancia de la
turbulencia en el desarrollo de organismos osmotroficos (bacterias y fitoplancton) y en la estructura
de tamafios y composicion taxondémica del fitoplancton, sometido a diferentes condiciones de
nutrientes. Las bacterias y el fitoplancton, al ser organismos osmotréficos, incorporan directamente
los nutrientes inorganicos disueltos en el agua. En condiciones de limitacion de nutrientes ambos
grupos compiten por el nutriente limitante (Bratbak & Thingstad 1985). En teoria, la turbulencia
podria incrementar el flujo del nutriente limitante hacia las células aumentando asi la tasa de
crecimiento potencial de estos organismos (Karp-Boss et al. 1996). Sin embargo, el efecto de la
turbulencia sobre el flujo de nutrientes aumenta en funcidon del tamafio celular y solo seria
significativo en células mayores de 60 um (Karp-Boss et al. 1996). Por lo tanto, era de esperar que
en condiciones de turbulencia, el crecimiento de la comunidad fitoplancténica se viese favorecida
con respecto al de la comunidad bacteriana y que, dentro de la comunidad de fitoplancton,

aumentase la proporcién de organismos en las clases de tamafos mayores.

En el estudio realizado en microcosmos marinos, se ha podido observar que el efecto de la
turbulencia sobre el crecimiento de las poblaciones de bacterias y fitoplancton varia en funcion de
las condiciones de nutrientes en que estas poblaciones se desarrollan. En los microcosmos a los
que se afadieron inicialmente nutrientes (con una relacion N:P deficiente en fésforo o segun
Redfield), la proporcién de biomasa fitoplancténica en relacion a la bacteriana fue mayor en
condiciones de turbulencia que en condiciones de calma. (Capitulo Il, Fig. 4). No obstante, en los
microcosmos donde no se afiadieron inicialmente nutrientes (bajas concentraciones iniciales de
nutrientes), la proporcién de la biomasa fitoplancténica con respecto a la bacteriana fue igual en los
microcosmos con y sin turbulencia. En este estudio, la teoria de Karp-Boss et al. (1996) solo se ha
podido verificar cuando las condiciones de nutrientes iniciales eran relativamente altas. A bajas
concentraciones iniciales de nutrientes, el hipotético aumento del flujo de nutrientes hacia la célula
debido a la turbulencia no ha sido suficiente para favorecer el crecimiento de células grandes

(véase pagina 133).

El efecto de la turbulencia sobre la estructura de tamafos y/o la composicién taxonémica de la
comunidad fitoplancténica ha sido estudiado en monocultivos algales y en microcosmos marinos.
Como primer paso se ha querido saber cual era el efecto de la turbulencia en el crecimiento de una
diatomea grande (Coscinodiscus sp., 110 ym) y en el de una pequefa (Thalassiosira pseudonana,

6 um). En cultivos unialgales deficientes en fosforo se ha obtenido una mayor concentracion final de



células de Coscinodiscus sp. en condiciones de turbulencia que en condiciones de calma. Sin
embargo, el crecimiento de la T. pseudonana fue practicamente el mismo en ambas condiciones
(Capitulo I, Fig. 1). Las células de Coscinodiscus sp. que crecian en condiciones de calma
presentaron una limitacion por fésforo mayor que las células que crecian en condiciones
turbulentas, lo que se reflejé en una mayor actividad especifica de la fosfatasa alcalina (indicadora
de limitacion de fosforo, Perry 1972). Es de destacar que las células de Coscinodiscus sp.
presentan una tasa de sedimentacién mas elevada que la T. pseudonana (2.36 x 10° y 1.12 x 10"
cm s, respectivamente, segun datos de la Fig. 1 en Smayda 1970) y, como consecuencia, las
células sedimentadas (con menor superficie de intercambio) podrian haber incorporado menos
nutrientes que las que se mantuvieron en suspension. Con este estudio, se volvio a verificar la
teoria de Karp-Boss et al. (1996): el efecto de la turbulencia en la incorporacion de nutrientes sélo

fue significativo en la diatomea mayor de 60 pm.

En el experimento con microcosmos en el que se encerrdé una comunidad fitoplancténica filtrada a
través de 150 ym, la evolucién de la estructura de tamanos fue diferente segun las condiciones
fisico-quimicas del medio (Capitulo I, Fig. 5). Independientemente de las concentraciones iniciales
de nutrientes, el tamafio medio de la comunidad de fitoplancton fue siempre mayor en condiciones
de turbulencia que en condiciones de calma. Sin embargo, estas diferencias fueron mas marcadas
cuando inicialmente se afnadieron nutrientes en una relacion de Redfield. La fracciéon mayor de
50 um fue siempre mas importante en condiciones de turbulencia y estuvo formada
fundamentalmente por células de diatomeas y, dentro de este grupo, por organismos
pertenecientes a dos géneros: Chaetoceros y Pseudo-nitzschia. Estos organismos forman cadenas
por lo que podrian haberse beneficiado ain mas de la turbulencia. Pahlow et al. (1997) deduce
tedricamente que la formacién de cadenas podria, en ciertos casos, aumentar el transporte
advectivo de nutrientes hacia la célula, fundamentalmente cuando hay espacios entre las células o
cuando su longitud supera la microescala de Kolmogorov. En condiciones de turbulencia la longitud
de las cadenas de Chaetoceros y Pseudo-nitzschia fue mayor que en condiciones de calma.

Con los estudios realizados en los Capitulos | y Il de esta memoria, la importancia de la turbulencia
en el crecimiento de células osmotréficas de gran tamafio ha quedado demostrada. Sin embargo, el
efecto de la turbulencia sobre estos organismos ha sido poco o no significativo a bajas
concentraciones de nutrientes. Este ultimo resultado concuerda con los obtenidos por Peters y
colaboradores (Peters et al. 1998, 2002) también en microcosmos marinos. En estos trabajos, en
los que no hubo una adicion inicial de nutrientes o éstos fueron afiadidos diariamente a muy bajas
concentraciones, la comunidad fitoplancténica no se vio favorecida por la presencia de turbulencia
sino que, al contrario, se observé un aumento de la heterotrofia en dicha condicion. Segun Peters et
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al. (2002), este aumento de la heterotrofia en condiciones de turbulencia se explicaria por un
incremento en las posibles interacciones de predacion entre diferentes eslabones de la cadena
trofica. En concreto, Peters et al. (1998), concluyeron que el aumento en el nimero de bacterias en
condiciones de turbulencia era debido a un cambio en los habitos de predacién de los
microflagelados heterotréficos [quienes pasarian de predar sobre bacteria a predar sobre
organismos mas grandes y nutritivos (pico- y nanoeucariotas autotréficos)], y no a un efecto directo
de la turbulencia sobre el crecimiento bacteriano. Segun el modelo conceptual de Marrasé & Peters
(2002), a concentraciones muy bajas o a concentraciones saturantes de nutrientes, la presencia de
turbulencia no tendria ningun efecto en el crecimiento de los organismos osmotréficos. En el primer
caso, el incremento en el flujo de nutrientes hacia la célula debido a la turbulencia no seria
suficiente para aumentar significativamente el crecimiento de estos organismos; en el segundo
caso, un exceso de nutrientes no seria asimilado por las células incluso en presencia de
turbulencia. Bajo concentraciones de nutrientes intermedias la turbulencia afectaria al crecimiento

de los organismos osmotroficos.

En el experimento con microcosmos (Capitulo IlI) también se ha podido observar que la
composicion taxonomica de la comunidad de fitoplancton varia segun las condiciones fisico-
quimicas iniciales. La proporcion de diatomeas con respecto al resto de la comunidad de
fitoplancton fue mayor en condiciones de turbulencia que en condiciones de calma, sobre todo en
los microcosmos a los que se anadieron inicialmente nutrientes. En estos ultimos, en condiciones
de turbulencia, la proporciéon de diatomeas con respecto al total de fitoplancton fue la misma tanto
en los microcosmos donde la adicién inicial de nutrientes fue deficiente en fésforo como en los que
fue segun la relacion de Redfield (Capitulo I, Fig. 6). Sin embargo, en condiciones de calma, la
proporciéon de diatomeas con respecto al resto de la comunidad de fitoplancton fue mayor en los
microcosmos cuya adicion inicial de nutrientes fue deficiente en fosforo. Estos resultados indican la
importancia de estudiar el efecto de las condiciones hidrodinamicas del medio sobre el desarrollo

de los diferentes tipos bioldgicos de fitoplancton.

Con los resultados obtenidos se podria decir que la presencia de turbulencia en aguas naturales,
conjuntamente con una concentracion relativamente elevada de nutrientes, favoreceria el desarrollo
de microorganismos autotréficos con respecto a los heterotréficos y, por lo tanto, el desarrollo de la
via tréfica clasica sobre la microbiana. Dentro de la comunidad de autétrofos, y principalmente en
relacién con el grupo de las diatomeas, el crecimiento de las clases de tamafio mas grandes se
beneficiarian con respecto a las de las menores. Asimismo, los resultados obtenidos indican,
también, la importancia de considerar el factor turbulencia a la hora de modelar el crecimiento algal
(véase Capitulo I).
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El segundo objetivo de esta tesis era estudiar la estructura de tamafios de comunidades de
fitoplancton en sistemas naturales y determinar su variabilidad espacio-temporal. El Giro Occidental
del Mar de Alboran fue uno de los escenarios escogidos para realizar este trabajo. Las diferentes
condiciones fisico-quimicas que caracterizan las distintas zonas del giro se vieron reflejadas en la
estructura de tamafios de la comunidad de fitoplancton y en su composicion taxonémica. En un
periodo de tiempo inferior a 10 dias, la comunidad de fitoplancton del borde norte del giro (donde
existen aportes intermitentes de aguas profundas ricas en nutrientes) paso de estar constituida por
partes mas o menos iguales de células de pico- (< 2 ym), nano- (2 - 20 ym) y microplancton
(> 20 ym), a estar practicamente dominada por células de microplancton (principalmente
diatomeas) (Capitulo lll, Fig. 5 y Fig. 7). El aporte de nutrientes de aguas profundas,
conjuntamente con una mayor intensidad de mezcla vertical han sido, posiblemente, las causas de
este cambio. En el centro del giro (caracterizado por la presencia de aguas oligotroficas) las
fracciones predominantes fueron las del pico- y nanoplancton (constituidas fundamentalmente por
Synechococcus y pequeios flagelados). Sin embargo, en una de las cuatro visitas a esta zona, se
observo la presencia de diatomeas grandes por debajo de los 40 m de profundidad posiblemente
como resultado de una intrusién de aguas provenientes de zonas adyacentes. Las diferencias
observadas en la composicion taxonémica y la estructura de tamarios del fitoplancton de ambas
zonas del giro no se vieron reflejadas en las correspondientes tasas de crecimiento, que variaron

principalmente en relacién a cambios en la irradiancia.

En aguas naturales, las comunidades de fitoplancton van cambiando a lo largo del afio y, por lo
tanto, también su estructura de tamarfos. En la plataforma del Ebro, en invierno, la biomasa
fitoplancténica, en términos de clorofila a, fue mas elevada que en otofio y verano. Este aumento
invernal de la biomasa total fue debido a una mayor abundancia de células de pico-, nano- y
microplancton (Capitulo IV, Tabla 1). Sin embargo, sélo la contribuciéon de la fraccion
microplancténica fue mas elevada en esta estacion, en relacién a las otras estaciones observadas.
Las condiciones fisico-quimicas del agua observadas en invierno (fuerte mezcla vertical y, por lo
tanto, una elevada concentraciéon de nutrientes en la zona fética, ademas de importantes aportes de
nutrientes del rio Ebro) fueron posiblemente las causas del incremento de esta fraccion de
fitoplancton. No obstante, en las tres estaciones, la fraccion dominante fue la picoplancténica
aunqgue su importancia fue mayor en otofio y verano (Capitulo IV, Tabla 3). El porcentaje medio de
esta fraccion fue similar (otofio y verano), o un poco menor (invierno), al valor medio calculado por
Magazzu & Decembrini (1995) a partir de varios estudios realizados en aguas del Mediterraneo. La
fraccion que presentdé menor variabilidad estacional fue la nanoplancténica. Por otro lado, en las
tres estaciones del afio observadas, la variabilidad de la biomasa total estuvo relacionada tanto con
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la variabilidad de la fraccion pequena (< 2 ym) como con la de las fracciones mayores (> 2 ym),
aunque esta ultima tuvo mayor peso. Generalmente se considera que la variabilidad de la biomasa
autotrofica total esta asociada con cambios en las clases de tamafios mas grandes y que la fraccion
picoplanctonica es la fraccion mas constante de la comunidad fitoplanctonica (Malone 1980,
Raimbault et al. 1988b, Rodriguez et al. 1998). Sin embargo, en este estudio, el picofitoplancton
contribuy6 significativamente al aumento de la biomasa total en invierno y estuvo relacionado con

los cambios de la biomasa total en cada estacion.

Los resultados observados en aguas naturales, asi como los obtenidos en el experimento con
microcosmos, concuerdan con los modelos conceptuales existentes (Margalef 1978, Legendre & Le
Fevre 1991) los cuales asocian a la turbulencia, conjuntamente con una elevada concentracién de
nutrientes, a un aumento de células de gran tamafio (principalmente diatomeas), y a las

condiciones de calma con el desarrollo de células pequenas o dotadas de motilidad.

El tercer y ultimo objetivo fue estudiar la importancia de la estructura de tamafios y la
composicién taxondmica de la comunidad de microorganismos planctdénicos en relacion con la
composicion quimica de la materia organica formada. En los microcosmos a los que se afiadieron
inicialmente nutrientes (con una relacion N:P deficiente en fésforo o igual a Redfield), la presencia
de turbulencia incremento la incorporacion de nutrientes por parte de los organismos osmotroficos.
La proporcion de estos organismos (en términos de carbono) en relacion al fosfato y al nitrato
consumidos, asi como la proporcion de carbono “vivo” (carbono de toda la comunidad planctoénica)
con respecto al fésforo organico particulado (POP), fueron mayores en condiciones de turbulencia
que en condiciones de calma (Capitulo V, Tabla 2 y Fig. 5). El fitoplancton asimila los nutrientes en
una relacion C:N y C:P mas alta que las bacterias, por lo que la mayor proporcion
fitoplancton:bacterias encontrada en condiciones de turbulencia (Capitulo Il, Fig. 4) podria haber
sido la causa de la mayor cantidad de carbono producido por unidad de nutriente consumido en
dicha condicion. Sin embargo, esto no justificaria la mayor proporcion de carbono “vivo” con
respecto al POP observado en condiciones de turbulencia, debido a que el cociente entre ambos
fue mas alto en los microcosmos en los que no se afiadieron inicialmente nutrientes, donde la
proporcion fitoplancton:bacterias fue la misma en condiciones de turbulencia que en condiciones de
calma. Con turbulencia, la tasa de renovacion del fésforo (estimada mediante la incorporacion de
fosforo radioactivo por las células) y el aumento en biomasa fueron mas altos que en condiciones
de calma. Por lo tanto, en condiciones de turbulencia los organismos quedaron limitados por este
nutriente antes que en condiciones de calma. Frente a esta situacion de limitacién, los organismos
autotréficos continuarian realizando la fotosintesis, mientras que otros procesos metabdlicos

(incluida la divisién celular) se enlentecerian (Margalef 1997). Esto explicaria la mayor proporcién
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de carbono “vivo” en relacion al POP observado en condiciones de turbulencia. La proporcion de
nitrégeno organico particulado en relacion con el POP también fue mas alta en condiciones de
turbulencia que en condiciones de calma (Capitulo V, Fig. 4).

En los microcosmos a los que inicialmente se les anadié nutrientes, el aumento en la biomasa de
diatomeas (en términos de carbono) con respecto al silicato consumido también fue mayor en
condiciones de turbulencia que en condiciones de calma. Esto se explicaria por un mayor volumen
medio de las diatomeas (y por lo tanto una menor relacion superficie:volumen) observado en
condiciones de turbulencia que en condiciones de calma, lo que requeriria un menor consumo de

silicato por parte de la células.

En el estudio realizado en el Giro Occidental del Mar de Alboran, la cantidad de carbono por unidad
de clorofila a en organismos autotroficos tendié a ser mayor en células grandes (> 2 ym) que en
células pequefas (< 2 pm) (Capitulo Ill, Tabla 4). Segun Malone (1980), la existencia de
correlacion entre la cantidad de clorofila por célula y su superficie y, entre el contenido en carbono
por célula y su volumen, resultaria en un aumento de la relacién carbono:clorofila a (C:chl a) con el
tamafo celular. Sin embargo, en muchas ocasiones otros factores como la intensidad de luz, la
temperatura o la concentracion de nutrientes (los cuales también influyen en la relacion C:chl a)
podrian interferir en el efecto del tamafo celular sobre esta relacién. De hecho, en el Mar de
Alboran, las diferencias mas importantes en la relacion C:chl a fueron observadas con respecto a la
profundidad y al gradiente horizontal de nutrientes (la relacién C:chl a disminuy6 con la profundidad
y con un aumento en la concentracion de nutrientes). En cultivos celulares, diversos autores
(Blasco et al. 1982, Geider et al. 1986, Montagnes et al. 1994) no encontraron ninguna relacién
entre el tamafio celular y la relacion C:chl a. La variabilidad observada en la relacion C:chl a sugiere
cierta precaucion en el uso de valores constantes para los calculos de biomasa en términos de

carbono a partir de valores de clorofila.

Se estudioé también (Capitulo VI) como se reflejaba la composicion taxonémica de una comunidad
de microorganismos plancténicos en su composicion quimica. En las aguas oligotroficas del Mar
Catalano-Balear, en el periodo de estratificacion, la contribucion de cada grupo de microorganismos
planctonicos (bacterias, nanoflagelados heterotroficos, ciliados y fitoplancton) a la concentracion
total de ADN vy proteina particulados fue diferente. Las bacterias fueron quienes presentaron una
mayor contribucién al ADN particulado “vivo” (no detritico), mientras que el fitoplancton y los
nanoflagelados heterotréficos fueron los principales contribuyentes a la proteina particulada “viva”.
Una mayor contribuciéon por parte de las bacterias al ADN particulado total, en aguas naturales,

también ha sido observada por otros autores (Paul & Mayers 1982, Paul & Carlson 1984, Boheme

136



Discusion general

et al. 1993). La contribucion por parte de los organismos heterotréficos (bacterias + nanoflagelados
heterotroficos + ciliados), ya sea en términos de ADN como en términos de proteina, fue mayor que
la de los organismos autotroficos. Este resultado apoya la idea de una mayor biomasa heterotrofica
en aguas oligotrdficas y, por lo tanto, de la predominancia de la via tréfica microbiana en este tipo
aguas (Alcaraz et al. 1985, Cho & Azam 1987, Dortch & Packard 1989, Gasol et al. 1997). En estas
condiciones, el alto contenido de ADN de las bacterias haria que su papel en el ciclo del fésforo

fuese aun mas importante que en condiciones de eutrofia y turbulencia.
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CONCLUSIONES

1 — En cultivos deficientes en fésforo, la presencia de turbulencia favorecié el crecimiento de una
diatomea grande (Coscinodiscus sp., 110 pm) pero no el de una diatomea pequefia (Thalassiosira
pseudonana, 6 pym). En condiciones de turbulencia, las células de Coscinodiscus sp. presentaron
una menor limitacion por fésforo, reflejada por una menor actividad especifica de la fosfatasa

alcalina, que en condiciones de calma.

2 — En una comunidad plancténica de componentes capaces de pasar a través de una malla de
150 um y cultivada en microcosmos, la proporcidon de los organismos osmotréficos (bacterias y
fitoplancton) en condiciones de turbulencia y de calma fue diferente segun las condiciones iniciales
de nutrientes. La presencia de turbulencia aumenté la importancia relativa del fitoplancton sobre el
bacterioplancton en los microcosmos en los que se afiadieron inicialmente nutrientes (con una
relacion N:P segun Redfield o deficiente en fosforo), pero no tuvo ningun efecto en los microcosmos

sin adicion inicial de nutrientes.

3 — En el mismo experimento de microcosmos, la turbulencia tuvo un efecto positivo en el tamafio
celular medio de la comunidad fitoplancténica, independientemente de las condiciones iniciales de
nutrientes. La fraccion fitoplancténica mayor de 50 pym fue siempre mas importante en los

microcosmos sometidos a turbulencia que en los quietos.

4 — En el desarrollo de una comunidad fitoplancténica la presencia o no de turbulencia,
conjuntamente con una determinada concentracion inicial de nutrientes, fue un factor determinante
en la composicion taxondmica de la comunidad. En el estudio realizado en microcosmos, la
proporcién de diatomeas con respecto al resto de la comunidad fitoplancténica fue mas importante
en los contenedores en los que se afadieron inicialmente nutrientes y que ademas estaban
sometidos a la turbulencia. En condiciones de calma, las diatomeas se vieron favorecidas con
respecto al resto de la comunidad fitoplancténica cuando las condiciones iniciales de nutrientes

fueron deficientes en fésforo.

5 — El notable hidrodinamismo encontrado en el Giro anticicléonico Occidental del Mar de Alboran se
vio reflejado en la estructura de tamafios y en la composicién taxondémica de la comunidad
fitoplancténica. En un corto periodo de tiempo, la comunidad de fitoplancton ubicada en el borde

norte del giro, pas6é de estar constituida por similares proporciones de células de pico-, nano- y



microplancton a estar dominada practicamente por células de microplancton (fundamentalmente
diatomeas) debido a la intrusion de aguas profundas ricas en nutrientes. En cambio, en la zona
central del giro, caracterizado por la presencia de aguas oligotréficas, la comunidad de fitoplancton
estuvo dominada por células de pico- y nanoplancton (principalmente Synechococcus y pequefios

flagelados).

6 — Las diferencias observadas en la composicion taxonémica y en la estructura de tamarios de la
comunidad fitoplanctonica de las distintas zonas del Giro anticiclonico Occidental del Mar de
Alboran no se vieron reflejadas en las correspondientes tasas de crecimiento, que variaron

principalmente en relacién a cambios en la irradiancia.

7 — La relacion carbono:clorofila a en la comunidad fitoplancténica del Giro anticiclénico Occidental
del Mar del Alboran tendié a ser mayor en células grandes que en células pequefas. Sin embargo,
esta relacién present6 aln una mayor variabilidad en relacion a la profundidad y a las condiciones
hidrograficas existentes. Una mayor relaciéon carbono:clorofila a fue observada en superficie y en

aguas mas pobres (en un gradiente horizontal).

8 — En la plataforma del Ebro (Mediterraneo Noroccidental) la estructura de tamafios de la
comunidad fitoplancténica presentd una variabilidad estacional marcada. La contribucién de la
fraccion picoplancténica (< 2 um) al total de biomasa autotrofica fue la predominante en las tres
estaciones del afio observadas (otofio, invierno y verano), pero alcanzoé los valores mas elevados
en las estaciones de otofio y verano. En invierno (en que se dio una mayor biomasa autotrofica
total), se observaron los mayores porcentajes de la fraccion microplanctéonica (> 20 um). La

contribucion de la fraccion nanoplancténica fue la que presento menor variabilidad estacional.

9 — La contribucion de la fraccién picoplanctonica a lo largo de un gradiente costa — mar abierto en
la plataforma del Ebro fue diferente en las tres estaciones de afio muestreadas. En general, en
otofio e invierno la contribucién de esta fraccion al total de fitoplancton en zonas costeras fue menor
que en la mayoria de estaciones de mar abierto. Sin embargo, en verano, la contribucion del
picofitoplancton fue mas o menos homogénea en toda el area muestreada. Esta variabilidad estuvo

asociada a cambios en las condiciones fisico-quimicas de la zona.
10 — En el experimento en microcosmos, los cambios producidos por la turbulencia en la estructura

de tamafios y en la dinamica de los organismos osmotroéficos se vieron reflejados en la composicion

quimica de la materia organica formada. Independientemente de las concentraciones iniciales de
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Conclusiones

nutrientes, en condiciones de turbulencia, las relaciones C:P y N:P de la materia organica total
fueron mas altas que en condiciones de calma. Asimismo, en los microcosmos en los que
inicialmente se afiadieron nutrientes (con una relacién N:P segun Redfield o deficiente en fésforo)
se observé una mayor proporcion de biomasa (en términos de carbono) de organismos
osmotroéficos en relacion al fosfato y al nitrato consumido y una mayor biomasa de diatomeas en

relacion al silicato consumido, en condiciones de turbulencia que en condiciones de calma.

11 — En las aguas estratificadas oligotréficas del Mar Catalano-Balear, cada uno de los principales
grupos de micoorganismos plancténicos (bacterias, nanoflagelados heterotréficos, ciliados vy
fitoplancton) contribuyd de manera diferente a la concentracién de ADN y proteina particulados. Las
bacterias fueron quienes presentaron una mayor contribucion al ADN particulado “vivo” (no
detritico), mientras que el fitoplancton y los nanoflagelados heterotréficos fueron los principales
contribuyentes a la proteina particulada “viva”. La mayor parte de la proteina particulada total y gran

parte del ADN particulado total correspondieron a la fraccion detritica de la materia organica.
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INTRODUCCION

El conocimiento de la estructura de tamafios de las comunidades de microorganismos planctonicos
y de su composicion quimica es importante debido, entre otros aspectos, a la implicaciéon que tienen
ambos en el flujo de materia y energia entre los distintos eslabones de la cadena trofica. En un
ambiente determinado, el desarrollo de un tipo de red tréfica depende, fundamentalmente, de los
factores fisico-quimicos del medio. Segun el esquema generalmente aceptado, en aguas ricas en
nutrientes y con cierta intensidad de mezcla turbulenta, el desarrollo de autétrofos grandes haria
que predominase la via trofica “clasica” (Steele 1974), mientas que en ambientes oligotréficos y
estratificados, el desarrollo de autétrofos pequefios favoreceria la via tréfica “microbiana” (Azam et
al. 1983). La dominancia de una via tréfica u otra determinaria, a su vez, el destino final del carbono

fijado fotosintéticamente.

El establecimiento de una determinada estructura de tamafos dentro de la comunidad de
fitoplancton influye, a su vez, en el desarrollo de otros componentes de la comunidad de
microorganismos planctonicos (bacterias heterotréficas, flagelados heterotroficos y ciliados). Por
ejemplo, las bacterias heterotréficas y el fitoplancton (considerados como organismos osmotréficos,
es decir, que asimilan directamente los nutrientes inorganicos disueltos en el agua y en el caso de
la bacterias, ademas, los nutrientes organicos) compiten por el nutriente limitante ante una situacion
de limitacion de nutrientes (Bratbak & Thingstad 1985). Bajo esta situacion, el flujo del nutriente
limitante hacia la célula seria menor que la tasa potencial de incorporacion de dicho nutriente por
parte de la misma y, en ausencia de mecanismos activos de transporte, ésta pasaria a estar
limitada por difusion. Cuando no hay movimiento del agua o de los microorganismos, los de menor
tamano, debido a su mayor relacion superficie:volumen, tendrian ventajas competitivas sobre los
grandes. Un movimiento de la células (ya sea por sedimentacion o por natacién) o del agua
circundante, produce una renovacion del nutriente limitante en el medio que las rodea, con lo que la
incorporacion de este nutriente hacia la célula puede aumentar en una cantidad denominada
“transporte advectivo”. La relacion entre la cantidad total de nutriente que llega a la célula (por
transporte advectivo y difusivo) y el que llegaria solo por difusion (denominada numero de
Sherwood) depende del tamafo celular (Karp-Boss et al. 1996). Por lo tanto, en condiciones de
mezcla o movimiento turbulento del agua, las células mas grandes experimentarian un mayor
aumento en la incorporacion de nutrientes que las células pequenas. Este aumento seria

significativo a partir de un tamafo de unas 60 um (Karp-Boss et al. 1996).



La estructura de tamafos de los productores primarios ha sido ampliamente estudiada debido a su
gran importancia en relaciéon con el funcionamiento de las redes troficas pelagicas y el ciclo del
carbono. En base a muchos de los trabajos realizados se pueden hacer ciertas generalizaciones.
En aguas oligotréficas, las células de fitoplancton menores a 2 pm (picofitoplancton) constituyen
mas de un 50 % de la biomasa y de la produccion primaria, mientas que en aguas eutréficas
representan menos del 10 % (Agawin et al. 2000). Cuanto mayor es la biomasa de fitoplancton,
menor es la contribucion relativa del picofitoplancton. Esta fraccion del fitoplancton ha sido
considerada como practicamente invariable en el espacio y en el tiempo (Raimbault et al. 1988b)
aunque, en algunos casos, se ha observado que puede explicar la mayor parte de la variabilidad de

la biomasa autotrofica total (Marafion et al. 2001).

La distribucion de tamafos y/o los diferentes morfotipos que desarrollan las comunidades de
fitoplancton segun las condiciones ambientales, estan definidas en algunos modelos conceptuales
(*Mandala” de Margalef 1978, Legendre & Le Févre 1991). Estos modelos asocian la turbulencia,
conjuntamente con una elevada concentracion de nutrientes, con la predominancia de células de
gran tamario, y las condiciones de calma con el desarrollo de células pequefias o dotadas de

motilidad.

Dentro de una comunidad de fitoplancton, muchos procesos fisiolégicos como el crecimiento y la
respiracion, asi como el contenido en carbono, nitrégeno, proteina y clorofila a, son dependientes
del tamafo celular (Banse 1976, Blasco et al. 1982, Montagnes et al. 1994). Por lo tanto, la
estructura de tamafios de esta comunidad se vera reflejada en su composicion quimica. Por otro
lado, la proporcion relativa de los grupos de microorganismos plancténicos (fitoplancton, bacterias
heterotroficas, flagelados heterotréficos y ciliados) también se vera reflejada en la composicion
quimica de toda la comunidad. Por ejemplo, las bacterias asimilan los elementos C:N y N:P en una
relacion mas baja que el fitoplancton (Redfield 1963, Chrzanowski et al. 1996). Ademas, estos
organismos constituyen la mayor parte del ADN particulado en ambientes marinos (Holm-Hansen
1969a, b, Paul et al. 1985, Boehme et al. 1993). Por ello, una mayor o menor proporcion de los
distintos componentes de una determinada comunidad de microorganismos también influira en su

composicién quimica.

En la presente memoria se han estudiado diversos aspectos ecoldgicos de las relaciones entre la
caracterizacion taxondémica, la composicion quimica y la distribucién de tamafios de comunidades

de microorganismos planctonicos bajo diferentes condiciones fisico-quimicas del ambiente.
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Resumen de la tesis

Los principales objetivos de esta memoria han sido los siguientes:

A) Determinar experimentalmente la importancia de la turbulencia en el desarrollo de organismos
osmotroéficos (bacterias y fitoplancton) y en la estructura de tamafios y composicion taxondmica
del fitoplancton bajo diferentes condiciones iniciales de nutrientes.

B) Estudiar la estructura de tamafios de comunidades de fitoplancton y su composicion

taxondémica en sistemas naturales, asi como su variabilidad espacio-temporal.

C) Estudiar como influye la estructura de tamafios y la composicion taxonémica de la comunidad
de microorganismos plancténicos en la composicion quimica de la materia organica formada ya

sea en experimentos de laboratorio como en sistemas naturales.

Los resultados expuestos en los distintos capitulos de esta tesis se resumen a continuacion.

RESULTADOS

Efecto de la turbulencia en el crecimiento de dos diatomeas de diferente tamano

El efecto de la turbulencia en el crecimiento de dos diatomeas marinas (Thalassiosira pseudonana,
y Coscinodiscus sp.) ha sido observado en cultivos deficientes en fosforo durante aproximadamente
5 dias. Al final del experimento, se observé un mayor nimero de células de Coscinodiscus sp. (110
pm de diametro) en condiciones de turbulencia que en condiciones de calma (1.7 veces mas
células en condiciones de turbulencia). Sin embargo, el crecimiento de la T. pseudonana (6 pm de
diametro), ha sido practicamente el mismo en ambos tratamientos. La relacion entre la actividad
especifica de la fosfatasa alcalina (APA) en condiciones de calma y su actividad en condiciones de
turbulencia (APAs:APA;) en los cultivos de Coscinodiscus sp. aumento en el transcurso del tiempo
hasta alcanzar valores entre aproximadamente 2 y 5 veces mas elevados al final del experimento
que a las 40 h del mismo. En cambio, en los cultivos de T. pseudonana, la relacion APA;:APA, fue
generalmente cercana a 1 durante todo el experimento. Se puso a punto un modelo dinamico del
proceso de incorporacion de fésfato y su transformaciéon en biomasa de diatomea (en términos de
fosforo) que se ajustd con parametros experimentales y tomados de la literatura y produjo
resultados similares a los observados experimentalmente. Segun el modelo, la intensidad de
turbulencia utilizada en los experimentos incrementaria en un 118 % la tasa de crecimiento de las

células de Coscinodiscus sp. y s6lo en un 19 % la de T. pseudonana.
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Efecto de la turbulencia y los nutrientes en la dinamica de los organismos osmotroficos y su

distribucién de tamanos.

El efecto de la turbulencia sobre el desarrollo de la comunidad de fitoplancton y de bacterias, asi
como la estructura de tamafios del fitoplancton y su composicion taxondémica, han sido estudiados
en microcosmos marinos bajo diferentes condiciones iniciales de nutrientes. La presencia de
turbulencia aumenté la importancia relativa de la comunidad fitoplancténica con respecto a la
bacteriana en los microcosmos en los que se afiadieron inicialmente nutrientes, ya sea en una
relacion N:P deficiente en fosforo (microcosmos N) o en una relacion N:P segun Redfield
(microcosmos NP). En cambio, en los microcosmos controles (C, sin adicion inicial de nutrientes) la
relacion bacterias:fitoplancton fue la misma en condiciones de turbulencia que en condiciones de
calma. La presencia de turbulencia en el medio también se vio reflejada en la composicion
taxonoémica y en la distribucion de tamafios de la comunidad fitoplancténica. La importancia relativa
de las diatomeas con respecto al total de fitoplancton fue mayor en condiciones de turbulencia que
en condiciones de calma. Estas diferencias fueron mas marcadas en los microcosmos NP. En estos
microcosmos la relacion entre la concentracion de diatomeas y la de fitoplancton total fue 3 veces
mayor en condiciones de turbulencia que en condiciones de calma. El tamafo celular medio de la
comunidad fitoplancténica fue mayor con turbulencia que sin ella. Este aumento se ha debido
fundamentalmente a un incremento de la fraccion mayor a 50 uym. Dentro de esta fraccion, el grupo
predominante fue el de las diatomeas, principalmente el de dos géneros formadores de cadenas:
Chaetoceros y Pseudo-nitzschia.

Distribucion de tamarfios y tasas de crecimiento del fitoplancton en el Mar de Alboran y su

variabilidad a corto plazo

En el Giro anticiclénico Occidental del Mar de Alboran (Mediterraneo Suroocidental), se comprobo
que la estructura de tamafios y la composicion taxonémica de la comunidad de fitoplancton era
diferente en el borde norte del giro y en la zona central. Al principio de la campafia, en las tres
estaciones muestreadas (ubicadas en el borde norte del Giro, en la zona central y una en una zona
intermedia entre ambas), la contribucion de las diferentes clases de tamafio de clorofila a
analizadas (< 2 ym = picofitoplancton, 2 - 20 pm = nanofitoplancton y > 20 ym = microfitoplancton) a
la clorofila a integrada total, oscil6 entre el 20 y el 40 %. Transcurridos 9 dias, un pulso de
afloramiento en la estacién situada en el borde norte del giro se reflejo en un aumento de la
biomasa fitoplancténica total debido principalmente a un incremento en la fraccion > 20 um
(principalmente diatomeas de los géneros Chaetoceros y Pseudo-nitzschia), que paso a constituir el

60 % de la comunidad de fitoplancton. En cambio, en las aguas oligotréficas del centro del giro, en
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Resumen de la tesis

el mismo intervalo de tiempo, se observd un aumento en las fracciones de pico- y nanofitoplancton
(entre un 75 y un 95 % de la clorofila a total integrada) constituidas principalmente por
Synechococcus y pequeios flagelados. En todas las estaciones, los organismos picoplanctonicos
fueron relativamente mas abundantes en las capas superficiales de la columna de agua, mientras
que los organismos nano- y microplancténicos tendieron a ser mas importantes a mayor
profundidad. Las tasas de crecimiento maximas de la comunidad fitoplanctonica oscilaron entre
045 y 141 d' y no presentaron diferencias significativas entre las distintas localidades
muestreadas, a pesar de las diferencias fisico-quimicas observadas entre estaciones. Las tasas
medias de crecimiento para la zona fética se correlacionaron positivamente con la irradiancia
recibida pero no presentaron correlaciones significativas ni con la composicion taxonémica del
fitoplancton ni con su estructura de tamafios. La relacion carbono:clorofila disminuyé con la
profundidad y con el aumento de la concentracion de nutrientes (en un gradiente horizontal) y

tendié a ser mas alta en la fraccién mayor de 2 pm.

Variabilidad espacio-temporal de la distribucion de tamaros del fitoplancton en el Delta del
Ebro

En la plataforma del Ebro (Mediterraneo Noroccidental), se estudio la distribucion de mesoescala y
la variacion estacional de la estructura de tamafios de la biomasa fitoplanctonica (medida como
clorofila a) durante tres estaciones del afo: otofio, invierno y verano. En otofio y verano, la columna
de agua se mostré estratificada y las concentraciones de nutrientes en la zona fética fueron muy
bajas (generalmente menos de 1.0, 0.1 y 2.0 uM de nitrato, fosfato y silicato, respectivamente, en
los primeros 50 - 60 m de la columna de agua). Bajo estas condiciones, las concentraciones medias
de clorofila a (+ SE) para la zona fética fueron de 0.31 + 0.02 mg m™ (otofio) y 0.29 + 0.01 mg m™
(verano). En invierno, el aporte de aguas ricas en nutrientes provenientes del rio Ebro y de aguas
profundas (llevadas a la superficie por una intensa mezcla vertical), se vieron reflejadas en un
aumento en la biomasa de fitoplancton (0.76 + 0.05 mg m'3). En las tres estaciones del afio, el
picofitoplancton (< 2 pym) fue la fraccion mas importante de la biomasa total y constituy6 un 42 % de
la clorofila a en invierno y cerca de un 60 % en los meses de otofio y verano. La contribucién de la
fraccion microplancténica (> 20 pm) al total de clorofila a fue mas elevada en invierno (27 %) que en
otofio y verano (menos del 13 %). El porcentaje de nanofitoplancton (2 - 20 um) fue el que vari
menos entre las tres estaciones muestreadas (entre un 29 y un 39 % de la biomasa total). La
fraccion de clorofila @ > 2 ym aument6 de forma lineal con la biomasa total. Sin embargo, la
clorofila a < 2 ym aumenté linealmente con la clorofila a total sélo para concentraciones de ésta
menores a 1 mg m™ (en otofio y verano) o 2 mg m™ (en invierno). Para valores mas altos de

clorofila a total, la fraccidn < 2 ym se mantuvo mas o menos estable y no superé los 0.5 mg m™. En
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otofio e invierno, el aporte de nutrientes provenientes del rio Ebro y los procesos de mezcla vertical
produjeron un aumento de la fraccion de clorofila a > 2 ym en la zona costera cercana al Delta del
Ebro. Como consecuencia, en estas estaciones, la contribucion de la fraccion < 2 ym al total de
clorofila a fue menor en areas costeras (menos del 40 % de la clorofila a total integrada) que mar
afuera. En verano, la contribucion de la fraccién < 2 ym fue similar en toda la zona muestreada y
constituyd entre un 40 y el 60 % de la biomasa total. La distribucion vertical de la clorofila a total
presentd sus maximos valores en superficie en invierno, a profundidades cercanas a los 40 m en
otofio, y entre los 50 y 80 m en verano. La contribucion relativa de la fraccién < 2 ym en los
maximos de biomasa total tendié a ser mayor que en otras profundidades en otofio € invierno y
menor en verano. En otofio y verano, cuando se observé un maximo profundo de clorofila, la
cantidad de biomasa autotréfica (ya sea total o fraccionada) correspondiente a los primeros 10 m de
profundidad de la mayoria de las estaciones de mar afuera, constituyd menos de un 10 % de la
biomasa fitoplancténica integrada en toda la columna de agua (hasta el fondo o hasta los 100 m de

profundidad).

Efecto de la turbulencia y los nutrientes en la dinamica de la materia orgadnica y del fésforo.

En microcosmos marinos, los cambios producidos por la turbulencia sobre la dinamica de los
organismos osmotroficos y su estructura de tamafios (y como consecuencia el de toda la
comunidad) se vieron reflejados en la composicion quimica de la materia organica formada. De
hecho, en los microcosmos a los que se afadieron inicialmente nutrientes [ya sea en una relacién
N:P deficiente en fésforo (microcosmos N) o segun Redfield (microcosmos NP)] la relacion entre
biomasa de organismos heterotréficos y la biomasa total fue hasta dos veces menor en condiciones
de turbulencia que en condiciones de calma. En estos mismos microcosmos, la biomasa (en
términos de carbono) de organismos osmotréficos producida en relacion al fosfato y al nitrato
consumidos fue mayor en condiciones de turbulencia que en condiciones de calma. En estos
experimentos, se observé también que el aumento en la biomasa de diatomeas (también en
términos de carbono) con respecto al silicato consumido fue mayor en tratamientos de turbulencia
que de calma. Para las tres condiciones de nutrientes (microcosmos N, microcosmos NP y
microcosmos C, estos ultimos sin adicion inicial de nutrientes), la aplicacion de turbulencia se
tradujo en una mayor proporcién de C:P y N:P organicos que en condiciones de calma. En general,
se observé una mayor tasa de renovacion del fosforo (estimada mediante la incorporacion de
fosforo radiactivo por las células) en condiciones de turbulencia que de calma, especialmente en los

microcosmos NP.
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ADN y proteina particulados en relacion a la biomasa de microorganismos y a la

concentracion de detritus en el Mar Catalano-Balear

En dos estaciones de diferentes caracteristicas hidrograficas, ubicadas en el Mar Catalano-Balear
(Mediterraneo Noroccidental), se estudié la contribucion relativa de los principales grupos de
microorganismos planctdnicos a la concentracion total de ADN vy proteina particulados. Ambas
estaciones presentaron un maximo profundo de clorofila (MPC) entre los 40 y 50 m de profundidad,
cerca del cual se ubicaron las concentraciones méaximas de ADN. En cambio, las concentraciones
de proteina fueron mas o menos constantes en los primeros 60 m de profundidad. La distribuciéon
de organismos presentd sus maximas concentraciones (en numero) a profundidades coincidentes
con las del MPC o cercanas a las del mismo. En las dos estaciones muestreadas, las bacterias
fueron las principales contribuyentes al ADN particulado “vivo” (no detritico) total (entre un 22.5y un
32.6 %), mientras que el fitoplancton y los nanoflagelados heterotréficos lo fueron a la proteina
particulada “viva” total (entre un 3.8 y 24.4 % y entre un 2.9 y 29.1 %, respectivamente). La fraccion
detritica del ADN correspondi6 entre un 23.9 y un 42.9 % del total de ADN particulado, mientras que

la proteina detritica resulto ser entre un 63.5 y un 84.7 % de la proteina particulada total.

DISCUSION

Los resultados obtenidos en esta memoria han mostrado la importancia de la turbulencia en el
crecimiento de células osmotréficas de tamario superior a un determinado umbral. En condiciones
experimentales y, de acuerdo con las teorias generalmente aceptadas (Karp-Boss et al. 1996), la
presencia de turbulencia favorecié el crecimiento de las células osmotrdficas grandes sobre las
pequefas, con lo que cambid la proporcion bacterias:fitoplancton y la estructura de tamafios de la
comunidad fitoplancténica. Sin embargo, el efecto de la turbulencia estuvo condicionado por la
concentracion de nutrientes del medio. Segun Marrasé & Peters (2002), a concentraciones de
nutrientes muy bajas o muy altas, la presencia de turbulencia no tendria ningun efecto directo sobre
el crecimiento de los organismos osmotréficos. Los resultados obtenidos indican, también, la

importancia de considerar el factor turbulencia en la modelizacién del crecimiento algal.

En ambientes naturales, una mayor proporcién de células grandes (> 2 ym) en la comunidad
fitoplancténica estuvo siempre asociada a concentraciones elevadas de nutrientes y a una
importante intensidad de mezcla vertical de la columna de agua. Al igual que lo observado en los

experimentos, los principales componentes de esta fraccion de fitoplancton (fundamentalmente
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> 20 ym) fueron organismos pertenecientes al grupo de las diatomeas. En cambio, en aguas
oligotroficas y/o estratificadas, la fraccion picoplancténica (< 2 ym) del fitoplancton fue la mas
importante. Bajo condiciones de limitacién de nutrientes, los organismos pequefios, con mayor
relacion superficie:volumen que los de mayor tamafio, tendrian ventajas competitivas sobre éstos
ultimos. En contraste con el existente paradigma de la constancia de la fraccion picoplancténica, en
esta memoria se ha observado que ésta puede variar de manera significativa tanto entre las

distintas estaciones del afio como en diversas situaciones hidrograficas dentro de cada estacion.

Los resultados obtenidos concuerdan con los modelos conceptuales existentes (Margalef 1978,
Legendre & Le Févre 1991), los cuales asocian la turbulencia, acompafada por una elevada
concentracion de nutrientes, con un aumento de células de gran tamarfo, y las condiciones de

calma, con el desarrollo de células pequefias o dotadas de motilidad.

Como se ha visto anteriormente, las condiciones hidrodinamicas y la concentracién de nutrientes en
el medio condicionan el establecimiento de comunidades de microorganismos de caracteristicas
diversas (ya sea a nivel de composicion taxonémica o de estructura de tamafos). Esta variabilidad
se refleja en diferencias en la composicion quimica de la comunidad por lo que refiere a la
proporcion de carbono y nitrdgeno organicos y a la contribucion de clorofila, proteina y ADN. Estos
resultados indican la importancia de considerar los distintos niveles de interaccién entre las

condiciones fisico-quimicas del medio y los organismos.
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