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Capitulo 1

1.1. Contexto general: El cultivo de mejillon en Galicia

El cultivo de mejillon tiene una gran importancia ecoldgica y socio-econémica en las
Rias Gallegas. Las condiciones oceanograficas de las Rias constituyen el marco idoneo
para su cultivo, ya que la interaccion entre el afloramiento costero y los patrones de
circulacién internos tienen como resultado una alta produccién fitoplanctonica en el
interior de las mismas (Figueiras et al. 2002).

En Galicia se desarrolla la mayor produccion de mejillon cultivado en Europa y una de
las mas extensivas del mundo (Labarta, 2004). Esta produccion se desarrolla en cultivo
suspendido, mayoritariamente en estructuras flotantes ancladas al fondo marino
(bateas), de donde cuelgan las cuerdas de mejillon. Este cultivo esta condicionado por la
variabilidad de las condiciones ambientales en el ecosistema Rias y, muy
particularmente, por las variaciones interanuales y espaciales que tienen lugar en ellas.
Asi, como en toda cosecha en medio natural, es posible observar una variabilidad en
aspectos como el crecimiento y el rendimiento en funcién de las caracteristicas de la
zona de cultivo y de las condiciones ambientales y oceanograficas que se suceden en
distintos afios (Labarta et al. 2004).

Desde una perspectiva de optimizacion del proceso de cultivo, ademas de las labores
propias del cultivo, es preciso conocer las condiciones ambientales de la zona de
produccion, sobre todo en lo que a disponibilidad de alimento se refiere, y adaptar la
densidad de cultivo a estas caracteristicas, para que la produccion y la rentabilidad
econdmica de la explotacion sean lo mas altas posibles (Labarta et al. 2004).

La disponibilidad de alimento en una batea viene determinada por la concentracion de
clorofila 'y por la velocidad de la corriente a través de ella. Son precisamente estos dos
factores los que explican mas de un 75% de la varianza de las tasas de crecimiento del
mejillon en las Rias (Pérez-Camacho et al. 1995). Ambos factores vienen determinados
en primer lugar por las condiciones oceanogréaficas de las Rias, a lo que hay que sumar
los aportes de agua continental de los rios que desembocan en estas.

Ademas de las caracteristicas ecoldgicas y oceanogréficas, el cultivo de mejillon se
encuentra determinado en gran medida por la densidad de las unidades de cultivo
(bateas) y su distribucion espacial en el area de produccion. Ademas, la densidad en
cada unidad de cultivo (nimero de cuerdas) y la densidad por cuerda (individuos por
cuerda) son factores fundamentales que afectan al rendimiento y la productividad de la
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cosecha y por lo tanto, son de extrema importancia para el desarrollo de estrategias de

explotacion y gestion de los cultivos.

La acuicultura en cultivo suspendido representa un caso extremo de agregacion donde
se maximiza la densidad de estos suspensivoros para conseguir un mayor rendimiento
comercial. Sin embargo, el efecto negativo de las elevadas densidades de cultivo sobre
el crecimiento del mejillon es bien conocido por los bateeiros. Por este motivo, en el
cultivo tradicional de mejillon en Galicia se realizan sucesivas reducciones de la
densidad de las cuerdas, procesos conocidos como “Partida” y “Desdoble”. La “Partida”
se realiza debido a las elevadas densidades de asentamiento en las cuerdas colectoras y
consiste en el desprendimiento del mejillon de los colectores para plantarlo a las mismas
densidades que la semilla recogida del litoral rocoso (Labarta, 2004). El “Desdoble” se
lleva a cabo despueés de 4-7 meses, cuando el mejillon ha alcanzado tallas alrededor de
40-60 mm y el peso de las cuerdas ha aumentado considerablemente haciendo que el
crecimiento sea mas lento y heterogéneo. Este proceso consiste en desprender el
mejillon de las cuerdas para volverlo a encordar con el objetivo de homogeneizar las
tallas y disminuir la densidad (Pérez-Camacho et al. 1991).

El “desdoble” permite a los bateeiros controlar la densidad de mejillon en las cuerdas
con el fin de optimizar su crecimiento, minimizando el tiempo de cultivo y las pérdidas
de producto, ya que ademas de limitar la disponibilidad de alimento, las altas
densidades también aumentan el riesgo de mortalidad denso-dependiente y
desprendimientos de mejillon de las cuerdas ocasionando pérdidas economicas. Este es
un método comdnmente empleado, a pesar de que representa una inversion considerable
respecto a costes operativos y mano de obra, dando una idea de la importancia de la
densidad sobre el crecimiento del mejillon y el rendimiento de los cultivos.

1.2. Implicaciones ecoldgicas de la elevada densidad poblacional

Desde el punto de vista ecoldgico, la densidad juega un papel importante en la dindmica
poblacional de los organismos sésiles. EI comportamiento gregario de algunos
invertebrados bentonicos suspensivoros como los bivalvos conlleva una serie de
ventajas, que incluyen proteccion ante predadores (Bertness & Grosholz 1985; Lin
1991; Reimer & Tedengren 1997), éxito reproductivo (Okamura 1986) y optimizacion
de los regimenes hidrodinamicos que generan un mayor flujo de seston (Gibbs et al.

1991). Sin embargo, las elevadas densidades poblacionales pueden causar limitaciones
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de los recursos (espacio/alimento) disponibles para los organismos provocando la
aparicion de fendmenos de competencia intraespecifica (Alvarado & Castilla 1996;
Boromthanarat & Deslous-Paoli 1988; Fréchette et al. 1992; Gascoigne et al. 2005;
Guifiez 1996; Guifiez & Castilla 1999; Mueller 1996; Okamura 1986; Taylor et al.
1997). Estas limitaciones pueden causar reducciones en el crecimiento (Alunno-Bruscia
2000; Boromthanarat & Deslou-Paoli 1988; Dowd et al. 2001; Fréchette & Bourget
1985%: Gascoigne et al. 2005; Guifiez & Castilla 1999; Grant 1999; Kautsky 19822
Newel 1990; Peterson 1989; Scarrat 2000) y cambios en la morfologia del mejillon
(Alunno-Bruscia et al. 2001; Lauzon-Guay et al. 2005%; Seed et al. 1968). Ademés, la
interferencia fisica entre individuos genera presiones laterales que restringen la eficacia
de la apertura valvar, provocando reducciones en la tasa de aclaramiento y por tanto, del
crecimiento (Jgrgensen et al. 1988).

A medida que los individuos crecen, los procesos de competencia intraespecifica se
intensifican, provocando la aparicion de una mortalidad denso-dependiente (Griffiths &
Hockey 1987; McGrorty et al. 1990; Richardson & Seed 1990; Stillman et al. 2000;
Stiven & Kuenzler 1979). Este proceso, denominado auto-raleo o self-thinning (ST),
determina finalmente el tamafio poblacional en funcién de la disponibilidad de recursos
(Westoby et al. 1981; Yoda et al. 1963).

1.3. Estudio del fendmeno de auto-raleo o self-thinning (ST)

El fendmeno de self-thinning describe la correlacion negativa entre tamafio corporal y
densidad de la poblacion cuando el crecimiento de los individuos provoca mortalidad
por competencia intraespecifica (Weller 1987; Westoby 1984). Este proceso ha sido
observado en poblaciones de elevada densidad de plantas y animales y juega un papel
importante determinando la dindmica poblacional y la estructura de la comunidad
(Fréchette & Lefaivre 1995; Fréchette et al. 1996; Guifiez & Castilla 1999, 2001;
Guifiez et al. 2005; Marquet et al. 1995; Petraitis 1995; Puntieri 1993; Westoby 1984).
El self-thinning se estudia mediante el seguimiento del crecimiento de grupos de la
misma edad y diferente densidad a traveés de muestreos secuenciales en el tiempo, que
se representan en diagramas biomasa vs. densidad (B-N), o de forma equivalente, masa
media individual vs. densidad (m-N) (Alunno-Bruscia et al. 2000). En este tipo de
diagramas podemos observar distintos patrones de respuesta a lo largo del tiempo vy el
incremento en tamafo de los organismos (Alunno-Bruscia et al. 2000; Fréchette et al.

1995; Fréchette et al. 1996; ver Figura 1). En un primer momento (t0), el ecosistema es
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capaz de soportar un mayor numero de individuos de menor tamario y se puede observar
un incremento lineal de la biomasa con la densidad, lo que indica ausencia de
competencia y mortalidad incluso a elevadas densidades. Esto significa que el
crecimiento y la mortalidad son independientes tanto de la densidad como de la
biomasa. A tiempo t1 esto todavia sucede en todas las densidades. Con el tiempo, al
incrementarse el tamafio de los individuos, se ralentiza el crecimiento en los grupos de
mayor densidad, indicando la aparicion de fendmenos de competencia intraespecifica (a
partir de N5 en t2). Por ultimo, los procesos de competencia observada en las
poblaciones de mayor densidad dan lugar a la aparicion de mortalidad (N5-N7 en t3),
delimitando la biomasa maxima soportada por el ecosistema a una densidad

determinada (fendmeno de auto-raleo o self-thinning).

- 13
— - 12 o
- - 11 . ST
) —e— 10 A
G ,IJ' B T “x
E .r"r : EI’" \H"\.
= f el

Densidad poblacional {IN)

Fig. 1. Ejemplo del tipico diagrama B-N, donde se representa la evolucion de distintas
densidades iniciales (N1-N7) en muestreos sucesivos a lo largo del tiempo (t0-t3). Las flechas
indican la evolucion del tiempo. ST: linea de self-thinning. Modificado a partir de Fréchette et
al. (1995).

Tradicionalmente el self-thinning ha sido descrito a través de un modelo bidimensional,
en el que se define la relacion alométrica entre la biomasa (B) y la densidad (N) de la
poblacion:

B=k,N”: (1.1)

donde k; y B, son los parametros del modelo.
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Teniendo en cuenta que la masa media individual (m) se obtiene como el cociente entre
biomasa y densidad, m=B/N, podemos obtener el equivalente para la relacion masa-

densidad:

m=k,N”* =k,N” (1.2)

La mayor parte de los estudios experimentales y teoricos acerca de las relaciones de ST
se han desarrollado en plantas, donde se supone competencia por espacio (SST) y se ha
sugerido el exponente clasico de 3, = -1/2 para un amplio rango de especies (Westoby
1984; White 1981; Yoda et al. 1963). Este exponente se obtiene de las relaciones
morfometricas de la superficie ocupada por un individuo (S) con respecto a su longitud
(I) y su peso (m). Asumiendo un crecimiento isométrico (S o I y m a I°) y que la
superficie es inversamente proporcional a la densidad (N), se obtiene la expresion: m =

k,N™2 0 su equivalente B = k,N™?

en relacion a la biomasa de la poblacion (B = Nm).
Aunque esta teoria esta basada en estudios realizados con plantas, puede ser aplicable a
poblaciones de animales seésiles y maéviles (Hughes & Griffiths 1988; Steingrimsson &
Grant 1999).

Begon et al. (1986) sugirieron que en animales mdviles el proceso de ST se describia
mejor como una consecuencia de la limitacion de alimento (FST) y basandose en la
hipotesis de la “equivalencia energética” proponen un exponente de B, = -1/3 (ver a su
vez Armstrong 1997; Bohlin et al. 1994; Dunham & Vinyard 1997; Elliot 1993; Latto
1994; Norberg 1988%. Esta hipdtesis sugiere que la densidad poblacional esta
relacionada con la tasa metabdlica de la poblacion (TM), la cual esta relacionada con el
peso medio de los individuos (TM o N m*¥) y la energia disponible (TM o F).
Asumiendo que la cantidad de alimento consumido por la poblacién es constante (F cte)
en condiciones ambientales estables se obtendria que m = k,N**? o su equivalente B =
kzN'm.

Fréchette & Lefaivre (1990) tratan de distinguir el efecto de las limitaciones por espacio
y alimento sobre la relacion existente entre la maxima biomasa soportada por la
poblacion y la densidad de la misma (auto-raleo). Para ello se basan en las expresiones
matematicas descritas, atribuyendo el ajuste de la densidad derivado de limitaciones
espaciales, SST, a la relacion m = kN2 (B = kN2, y el derivado de las limitaciones
de alimento, FST, a la relacién m = kN (B = kN'*?). Sin embargo, distinguir el efecto

de las limitaciones por espacio o por alimento en funcion del exponente (B2) es
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complicado ya que, ademas de poder existir interdependencia entre ambos factores en
individuos sésiles y filtradores (Buss 1979; Fréchette et al. 1992), el exponente de
ambas funciones puede desviarse del valor tedrico (Alunno-Bruscia et al. 2000). De este
modo, se ha observado una amplia variabilidad en el exponente de la relacion tasa
metabolica vs. peso (Latto 1994), que a su vez alteraria el valor tedrico del exponente
para la funcion del FST.

En el caso de las limitaciones por el espacio, las asunciones del modelo clasico son: (1)
crecimiento isométrico, (2) la ocupacién del 100% de la superficie muestreada (White
1981) y (3) la existencia de una relacion inversa entre esta superficie y la densidad de
los individuos (N o S, Hughes & Griffiths 1988). Sin embargo, el crecimiento no sigue
una relacion isométrica sino alométrica que provoca una desviacion del exponente
tedrico (Hughes & Griffiths 1988; Weller 1987; Westoby 1984; White 1981). Ademas,
los mejillones, al igual que otros bivalvos sésiles, son animales gregarios que forman
habitualmente matrices muy densas y complejas estructuralmente que a veces se
disponen formando multiples capas sobre el sustrato (Alvarado & Castilla 1996; Guifiez
1996; Suchanek 1986; ver Figura 2). Esta disposicion invalida la tercera de las
asunciones enumeradas y altera el exponente tedrico esperado al infraestimar la
superficie disponible para los individuos (Hughes & Griffiths 1988). Todas estas
desviaciones han sido incluidas en nuevos modelos (Frechette & Lefaivre 1990, 1995;
Guifiez & Castilla 1999) que reformulan las relaciones clasicas para introducir el efecto
del crecimiento alométrico, la disposicion multicapa y la posible influencia de la
rugosidad del sustrato como modificador de la superficie disponible para los individuos.
Guifiez and Castilla (1999) proponen un modelo tridimensional incorporando el grado
de empaquetamiento (nimero de capas) en el modelo bidimensional, de tal modo que la
densidad de individuos (N) es inversamente proporcional a la superficie que proyectan
en el sustrato (S) y directamente proporcional al nimero de capas (L) que forman (N o
L S). Asi, la expresion matematica del modelo tridimensional B-N-L que define el

auto-raleo puede expresarse como:

B=k,(n/S)"* =k,N”L**# =k, (N/L)”L=k,N,’L (1.3)

m=Kk,(n/SL)** = k,N 'L =k, (N/L)** =k,N,’ (1.4)
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donde m es la masa media individual, n el nimero de individuos, S la superficie total
ocupada, N la densidad, L el numero de capas, N.=N/L la densidad por capa o densidad

efectiva y (ks,B3) el vector de parametros del modelo.

Fig. 2. Representacion de la disposicidn de los mejillones en el sustrato desde la perspectiva de

A) un corte longitudinal y B) una vision apical.

La principal debilidad de los modelos de self-thinning empleados actualmente (ecs. 1.1-
1.4) es como se trata el tiempo, pues a pesar de que en la estimacion de los parametros
(K,B) se incluye implicitamente al utilizar medidas secuenciales de masa y densidad, el
efecto temporal no aparece explicitamente en el modelo. Esto restringe el analisis al
comportamiento competitivo medio de la poblacién y produce una estimacion sesgada
de los parametros del modelo. Roderick & Barnes (2004) ponen de manifiesto esta
situacion y presentan una nueva formulacién del self-thinning como un problema
dinamico. En este nuevo modelo los parametros K y  se estiman para cada intervalo de
tiempo y el exponente de self-thinning (B) se define como el cociente entre las tasas de

cambio de masa y densidad:

2 dm N
- m dI\Ie
e (1.5)

Esta aproximacion refleja la naturaleza dinamica del proceso de ST y facilita la

interpretacion ecologica del modelo.
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1.4. Implicaciones de la densidad poblacional y la competencia intraespecifica en el
cultivo

La existencia de competencia por espacio y alimento ha sido observada en poblaciones
de mejillones, tanto naturales (en “mussel beds”) como cultivadas (Ceccherelli &
Barboni 1983; Fréchette & Lefaivre 1990; Fréchette et al. 1992; Mueller 1996; Taylor
et al. 1997). Asi, se ha observado una inhibicion en la alimentacion y descensos en las
tasas de crecimiento y supervivencia en areas con elevada densidad de mejillones
cultivados (Fréchette & Despland 1999).

Por un lado, se ha observado que las limitaciones espaciales provocadas por elevadas
densidades de bivalvos pueden dar lugar a unas tasas de crecimiento y unos
rendimientos de cosecha menores (Scarratt 2000). Ademas, el aumento de la
interferencia fisica entre individuos puede reducir los beneficios de la cosecha, bien por
distorsiones en la concha (Bertness & Grosholz 1985), que pueden afectar la calidad y
aceptabilidad del producto en el mercado, o por migraciones y desprendimientos denso-
dependientes (McGrorty & Goss-Custard 1995), que conllevan pérdidas de producto
comercializable.

Por otra parte, la especie Mytilus galloprovincialis tiene una gran capacidad de
filtracion que puede ocasionar la deplecion de las particulas de seston en la columna de
agua y provocar limitaciones de alimento en los emplazamientos de cultivo (Dolmer
2000; Gibbs et al. 1991; Grant 1996; Lesser et al. 1992; Mueller 1996; Navarro et al.
1991; Smaal & van Stralen 1990). En general, se ha podido establecer que el mejillon
contenido en una batea retiene entre un 30 y un 40% de la materia organica particulada,
y hasta un 60% del fitoplancton en términos de clorofila (Pérez-Camacho et al. 1991).
La cantidad de alimento disponible a escala local depende de la densidad poblacional, la
concentracion de seston disponible y la hidrodinamica (Dame & Prins 1998). Asi, la
densidad tiene un efecto negativo creciente sobre el crecimiento de los individuos en
zonas con tiempos de residencia elevados y/o en aguas menos profundas, originando un
gradiente de crecimiento dentro de las Rias (Bacher et al. 2003; Iglesias et al. 1996). En
las zonas donde se produce el cultivo extensivo de mejillon, la tasa de renovacién del
agua puede limitar la renovacion del seston (Alvarez-Salgado et al. 2008; Alvarez-
Salgado et al. 2011) causando limitaciones en el crecimiento y el rendimiento comercial
(indice de condicion) de los mejillones en cultivo suspendido (Lesser et al. 1992). Este
fendbmeno es mas frecuente en las partes internas de las Rias donde el intercambio

mareal es mucho menor (Alvarez-Salgado et al. 2008; Alvarez-Salgado et al. 2010). Se
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necesitan estimadores de la capacidad de las Rias para sustentar los niveles de
produccion (capacidad de carga) con el fin de optimizar la gestion y definir la idoneidad
de las localizaciones para el cultivo de mejillon.

La limitacion por alimento puede afectar el crecimiento de los bivalvos a varios niveles.
Las elevadas densidades en las cuerdas de cultivo pueden provocar una reduccion del
crecimiento en los individuos de la parte interna (Cote et al. 1994; Parsons & Dadswell
1992). Asi mismo, la deplecidn de seston a través de las zonas de cultivo puede afectar
de la misma manera al crecimiento de los bivalvos en el centro de estas (Pilditch et al.
2001). Por otra parte, los ciclos naturales de disponibilidad de alimento, asociados a una
serie de fendmenos oceanograficos como el afloramiento costero, pueden modular los
procesos de competencia intraespecifica y sus efectos sobre el crecimiento y la

supervivencia (Figueiras et al. 2004).

1.5. Area de estudio

La Ria de Ares-Betanzos se encuadra dentro de las Rias centrales de Galicia, en el NW
de la Peninsula Ibérica y es una de las Rias en forma de V de la costa gallega (Fig. 1 del
Capitulo 2). La topografia de este estuario es compleja, con una parte interna poco
profunda (<10 m) dividida en dos ramales, Ares y Betanzos, y una parte externa mas
profunda donde convergen ambos, que estd conectada con la costa adyacente (Sanchez-
Mata et al. 1999). Se trata de una Ria relativamente pequefia (72 km?) en comparacion
con las Rias Baixas, que presenta una longitud de 19 km de largo y 4.7 km de anchura
méxima (Fraga 1996). La ria soporta un volumen total de 0.65 km®, alcanzando una
profundidad méaxima de 43 m en el extremo abierto.

Desde el punto de vista hidrografico, las dos ramas internas pueden ser consideradas
como estuarios: siendo Ares el estuario del rio Eume, con un caudal medio de 16.5 m®
s y Betanzos el estuario del rio Mandeo, con un caudal medio de 14.1 m*® s (Gémez-
Gesteira & Dauvin 2005; Prego et al. 1999; Sanchez—Mata et al. 1999). Por el contrario,
la ria exterior se comporta como una extensién de la costa adyacente y responde a la
intensidad, persistencia y direccion de los vientos costeros (Bode & Varela 1998).

Las areas de cultivo del mejillon estan localizadas en la zona sur de la ria, en concreto
en Arnela y Lorbé, con un total de 40 y 107 bateas, respectivamente, que producen
alrededor de 10.000 toneladas de mejillon al afio (Labarta et al. 2004).

El cultivo experimental de este estudio se llevo a cabo en una de las bateas empleadas

habitualmente para el cultivo de mejillon en la ria de Ares-Betanzos, concretamente en
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el poligono de Lorbé, siguiendo los métodos de cultivo y manejo utilizados por la

empresa propietaria de la explotacion.

1.6. Hipotesis y objetivos
En base a lo expuesto anteriormente y en el contexto del cultivo de mejillon en las Rias

Gallegas, se plantearon las siguientes hipotesis:

¢Las densidades habituales de plantado en el cultivo industrial de M. galloprovincialis
provocan la aparicion de fenémenos de competencia intraespecifica o de auto-raleo? ;A
partir de que densidad se desarrollan dichos procesos? ¢Se ve acentuada la competencia
intraespecifica con el crecimiento de los individuos? ¢;Se reflejan dichos procesos de
competencia sobre el crecimiento, la morfologia y la mortalidad de M.
galloprovincialis? ¢La regulacion del tamafio de la poblacién es consecuencia de una
limitacion del espacio disponible para crecer o de una limitacion de la disponibilidad de
alimento? ¢Es posible caracterizar mediante modelos matematicos clasicos dichos
procesos de competencia intraespecifica y auto-regulaciéon del tamafio poblacional?
¢Son capaces estos modelos de inferir el factor limitante que los desencadena

(espacio/alimento)?

En la acuicultura, y en concreto en la produccion de mejillén en cultivo suspendido en
las Rias Gallegas, se maximiza la densidad de los organismos para conseguir un mayor
rendimiento comercial. Ademas, el uso de sistemas de cultivo suspendido permite
manipular la densidad en el medio natural y al mismo tiempo eliminar una serie de
variables que pueden interferir en estudios en el intermareal y el fondo, tales como
exposicion al oleaje, desecacion, etc. Esto nos proporciona un escenario ideal para el
estudio de los efectos de la densidad y la competencia intraespecifica en el medio
natural. Ademas, existen pocos estudios sobre la influencia de la densidad de plantado
en el crecimiento de los mejillones en cultivo suspendido (Lauzon-Guay et al. 20052
Lauzon-Guay et al. 2006; Pérez-Camacho & Labarta 2004), a pesar de la importancia
que tiene ésta en la industria miticultora. El estudio de la competencia intraespecifica en
dicho escenario, permite estudiar las implicaciones ecoldgicas del tamafio poblacional y
los recursos limitantes del mismo, asi como una transferencia directa del conocimiento

obtenido a la produccion industrial de mejillon.
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En base a todo lo expuesto se plantearon los siguientes objetivos:

- Evaluar el efecto de un gradiente de densidades de cultivo, y por tanto de
diferentes niveles de competencia intraespecifica, sobre el crecimiento, la plasticidad
morfologica y la supervivencia del mejillon (Mytilus galloprovincialis) en una situacion

de cultivo suspendido en la Ria de Ares-Betanzos.

- Establecer las relaciones de auto-raleo o self-thinning que delimitan la biomasa
soportada por el ecosistema, evaluando qué variables del sistema (espacio y/o alimento)
condicionan la competencia intraespecifica, los procesos de auto-raleo y por tanto

determinan el tamafio de la poblacion.

- Estudiar la evolucion temporal de la competencia intraespecifica y aportar una
interpretacion mas realista de la dindmica poblacional de Mytilus galloprovincialis
mediante la extension del modelo dinamico de self-thinning propuesto por Roderick &
Barnes (2004).
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Summary

Crowding conditions in bivalve populations cause intraspecific competition processes,
resulting in individual growth reduction. In aquaculture, density is usually maximized to
obtain a greater commercial yield. Commercial farms provide an ideal scenario for
studying the effect of density on mussel growth in suspended culture systems. In this
study, different growth indicators for Mytilus galloprovincialis (growth rates, length and
weight growth curves and size frequency distributions) were measured along a
cultivation density gradient. Ropes cultured at different densities (220, 370, 500, 570,
700, 800 and 1150 ind/m) were hanged from a commercial raft and growth indicators
were monitored monthly over the second phase of traditional culture in Galicia, from
thinning-out to harvest (April to October 2008). A negative effect of density on
individual growth was observed. Individuals cultured at lower densities presented
higher growth rates and consequently reached greater weight and length values at the
end of the experimental period than those cultured at higher densities. Differences in
growth related to the cultivation density may suggest differences in intraspecific
competition for limiting resources (space/food). Effects of density on growth started
after 4 months of culture (August) when individuals reached sizes around 66 + 1.3 mm.
The increase in size of individuals in a population implies an increment of their food
and space requirements, which in turn intensifies intraspecific competition. This fact
should be considered in aquaculture management, since higher densities could be
supported without effects on growth performance if cultured mussels are limited to a

lower size.

15



Influence of stocking density on individual growth

2.1. Introduction

The gregarious behavior characteristic of many benthic suspension-feeding
invertebrates such as bivalves is associated with certain advantages including protection
from predators (Bertness & Grosholz 1985; Lin 1991; Reimer & Tedengren 1997),
reproductive success (Okamura 1986) and optimization of hydrodynamic regimes
leading to a higher flux of seston (Gibbs et al. 1991). However, high population
densities may lead to food and space limitations inducing intraspecific competition
phenomena (Alvarado & Castilla 1996; Boromthanarat & Deslous-Paoli 1988; Fréchette
et al. 1992; Gascoigne et al. 2005; Guifiez 1996; Guifiez & Castilla 1999; Mueller 1996;
Okamura 1986; Taylor et al. 1997). Intraspecific competition for limiting resources is
usually reflected in growth reductions at the individual level (Alunno-Bruscia et al.
2000; Boromthanarat & Deslous-Paoli 1988; Gascoigne et al. 2005; Guifiez & Castilla
1999; Kautsky 1982; Newel 1990; Parsons & Dadswell 1992; Peterson 1989; Scarrat
2000). Furthermore, as population density increases, intraspecific competition can also
cause density-dependent mortality (Griffiths & Hockey 1987; Richardson & Seed 1990;
Stillman et al. 2000; Stiven & Kuenzler 1979). This mechanism, known as “self-
thinning”, can regulate the size of the population regarding to the available resources
(Westoby et al. 1984; Yoda et al. 1963).

In bivalves, crowding conditions were shown to have negative impacts on growth due to
spatial limitations, inducing shell distortion (Bertness & Grosholz 1985) or density-
dependent migration (McGrorty & Goss-Custard 1995). Moreover, physical
interference between neighbours can result in restrictions of shell gape and thus
clearance rate, which in turn cause reductions in feeding and mussel growth (Jgrgensen
et al. 1988). In addition, the large filtering capacity of mussels can cause depletion of
seston particles in the water column and food limitations in cultivation emplacements
(Dolmer 2000; Gibbs et al. 1991; Grant 1996; Lesser et al. 1992; Mueller 1996; Navarro
et al. 1991; Smaal & van Stralen 1990). The quantity of food available at local scale
depends on mussel population density, seston availability and the hydrodynamic
patterns (Dame & Prins 1998). In areas with extensive mussel cultivation, the water
renewal time can limit the seston regeneration (Alvarez-Salgado et al. 2008; Alvarez-
Salgado et al. 2011) with the subsequent growth reduction. Furthermore, natural cycles
of food availability associated with oceanographic processes such as coastal upwelling,
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may modulate intraspecific competition processes and their consequences in individual

growth and survival (Figueiras et al. 2002).

Competition for space and food has been observed in both natural mussel beds and
cultured mussel populations (Ceccherelli & Barboni 1983; Fréchette & Lefaivre 1990;
Fréchette et al. 1992; Mueller 1996; Taylor et al. 1997). Aquaculture on suspended
structures represents a particular case of aggregation where density of suspension-
feeders is maximized to achieve a greater commercial yield and economic benefit.
Inhibition in feeding and declines in growth and survival rates have been observed in

areas with high density of cultivated mussels (Fréchette & Despland 1999).

Galicia is one of the largest mussel farming producers in the world, where mussels are
grown in culture ropes suspended from raft systems (Gosling 2003; Labarta 2004). The
productivity is sustained by coastal upwelling and the circulation patterns in the Rias
that together stimulate high primary production rates (Figueiras et al. 2002).
Nevertheless, the detrimental effect of density on mussel growth is well known by
mussel producers. Aside from a reduction in food availability, crowding also increases
the risk of mussel dislodgement from the ropes and subsequent financial losses. In
traditional mussel cultivation, mussel density on culture ropes is reduced in a process
called “thinning-out”. The “thinning-out” is carried out after 4-7 months when mussels
reached shell lengths of 40-50 mm and growth slows down. This process consists of
detaching the individuals from the ropes and replacing them in order to reduce the
density and homogenize the size distributions (Pérez-Camacho et al. 1991). Mussel
farmers can thus control mussel density on the ropes in order to optimize growth and
minimize cultivation time and product losses. Although this method requires
considerable labor and financial investment, it is commonly employed in the Galician
Rias, thereby demonstrating the importance of mussel density on growth and

commercial yield.

Studies on the effect of stocking density on mussel growth in suspended culture are
scarce (Lauzon-Guay et al. 2005a; Lauzon-Guay et al. 2006; Pérez-Camacho & Labarta
2004) despite the obvious importance to the mussel industry. A better understanding of
the effect of stocking density on mussel growth will enable more efficient management

at rope, raft and, ultimately, ecosystem scale, allowing the implementation of carrying
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capacity models (Rosland et al. 2011). The aim of this study is to determine the effect of
mussel density on growth in a suspended culture situation, using the commercial culture
techniques commonly employed in the Galician Rias. For this purpose, during the
second phase of cultivation (from thinning-out to harvest), different growth indicators
(shell length and weight growth rates, growth curves and size frequency distributions)

were analyzed.

2.2. Materials and methods

2.2.1. Experimental design

Experimental suspended culture of Mytilus galloprovincialis was performed on a raft
located at a commercial aquaculture polygon (Lorbé) in the Ria de Ares-Betanzos (NW
Iberian Peninsula) (Fig. 1). Different growth indicators of mussels were measured on
suspended culture ropes along a cultivation density gradient (220, 370, 500, 570, 700,
800 and 1150 individuals per meter of rope; ind/m). Experimental culture lasted six
months, covering the second phase of commercial mussel culture in Galicia, from
thinning-out to harvest (April to October 2008). The experimental culture was carried
out following commercial protocols and handling techniques usually employed for

mussel culture in Galician Rias.

In April, a total of 24 ropes for each experimental density were randomly distributed
over a commercial raft. Mussels employed in the experimental culture were obtained
from adjacent long-lines and presented a homogeneous size distribution. Initial shell
length (mean = SD) of mussels was 48.78 + 1.27 mm, total dry weight was 2.52 + 0.18
g., and tissue and shell dry weight were 0.41 £ 0.03 and 2.11 + 0.15 g., respectively. No
significant differences in initial length or dry weight values were observed between
density treatments (ANOVA; p > 0.05).
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Fig. 1. Map of the Ria de Ares-Betanzos showing the topography of this inlet (contour lines
-m-) and highlighting the commercial mussel culture areas (polygons) and the sampling station
(@) of the present study. Modified from Alvarez-Salgado et al. (2011).

2.2.2. Mussel sampling

Four ropes per density treatment were sampled monthly, between 1 and 6m depth,
during the experimental period (May to October). At each rope, a sample of known
surface was scraped free of mussels. From each sample, the maximum length of the

antero-posterior axis of a minimum of 250 individuals was measured for the calculation

of the mean shell length ([; mm). Length data were classified into 5 mm length classes

in order to analyze the size frequency distribution of each sample. Subsamples of 15-20

mussels per rope, covering a range of 10 mm around the mean length (L) were
employed for total, tissue and shell dry weight (TDW, DWt and DWs) calculation. First,
the adductor muscle was cut and the individuals were placed on their ventral edge on
filter paper to remove internal water. After dissecting the tissue from the shell, both
were dried at 110°C until constant weight was obtained, then soft tissue and shell were
weighed separately to obtain DWt and DWs. The total dry weight was calculated as the
sum of tissue and shell dry weights.
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2.2.3. Environmental conditions

At each sampling, measurements of temperature (T, °C), salinity (S), pH and oxygen
saturation (O, %) were made using a YSI 556MPS multiprobe system at 1 and 6 m
depth. Water samples were collected at each sampling time to calculate the
concentration of chlorophyll-a (Chl-a; pgl™) and suspended particulate matter (mgl™)
including the organic and inorganic fraction.

Total particulate matter (TPM) and the organic (POM) and inorganic (PIM) fractions
were determined gravimetrically. Three replicates of 1l seawater per sampling date were
filtered on pre-combusted (450°C for 4h) and pre-weighed 25 mm Whatman GF/C
filters. Salts were removed by rinsing with isotonic ammonium formate (0.5 M). Filters
were dried at 110°C for 24h and weighed to determine the TPM concentration. The
filters were then ashed at 450°C for 4h to determine the inorganic fraction. The organic
fraction was calculated by difference between the total and the inorganic fraction. The
determination of chlorophyll-a concentration was performed by spectrophotometry
following the method of Jeffrey and Humphrey (1975). Three replicates of 11 seawater
per sampling date were filtered on 25 mm Whatman GF/C filters. The filters were
frozen at -20°C to facilitate cellular rupture and improve chlorophyll extraction. The
extraction was carried out for 12h using 5ml of 90% acetone (SCOR-UNESCO, 1966).
Thereafter, the solution was centrifuged at 4500 rpm at 10°C for 10 min to separate the
chlorophyll extract from the filter remains. The concentration was quantified using the
equation developed by Jeffrey and Humphrey (1975): Chl-a = (11.85 (Egss-E7s0)-1.54
(Es47-E750)-0.08 (Eg30-E7s0) V)/V, where Chl-a is the chlorophyll-a concentration (ugl™),
Ezs0, Esss, Es47 and Eggp are the absorbances at 750, 664, 647 and 630 nm respectively, v

is the volume of acetone used in the extraction (ml) and V is volume of filtered seawater

(ml).

2.2.4. Data analysis

For each density treatment and sampling date, weight values corresponding to the mean
shell length were estimated by linear regression of log-transformed allometric
relationship shell length (L) vs. total, tissue and shell dry weight (TDW, DWt and
DWs).

Two-way factorial analyses of variance (Zar 1999) were used to test the effect of
density treatment and sampling time on the mean shell length and weight values (L,
TDW, DWt and DWSs). Under normality (Shapiro-wilk test, p-value>0.05) and
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homogeneity of variance (Levene test, p-value>0.05) conditions, parametric ANOVA
followed by a Tukey-HSD (Honest Significant Difference) test were performed.
Otherwise, the Kruskal-Wallis nonparametric test two-way ANOVA on ranked data was

applied followed by the Wilcoxon test for pair-wise comparison between groups.

Shell length growth curves were fitted to a Gompertz (G) model: Li=L.(e* ),
where L is shell length (mm) at time t (days), L., is the maximum size, k is the growth
parameter indicator of the speed at which maximum size is attained (days™) and t’ is the
inflexion point of the curve, where growth is no longer linear (Ratkoskwy 1990).
Similarly, the growth curves of total, tissue and shell dry weight were fitted to a
Gompertz model: DW=DW.(e**¢)) \whose parameters are analogous to those for
shell length growth curves. The Gompertz model parameters were estimated by non-
linear regression, using the Levenberg-Marquardt algorithm and least squares as loss
function. Comparisons between the estimated Gompertz model parameters for each
density treatment were made using an extra sum of squares (Chen et al. 1992). This
technique (Motulsky & Christopoulos 2004) facilitates comparing growth curves from
estimated parameters directly between density treatments using a set of pairwise
contrasts, by an F statistical test: F = ((RSS;)-(RSS;)/(dfs - df;))/(RSSi/df;), where RSS
and RSS; are the residual sum of squares of the curves fitted with and without a
parameter shared, respectively, and df; and df; are their corresponding degrees of
freedom.

Length and weight (total, tissue and shell) growth rates were calculated for the entire
experimental period (May to October 2008) and the Spring-Summer (May-August) and
Summer-Autumn (August-October) periods. Growth rates were calculated in mm day™
and g day™, respectively, as the difference between length and weight values at the
beginning and the end of each period. One-way analysis was used to determine the
effect of density treatment on the growth rates of these periods. A Tukey test was

performed as post hoc test.

The effect of density on the size frequency distribution of mussels was tested at the
beginning (May) and at the end (October) of the experimental period. As normality and
homogeneity assumptions were not met, a one-way non-parametric nested ANOVA

with the random factor rope nested to density was applied. However, as differences
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between ropes within each density were not found (p-value > 0.05), the nested effect
was removed and a Kruskal-Wallis test, followed by a Wilcoxon post-hoc test were
performed.

All data analyses were performed using the statistical software STATISTICA 6.0.

2.3. Results

2.3.1. Environmental conditions

Mean + SD and ranges of the environmental variables registered at 1 and 6m depth
during the experimental culture are presented in Table 1. The environmental parameters
shown in this study presented seasonal patterns typical of temperate latitudes.
Temperature values had been kept within a narrow range throughout winter months and
until the end of April, when temperature showed a rapid increase which continued to
rise until the end of summer. Since then temperatures decreased gradually. Salinity
showed a seasonal pattern with lowest values during spring probably associated with the
highest continental runoff. Chlorophyll-a concentration presented minimum values
during winter and tended to increase during spring and summer periods, showing
several peaks in spring, summer and autumn (Fig. 2A). The presence of a persistent
phytoplankton bloom at the beginning of July corresponds to the highest peak in chl-a,
TPM and POM (Fig. 2A-C). Oxygen saturation and pH are indicators of net ecosystem
production and were correlated between them and with chl-a and POM concentration,
presenting maximum values during summer (phytoplankton bloom associated to the

upwelling season).

Table 1. Mean = SD of the environmental parameters registered at 1 and 6 m depth during the

experimental period (May to October 2008). Maximum and minimum values are specified in

parentheses.
TPM POM PIM Chla-a L Oxygen

Depth T (°C) Salinity pH
(mg/l) (mg/l) (mg/l) (ug/l) (% sat)

1541228 1.28+2.19 0.26£0.20 2.34+319 17.19¥1.60 35.01+0.68 109.94+17.11 8.2630.12
(0.36-10.38) (0.23-9.95) (0.09-0.87) (0.29-16.35) (13.45-19.38) (34.0-35.82) (79.9-153.8) (8.0-8.49)
0.96+0.88 0.76+0.85 0.20+0.14 2.14+223  16.19+143 35.42+0.50 103.20+14.97 8.26+0.11
(0.27-3.92) (0.18-3.73) (0.07-0.49) (0.30-11.14) (13.45-19.00) (34.3-35.92) (68.7-125.3) (7.99-8.4)

im

6m
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Fig. 2. Evolution of (A) chlorophyll a (Chl-a), (B) total particulate matter (TPM) and (C)
particulate organic matter (POM) and (D) particulate inorganic matter (PIM), over the

experimental period at 1 m (solid line) and 6 m (dashed line) depth.

2.3.2. Growth temporal evolution

The significant densityxtime interaction found for all the growth parameters evaluated
(Table 2) revealed a different growth temporal evolution among density treatments (Fig.
3). There were no significant differences in any of the parameters studied (L, TDW,
DWt and DWSs) among density treatments during the first months of the experimental
culture (May and June) (p>0.05; Fig. 3). However, in the following months an inverse

relationship between size/weight mean values and density treatment was observed (Fig.
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3), with the exception of August where the differences in growth indicators showed no
relationship with density.

Tissue dry weight (DWt) increased significantly from May until August, then growth
ceased in all the density treatments (Fig. 3). Significant increases in length (L), total dry
weight (TDW) and shell dry weight (DWSs) were observed from May to September for
all treatments, except for the highest mussel density (1150 ind/m) where growth ceased
in August (Fig. 3).

Table 2. Two-way ANOVA results testing the influence of density treatment and sampling time
on the mean values of shell length (L; mm), total dry weight (TDW; g), tissue dry weight (DWH;

g) and shell dry weight (DWs; g) of mussels grown in suspended culture.

Source of variation d.f. S.S. M.S. F p-value
Talla
Density 6 198 33 21.16 < 0.001***
Month 5 8792 1758.5 1126.42 < 0.001***
Density:Month 30 187 6.20 4.00 < 0.001***
Residuals 126 197 1.60
TDW
Density 6 40.30 6.72 20.07 < 0.001***
Month 5 1276.4 255.29 762.88 < 0.001***
Density:Month 30 26 0.87 2.59 < 0.001***
Residuals 126 42.20 0.33
DWt
Density 6 13131 2189 5.30 < 0.001***
Month 5 307100 61420 148.69 < 0.001***
Density:Month 30 22356 745 1.80 0.0131**
Residuals 126 52046 413
DWs
Density 6 24.90 4.16 25.41 < 0.001***
Month 5 792.5 158.51 968.95 < 0.001***
Density:Month 30 14 0.47 2.86 < 0.001***
Residuals 126 20.60 0.16

(*) p<0.1; (**) p<0.05; (***) p<0.001
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experimental period.

2.3.3. Size frequency distribution

Throughout the experimental period the size frequency distributions of all densities

fitted a unimodal curve. No differences were observed in the size frequency

distributions among experimental densities in the first culture month (May; Kruskal-

Wallis test; p-value > 0.05). At harvest (October), size distribution showed a leftward

displacement as density increased (Fig. 4 and Table 3), where the 220 ind/m density

treatment presented the greatest mean shell length and the 1150 ind/m the lowest (Table

3).
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Table 3. Mean differences between the size frequency distributions (Leoumn-Lrow) Of the different
density treatments, at the end of the experimental period (October). Asterisks indicate p-values
for the respective unilateral pair-wise Wilcoxon test.

220 370 500 570 700 800
370 | 2.31**

500 | 2.81** 0.25

570 | 11.87*** 8.59*** Q9 19***

700 2.17* -0.14 -0.40  -8.76***

800 | 7.84***  489*** 5 11*** .404*** 506%**

1150 | 21.64*** 17.48*** 19.06*** 9.73*** 17.69*** 13.79***

(*) p-value < 0.1, (**) p-value < 0.05, (***) p-value <0.01

Fig. 4. Size frequency distributions for the seven density treatments at harvest (October).

2.3.4. Gompertz growth curves

A gradual decrease in mussel asymptotic size, total, tissue and shell weight as density
increases was observed (Table 4). Asymptotic sizes (L.) were significantly different
between extreme density treatments (p<0.05; Table 4). The lowest values were observed
for the 1150 ind/m treatment (71.3 mm) and the highest in the 220 and 370 ind/m
treatments (90.2 and 96.9 mm, respectively; Table 4 and Fig. 5A). Accordingly, in the
lowest densities the maximum estimated length was 21 and 26.4% larger (for 220 and
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370 ind/m, respectively) than the estimated for the highest density (1150 ind/m).
Furthermore, we found significant differences in the growth factor (k) of shell length
growth curves between the highest values observed for 370 ind/m mussels, and the
lowest for 1150 ind/m (p<0.05; Table 4).

The individuals cultured at the highest density (1150 ind/m) also reached a significantly
lower total weight than those for the other densities (p<0.05; Table 4 and Fig. 5B).
Concurrently, the intermediate densities (570, 700 and 800 ind/m) reached lower total
weights than those for 220 and 370 ind/m (p<0.05; Table 4). This implies differences up
to 35.8% in the maximum total weight estimated between the extreme density
treatments (1150 and 220-370 ind/m). In addition, significant differences related to
density were observed at the inflexion point (t") of TDW growth curves, showing an
earlier change from linear to asymptotic growth in the higher density treatments (Table
4).

In concordance, individuals cultured at higher densities (between 570 and 1150 ind/m)
reached significantly lower estimated tissue weights than those cultured at lower
densities (220 and 370 ind/m) (p<0.05; Table 4 and Fig. 5C). Differences up to 22.5%
in the estimated maximum tissue weight attainable by individuals were observed among
extreme density treatments (1150 and 220-370 ind/m). Similarly, asymptotic shell
weights (DWs..) were significantly different between the lowest values observed for the
density of 1150 ind/m (8.9g) and the highest values for 220 and 370 ind/m mussels
(15.4 and 17.0g, respectively; Table 4 and Fig. 5D). Therefore, in the lowest density
treatments, individuals achieved a shell weight 41.9 and 47.4% higher, respectively,

than those at the highest density.
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Table 4 Estimated parameters and determination coefficients of the shell length (L, mm) and
weight growth curves (TDW, DWt and DWs, g) fitted to a Gompertz model, for the different
densities under study. All parameters are statistically significant (p<0.001). Significant
differences between estimated parameters are shown with different letters (p<0.05).

Density ~ Asymptotic value k t R?
Shell length
220 90.2° -0.007% 66.4 0.98
370 96.9% -0.005° 63.3 0.97
500 80.0% -0.010® 70.6 0.98
570 77.7° -0.009® 50.9 0.97
700 79.8% -0.010® 70.1 0.97
800 82.2% -0.008* 55.3 0.96
1150 71.3° -0.015 66.6 0.91
Total dry weight
220 15.6° -0.013 181.6° 0.98
370 16.2° -0.011 190.2° 0.98
500 13.6® -0.014 176.8% 0.97
570 12.2° -0.014 169.1%* 0.98
700 12.4° -0.017 166.6™ 0.97
800 12.1° -0.014 172.4%® 0.96
1150 10.4° -0.018 163.9° 0.91
Tissue dry weight
220 2.50° -0.030 167.1 0.85
370 2.53° -0.024 168.0 0.90
500 2.27* -0.031 164.7 0.86
570 2.05" -0.033 161.3 0.88
700 2.14° -0.033 159.4 0.92
800 2.08" -0.028 164.9 0.94
1150 1.96" -0.034 165.1 0.73
Shell dry weight
220 15.4° -0.009 204.8 0.98
370 17.0% -0.008 226.0 0.98
500 12.2%* -0.011 188.4 0.97
570 12.9% -0.009 198.5 0.98
700 11.2% -0.012 176.0 0.97
800 11.9% -0.010 192.6 0.97
1150 8.9° -0.016 173.1 0.90
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Fig. 5. Growth curves fitted to the Gompertz model for the seven density treatments over the
experimental period (May to October 2008) in terms of (A) shell length, (B) total dry weight,

(C) tissue dry weight and (D) shell dry weight. Growth curve parameters are shown in Table 4.
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2.3.5. Growth rates

Growth rates of the entire experimental period (May-October) showed significant
differences among density treatments for all the parameters studied (p<0.05; Table 5).
During this period, a decrease of growth rates with increasing culture density was
observed (Table 6). Accordingly to the post hoc test results, the highest density (1150
ind/m) showed significantly lower length growth rates than those for 220 and 500 ind/m
(Table 6). A similar trend was observed for weight growth rates, whereby the density of
1150 ind/m presented lower TDW rates than the densities of 220, 370, 500 and 700
ind/m (Table 6). Similarly, the highest density treatment showed lower DWt growth
rates than 220, 370, and 500 ind/m treatments and lower DWs growth rates than 220
and 370 ind/m (Table 6).

Table 5 One-way ANOVA results testing the influence of culture density on the shell length
growth rate (mm day™) and dry weights growth rates, i.e. total, tissue and shell weight (TDW,
DWt and DWSs, respectively; g day™), for the entire culture period (May-October 2008) and for
the May-August and August-October periods.

May-October d.f. S.S. M.S. F p-value
Length 6 0.0034 0.0006 4.52 0.004**
TDW 6 0.0008 0.0001 521 0.002**
DWt 6 0.0001 0.0000 4.97 0.003**
DWs 6 0.0005 0.0001 4.30 0.006**
May-August
Length 6 0.0050 0.0008 3.71 0.011**
TDW 6 0.0006 0.0001 2.72 0.041**
DWt 6 0.0001 0.00001 0.65 0.690
DWs 6 0.0004 0.0001 6.26 0.001***
August-October
Length 6 0.0379 0.0063 9.89 <0.001***
TDW 6 0.0052 0.0009 3.72 0.011**
DWt 6 0.0004 0.0001 1.68 0.176
DWs 6 0.0030 0.0005 4.48 0.005**

(*) p<0.1; (**) p<0.05; (***) p<0.001

However, when the Spring-Summer and Summer-Autumn periods were analyzed
separately (May-August and August-October, respectively) we observed that the
differences in growth rates between density treatments were specifically located during
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the second period (Fig. 6 and Table 6). Although significant differences were observed
among some density treatments during May-August (Table 5), those differences did not
show a pattern related with density gradient (Table 6 and Fig. 6). However, during
August-October a decrease of growth rates with increasing density was observed (Table
6 and Fig. 6). Specifically, the highest density (1150 ind/m) showed significantly lower
shell length growth rates than the other densities. Similarly, the 1150 ind/m density
treatment presented lower TDW growth rates than density treatments between 220 and
500 ind/m and lower DWs growth rates than the densities between 220 and 570 ind/m.
Furthermore, during this period, the 1150 ind/m density showed no growth in all
observed parameters (Fig. 6). Differences in the tissue weight growth rates between
densities were no longer observed when these two periods were analyzed separately
(Table 6 and Fig. 6).

Table 6 Growth rates (mean + SD) of the different culture densities in terms of shell length
(mm day™), total, tissue and shell weight (TDW, DWt and DWSs; g day™), for the periods May-
October, May-August and August-October. Different letters indicate significant differences

between groups (p<0.05).

220 370 500 570 700 800 1150

May-October MeanL | 0.143% 0.135*° 0.146*° 0.117° 0.137*° 0.131*" 0.115°
SD 0.015 0.009 0.004 0.007 0.021 0.007  0.005

Mean TDW | 0.057% 0.054® 0.053* 0.046%° 0.052° 0.049*° 0.039°

SD 0.009 0.003 0.004 0.003 0.006 0.004 0.005

Mean DWt | 0.011* 0.011% 0.012* 0.009*° 0.010*° 0.010*® 0.007°

SD 0.002 0.001 4.0e-04 0.002 0.001 0.001  0.002

Mean DWs | 0.046° 0.043% 0.041*" 0.037*® 0.041*" 0.039*" 0.032°

SD 0.007 0.003 0.003 0.002 0.005 0.003  0.004

May-August Mean L |0.173*" 0.154*° 0.181%® 0.143° 0.178° 0.167*° 0.180°
SD 0.018 0.018 0.012 0.004 0.024 0.007 0.012

Mean TDW | 0.072% 0.059*° 0.066*° 0.057° 0.066%° 0.062*° 0.063%"

SD 0.004 0.010 0.007 0.002 0.005 0.008  0.003

Mean DWt | 0.021 0.017 0.020 0.018 0.017 0.018  0.018

SD 0.004 0.006 0.005 0.002 0.003 0.003 0.001

Mean DWs | 0.051% 0.042°¢ 0.046*°¢ 0.038° 0.049*" 0.043%*P¢ (.045%P¢

SD 0.003 0.004 0.002 0.002 0.002 0.005 0.004

August-October | MeanL | 0.100° 0.102° 0.096* 0.079° 0.079* 0.079* -0.012°
SD 0.024 0.015 0.015 0.017 0.031 0.018 0,043

Mean TDW | 0.036* 0.048% 0.035* 0.031*° 0.031*° 0.031®° -3.0e-04°

SD 0021 0.011 0.012 0.008 0.010 0.020 0.018

Mean DWt | -0.003 0.004 -1.4e-04 -0.004 4.1e-04 -0.001  -0.009

SD 0.008 0.008 0.006 0.002 0.002 0.007 0.007

Mean DWs | 0.038% 0.044* 0.035% 0.035% 0.031*" 0.032*°  0.009°

SD 0.015 0.006 0.009 0.006 0.010 0.013  0.012
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Fig. 6. Growth rates (mean + SD) of the different culture densities in terms of shell length (mm
day™) and weights, i.e. total, tissue and shell weight (TDW, DWt and DWs; g day™), for the
periods May-August (solid line) and August-October (dotted line). Different letters and

numbers indicate significant differences between groups (p<0.05) for the periods May-August

and August-October, respectively.
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2.4. Discussion

The present study showed the negative effect of high population density on mussel
growth in suspended culture. Significant differences in the asymptotic values of the
growth curves were observed among the different cultivation densities in all the growth
parameters studied. Individuals cultured at lower density reached significantly higher
maximum length and weight values than those at higher densities. This suggested that
lower growth is a result of stronger intraspecific competition at high density
populations.

Our results agree with those of Xavier et al. (2007) who observed that the mean size of
M. galloprovincialis in “mussel beds” was larger in sites with lower densities. Widman
& Rhodes (1991) and C6té et al. (1993) also found a greater growth in shell and tissue
weight at low densities for pectinids in suspended culture. These authors have suggested
that this could be due to the individuals acquiring a greater proportion of limiting
resources (food/space). This would stimulate growth and enhance survivorship, either
directly, through a reduction of competitive pressure (Griffiths & Hockey 1987) or
indirectly, through an increase of growth rate to a larger size (Xavier et al. 2007),
reducing the risk of predation (Branch & Steffani 2004; Griffiths & Hockey 1987; Paine
1974).

Significant differences between extreme densities were also observed in the growth
factor (k) of the shell length growth curves, with highest values at lowest densities.
Therefore, the individuals at lower densities, aside from reaching larger sizes, grow
faster. Significant differences in the inflexion point (t) among densities were only
observed in the total dry weight (TDW) growth curves, where individuals cultured at
higher densities reached the inflexion point faster than those cultured at lower densities,
that is, growth was linear for less time and asymptotic growth was reached sooner.
These support ANOVA results on the mean individual L, TDW and DWSs, where
growth in size and weight ceased earlier in the highest densities than at the lowest
(August c.f. September). This was also reflected in the leftward displacement of the size
frequency distribution with increasing culture density, with the highest densities
showing a slower growth and thus a greater proportion of small individuals and less of

larger ones, and vice versa.
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Over the entire experimental period (May-October) there was a negative effect of
density on the growth rates in size and weight of individuals. This is in agreement with
previous studies on Mytilus spp. (Alunno-Bruscia et al. 2000; Gascoigne et al. 2005;
Parsons & Dadswell 1992; Scarrat 2000). However, when growth rates were analyzed
in two different periods (Spring-Summer and Summer-Autumn), we observed that the
differences associated to density treatment were concentrated in the second culture
period. During the first period (May-August) there was no influence of density on
growth. However, from August, when the individuals had reached a considerable size
(66.2 + 1.3 mm), a reduction in growth rates at higher density populations was
observed. This may indicate that as individuals grow their requirements for limiting
resources increase and intraspecific competition becomes more pronounced.
Furthermore, ageing decreases the absorption efficiency and slows growth (Pérez-
Camacho et al. 2000) due to the achievement of the stationary phase of growth. These
effects would be intensified by the decrease in food availability during these months
(August-October; Fig 2). In summary, we can conclude that individual growth seems to
intensify intraspecific competition, which in turn establishes the limits on mussel

coverage and biomass reached by the population.

Our results pointed out the influence of density on mussel growth in suspended
cultivation which seems to be related to competition for limiting resources (space/food).
The effect of stocking density on the growth rate of bivalves has been well-documented
in several species under different culture and environmental conditions. In most of these
studies, a negative relationship between growth rate and density has been established
(Alunno-Bruscia et al. 2000; Boromthanarat & Deslou-Paoli 1988; Cigarria &
Fernandez 1998; Coté et al. 1993; Gascoigne et al. 2005; Kautsky 1982; Newell 1990;
Peterson 1989; Roman et al. 1999; Scarrat 2000; Taylor et al. 1997; Waite et al. 2005).
Nevertheless, other studies have found limited evidence for such a negative effect on
mussel growth (Fuentes et al. 2000; Lauzon-Guay et al. 2005a,b; Mallet & Carver 1991;
Sénéchal et al. 2008). The lack of a negative effect of density on growth has been
explained by the use of insufficient crowded populations (Lauzon-Guay et al. 2005a,b;
Sénechal et al. 2008) or the greater influence of macroenvironmental factors in
determining mussel growth, such as food availability or current speed (Fuentes et al.
2000; Gascoigne et al. 2005; Mueller 1996; Sénéchal et al. 2008). It has also been

speculated that density-dependent reduction in the number of mussels (i.e.
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dislodgements and mortality), would alleviate competitive pressures and could mask the
effect of density on mussel growth (Alunno-Bruscia et al. 2000; Boromtharanat &
Deslous-Paoli 1988; Fréchétte et al. 1992; Fuentes et al. 2000; Lauzon-Guay et al.
2005a,b; Maximovich et al. 1996), while laboratory experiments where densities were
maintained constant, detected a negative effect of density on growth and condition
index (Alunno-Bruscia et al. 2000). In the present study we have recorded a negative
effect of density on growth even when experimental densities were not kept constant
throughout the experimental period. Decreases in density were also positively related to
density treatment and resulted in a greater mortality at elevated densities (Cubillo et al.
In preparation). This has also been observed in other studies in suspended culture
(Fuentes et al. 1998; Fuentes et al. 2000; Lauzon-Guay et al. 2005a), and leads to the
convergence of the densities with time that seems to mitigate the effect of density on
individual growth.

In summary, the results from the present work have established for the first time the
effect of stocking density on mussel growth in suspended culture applying the
cultivation techniques used by mussel producers, during the period from thinning-out to
harvest. Our study suggests that density influences the maximum size and weight
attainable by individuals, as well as their growth rate. Although seasonal changes in
food availability can modulate the effect of density on growth, lowering densities could
reduce its detrimental effect along the culture. This is in concordance with previous
results obtained using traditional cultivation techniques (thinning-out) in Ria de Ares-
Betanzos, which suggested that adjusting mussel density to the characteristics of the
cultivation area could yield an increase of 10-15% in biomass production and at least
20% in economic benefits (Labarta & Pérez-Camacho 2004). In addition, our results
showed an increased effect of intraspecific competition with mussel size. This fact
should be considered in aquaculture management, since higher densities could be
supported without effects on growth performance if the final culture product is limited

to a lower size.
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Summary

Bivalve molluscs are characterized by high morphological plasticity in response to
variations in local environmental conditions. In the present study, we evaluate this
capacity in the mussel Mytilus galloprovincialis with regard to intra-specific
competition caused by cultivation density. Suspended cultivation ropes at different
initial densities (220, 370, 500, 570, 800 and 1150 individuals per meter of rope) were
placed on a raft in the Ria Ares-Betanzos, following standard cultivation techniques.
From May to October, covering the period from thinning out to harvest, various
morphological indicators (length/width, length/height and height/width ratios) and
allometric relationships (Volume-Length and Projected area-Length) in addition to
energy distribution (dry tissue weight/dry valve weight) were analyzed. Differences in
morphological indicators due to cultivation density were observed while no influence on
the energy distribution was detected. From the second cultivation month (June), a
decrease was recorded in the length/height ratio of individuals due to cultivation
density. Similarly, there was also a decrease in the length/width ratio, although this
decrease only became statistically significant from September. In addition, the
allometric relationships studied (Volume-Length and Projected area-Length) suggested
asymmetric competition processes. Differences in volume or projected area between
densities were only detected at the end of the experimental culture (October) and only in
the smaller individuals. These morphological adaptations can be understood as a
strategy to mitigate the effects of intra-specific competition, palliating the consequences

of physical interference at high densities.
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3.1. Introduction:

Marine invertebrates exhibit a wide range of morphological variations in the natural
environment. In bivalves, such variations can be caused by ontogenetic processes
(Dickie et al. 1984; Karayucel & Karayucel 2000; Stirling & Okumus 1994) or a plastic
response to environmental conditions, such as wave exposure (Akester & Martel 2000;
Funk & Reckendorfer 2008; Steffani & Branch 2003), exposure to predators (Caro &
Castilla 2004; Leonard et al. 1999; Reimer & Tedengren 1996) and population density
(Alunno-Bruscia et al. 2001; Bertness & Grosholz 1985; Briones & Guifiez 2005;
Brown et al. 1976; Richardson & Seed 1990; Seed 1968).

Cultivation density appears to be a particularly important environmental factor on the
shell shape of the genus Mytilus (Brown et al. 1976; Seed 1968, 1973). Similar effects
have also been observed in other species of molluscs, such as oysters (Chinzei et al.
1982; Tanita & Kikuchi 1957) and clams (Cigarria & Fernandez 1998; Ohba 1956).
Alunno-Bruscia et al. (2001) noted that density influenced shell morphology and the
condition index of Mytilus edulis cultivated in laboratory growth chambers. High
densities lead to more elongated and less triangular shells with a lower height/length
ratio (Briones & Guifiez 2005; Brown et al. 1976; Coe 1946; Lent 1967; Richardson and
Seed 1990) and a lower width/length ratio (Alunno-Bruscia et al. 2001; Lauzon-Guay et
al. 2005%). Bertness & Grosholz (1985) observed extreme distortions of more than 30° in

the angle of the shells in Geukensia demissa at extremely high densities.

The previously cited studies suggest that morphological plasticity is a strategy to
mitigate the effects of intra-specific competition at the individual level. Generally, these
effects have been attributed to limitations in the availability of food, available substrate
or the interaction of both of these factors (Fréchette & Lefaivre 1990; Fréchette et al.
1992).

The negative effect of density on the growth of mussels has been widely studied
(Alunno-Bruscia et al. 2000; Boromthanarat & Deslous-Paoli 1988; Filgueira et al.
2008; Fréchette & Bourget 1985a,b; Gascoigne et al. 2005; Grant 1999; Guifiez &
Castilla 1999; Kautsky 1982; Newell 1990; Peterson & Beal 1989). However, there are

few studies on the effect of density on bivalve shell morphology in the field (Bertness &
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Grosholz 1985; Briones & Guifiez 2005; Lauzon-Guay et al. 2005a; Richardson & Seed
1990; Seed 1968). Of the aforementioned studies, only Lauzon-Guay et al. (2005a)
focussed on the effect of density in a suspended culture system.

Mussels in suspended culture are exposed to different growing conditions than bottom
or intertidal-cultivated mussels and wild or laboratory-grown mussels (due to
differences in air exposure, wave action, temperature, food availability, currents, etc.).
Therefore, the effect of crowding on morphological variations of individuals in
suspended culture is not easy to predict from previous studies in different environments.
Furthermore, the use of suspended culture systems allows the effect of crowding in the
natural environment to be isolated, since it eliminates the interference of other variables,

such as wave exposure, desiccation, etc.

Galicia is an important mussel producing region where most mussel farming occurs in
suspended culture using rafts. In the traditional mussel culture as individuals increase
their size, successive reductions in the density of mussels on the ropes are made. One of
these reductions is called the “thinning out”. The "thinning out™ process is carried out
after 4-7 months, when the mussels have reached about 40-60 mm length and the weight
of the ropes have increased significantly making mussel growth slower and
heterogeneous. This process consists of detaching individuals from the ropes and re-
attaching them in order to standardize the size and decrease the density on the ropes.
The "thinning out” allows growers control of the density of mussels on the ropes in
order to enhance their growth, while minimizing culture time and density-dependent
losses (Pérez-Camacho & Labarta 2004). This method represents a considerable
investment of working hours and labor costs, however, is a method commonly used in
the Galician Rias. This highlights the importance of density on mussel growth and

optimizing production in aquaculture.

The aim of this study is to analyze the effect of intra-specific competition on the
morphological plasticity of Mytilus galloprovincialis (Lamarck 1819) in suspended
culture by monitoring different morphological indexes in populations grown at different
densities. For that purpose, we use commercial raft cultivation techniques that allow the
manipulation of density in the natural field and facilitate the applicability of the results

to the aquaculture industry.
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3.2. Material and methods:

3.2.1. Experimental design

The study area was located in the raft polygon of Lorbé, in the Ria de Ares-Betanzos
(NW of Spain), which is used intensively for the mussel Mytilus galloprovincialis
cultivation (see Fig. 1 in Chapter 2). The study employs the same standard culture and
handling techniques as those used by the local industry. Mussels (Mytilus
galloprovincialis) were placed on culture ropes at seven density levels (220, 370, 500,
570, 750, 800 and 1150 individuals/m of rope). The ropes were suspended from a raft in
April in order to study the period from thinning out to harvest (from May to October of
2008). Four ropes (replicates) were used by combination of 6 months and 7 density
treatments (168 ropes), which were randomly distributed at the prow of the raft. Initial
measures of shell length, weight and morphological characteristics are detailed in Table
1. Monthly samplings were performed until harvesting in October. Each month, a
sample of known length of rope was taken from 4 ropes of each density treatment (28

ropes per sampling date) at an average depth of 2-4 m.

3.2.2. Sampling procedure
Individuals from each sample were counted to estimate density (individuals/m). The

maximum length of the antero-posterior axis of a minimum of 200 individuals was

measured for the calculation of the mean length (L; mm). Sub-samples of 14
individuals per rope (56 mussels per density), covering a range of 30 mm around the
average length, were used for morphometric measurements using callipers with a
precision of 0.1mm. Length (L; mm) was calculated as the maximum distance of the
antero-posterior axis. Height (H; mm) was considered as the maximum distance of the
dorso-ventral axis and Width (W; mm) as the maximum lateral axis (Fig. 1). These

measurements were used to calculate the morphological W/L, H/L and H/W ratios.

Table 1. Mean and standard deviation of mean length (L ; mm), dry tissue weight (DWt; g),
total dry weight (TDW; g) and morphological ratios (H/L, W/L and H/W) of mussels at the

beginning of the experimental culture.

L DWt TDW H/L WI/L H/W
46.15+3.76 | 0.39+0.08 | 2.60+0.32 | 0.53+0.03 | 0.31+0.02 | 1.68+0.14
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v

Fig. 1. Shell dimensions of Mytilus galloprovincialis: Length (L; mm), Height (H; mm) and
Width (W; mm) used to calculate the morphological W/L, H/L and H/W ratios.

Sub-samples of 15-20 mussels, covering a range of 10 mm around the mean length,
were gathered from each rope replicate (60 to 80 mussels per density level) to calculate
the total dry weight (TDW; g), tissue dry weight (DWt; g) and shell weight (DWs; g).
After cutting adductor muscles and allowing intrapallial water to drain, mussels were
dissected and both shell valves and soft tissues were weighed after drying at 110°C for
48 h. The total dry weight was calculated as the sum of the dry weights of tissue and
shell. The condition index or meat yield was estimated as the ratio between the dry
weight of soft tissues and the dry weight of the shell, according to the equation: CI =
(DWt/ DWs5).

Volume (V; ml) was calculated as the volume of water displaced after placing the
mussel with the valves tightly shut in a vessel containing a known volume of seawater.
To obtain the surface area occupied or projected area (S; cm?) by the mussels in the
rope, dorsal photographs of 28 to 56 individual mussels from each experimental density
were taken perpendicular to the antero-posterior axis, using a Nikon Coolpix 4500. The
size range of mussel used was at least 15 mm around the mean length. The projected

area on the substrate was calculated using image analysis software (ImageJ 1.37v).
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We assumed an allometric relationship between the volume, projected area and the shell
length of mussels. These allometries were established for each density and sampling
period using power equations of the form: V = aL® and S = aL®, where a and b are the
intercept and the allometric coefficient, respectively.

3.2.3. Statistical analysis

Analysis of covariance was applied to test the effect of initial density and sampling time
on the intercepts and allometric coefficients for the log-transformed relationship
Volume-Length and Projected area-Length (Snedecor & Cochran 1989). Post hoc
Tukey tests (t-tests) were used for pair-wise comparisons.

Analysis of variance (factorial ANOVA) was used to determine the effect of the initial
density, time (month) and their interaction on each morphological ratio (W/L, H/L,
H/W) and condition index (DWt/DWs). The homocedasticity assumption was met
(Levene test, p-value>0.05) for the three morphological variables. As ANOVA analysis
is robust under slight deviations from the model hypothesis, the departure from
normality found for some densities in each variable (Shapiro-Wilk test, p-value<0.01)
should not affect the results. For the condition index (DWt/DWs), hetereogenity of
variances (Levene test, p.value < 0.001) in addition to non-normality for some densities
(Shapiro-Wilk test, p-value<0.01) were found, therefore a two way ANOVA on ranked
data was applied. In cases where normality or homocedasticity assumptions were met,
the Tukey HSD (Honest Significant Difference) test was used as a post-hoc, otherwise
the Wilkoxon non-parametric test was performed.

Statistica 6.0 software was used for all analyses, considering a significance level of
a=0.05.

3.3. Results

3.3.1. Width-length ratio

Density treatment and time showed a significant effect on the W/L ratio (Table 2).
Nevertheless, the significant interaction between those variables revealed a variable
effect of density over the study period. At the beginning of the study, the width/length
ratio (W/L) was similar for all densities (ANOVA,; p-value>0.05). From May to August
a common tendency of an increase in this ratio was observed for all density treatments,

without significant differences between densities (Fig. 2). After August, the W/L ratio
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continued to increase linearly in mussels cultivated at lower densities (220, 370 and 500
ind/m) (Table 3 and Fig. 2). For higher densities (570, 700, 800 and 1150 ind/m), the
increase ceased and this ratio was maintained nearly constant until October, implying
that these relationships were better described as second order polynomial functions
(Table 3 and Fig. 2). Therefore, the lower densities (220 and 370 ind/m) reached
significantly higher W/L values than the highest ones (800 and 1150) at the end of the

experimental culture (September and October).

o 220 o 370 500 x 570 x 700 o 800 + 1150
220 370 500 -----570 ----700 ----800 -----1150

0,345 ~
0,340 A
0,335 A

0,330 -

W/L

0,325 A
0,320 -

0,315 -

0,310 A

0,305 T T T T T 1
May June July August Sept October

Time (month)

Fig. 2. Linear and polynomial fits to the average width-length (W/L) ratios of M.
galloprovincialis throughout the experimental culture at different densities: 220, 370 and 500
(linear); 570, 700, 800 and 1150 ind/m (polynomial).
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Table 2. Two way ANOVA results testing the effect of sampling time and density treatment on
the different ratios analysed in the study (W/L, H/L, H/W and DWt/DWs).

Source of variation df S.S. M.S. F p-value
WI/L
Time 5 0.074 0.015 37.72 <2e-16***
Density 6 0.014 0.002 5.96 3.4e-06***
Time:Density 30 0.026 8.7¢e-04 2.22 1.6e-04***
Residuals 2229 0.876 3.9e-04
H/L
Time 5 0.115 0.023 24.76 <2e-16***
Density 6 0.063 0.010 11.22 2.3e-12%**
Time:Density 30 0.046 0.002 1.65 1.4e-02*
Residuals 2226 2.071 9.3e-04
H/W
Time 5 4.786 0.957 64.27 <2e-16***
Density 6 0.288 0.048 3.22 0.004**
Time:Density 30 0.683 0.023 1.53 0.034*
Residuals 2231 33.226 0.015
IC
Time 5 57628599 11525720 253.26 <2e-16***
Density 6 70412 70412 1.55 0.160
Time:Density 30 43723 43723 0.96 0.528
Residuals 1045 45510 45510

(*) p<0.05; (**) p<0.01; (***) p<0.001

Table 3. Parameters of the linear (W/L = a + bx) and second-order polynomial regression (W/L

= a + bx — cx?) describing the changes in the mean W/L index as a function of time.

W/L a b c R? adjusted F p-value N
220 0.309 0.005** 0.737 15.03 0.018* 6
370 0.313 0.004** 0.898 45.21 0.003** 6
500 0.310 0.004** 0.917 55.96 0.002** 6
570 0.306***  0.0085 -0.0008 0.683 6678.44 3.1e-06*** 6
700 0.301*** 0.0123** -0.0012** 0.977 88894.48 6.4e-08*** 6
800 0.302*** 0.0097** -0.0010* 0.911 4573457 1.7e-07*** 6
1150 0.308*** 0.0091** -0.0011** 0.900 68226.59 9.5e-08*** 6

(*) p<0.05; (**) p<0.01; (***) p<0.001
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3.3.2. Height-length ratio

The H/L ratio was influenced by density treatment and sampling time, but not
independently since the density x time interaction was significant (p<0.05) (Table 2). At
the start of the study (May), the height-length ratio presented similar values for all
densities (ANOVA p-value>0.05). There was a tendency towards a decrease in the H/L
ratio with time for all densities, which was most pronounced toward the end of the
cultivation period (Fig. 3). However, post hoc analysis showed that this decrease was
only significant for the densities lower than 1150 ind/m.

From the second month of cultivation (June), a negative effect of density on the H/L
ratio was observed (Fig. 3). This tendency was maintained until the end, leading to more

elongated shells in mussels cultivated at greater densities.

© 220 0370 » 500 x 570 x 700 o 800 + 1150

0,535 -
0,530 -
0,525 -
0,520 -
0,515 -
0,510 - *
0,505 - X +
0,500 -
0,495 -
0,490 . . . . . .
May June July August Sept October

H/L
ox
o+ ¥
ox + mX

Time (month)

Fig. 3. Average height-length (H/L) ratios of the different density treatments tested (N= 220,
370, 500, 570, 700, 800 and 1150 ind/m) along the experimental culture.

3.3.3. Height-width ratio

Density treatment and time showed a significant effect on the H/W ratio (ANOVA,
p<0.05; Table 2). The mussels always grew more in height than width (H/W>1), but at
decreasing rates, since the H/W decreased significantly with time (Fig. 4 and Table 4).
Nevertheless, the significant interaction between density and time (ANOVA; p<0.05;

Table 2) revealed a variable effect of density over the study period. Accordingly, no
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significant effect of the initial density on the H/W ratio was detected, with the exception

of August where a decrease of this ratio with increasing density was observed.

o 220 o 370 500 x 570 x 700 o 800 4+ 1150
220 ———-370 500 —--—-570 ------ 700 ——--800 —--—-1150

1,70 -

1,65 -

1,60 -

H/W

1,55 -

1,50 -

1145 T T T T T 1
May June July August Sept October

Time (month)

Fig. 4. Linear fits of the mean height-width (H/W) ratio for the different density treatments (N =

220, 370, 500, 570, 700, 800 and 1150 ind/m) along the experimental culture.

Table 4. Linear regression parameters describing changes in the mean H/W index as a function

of time, by means of the equation: H/W = a + bx.

H/W Intercept Slope a djE:te d F p-value N
220 1.704 -0.030 0.756 16.50 0.015* 6
370 1.689 -0.029 0.955 107.77 4.9e-04*** 6
500 1.708 -0.029 0.907 49.61 0.002** 6
570 1.657 -0.022 0.838 26.95 0.007** 6
700 1.716 -0.039 0.972 175.23 1.9e-04*** 6
800 1.681 -0.026 0.969 155.22 2.4e-04*** 6

1150 1.633 -0.018 0.671 11.18 0.029* 6

(*) p<0.05; (**) p<0.01; (***) p<0.001
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3.3.4. Energy distribution

The condition index was influenced by time (ANOVA; p>0.05), while density treatment
(p=0.259) and the density-time interaction were not significant (p=0.492; Fig. 5 and
Table 2). There was a significant increase in meat yield from May to June. Such
increase was maintained, though not significantly, until summer (July/August) when
maximum values were reached (Fig. 5). Thereafter, the condition index decreased until

the end of the study to values closed to those observed in May (Fig. 5).

0,40 -

0,35 4 ——220

- —-—-370

g 0,30 | —=4—>500

9 ---x--- 570

% 0,25 - — =% —700

—-o—- 800

0,20 - —-+--1150
0,15 : : ‘ ‘

May June July August  Sept  October

Time (month)

Fig. 5. Average energy distribution (DWt/DWSs) of the different density treatments tested along

the experimental culture.

3.3.5. Volume-Length relationships

Volume-Length relationships showed similar slopes between density treatments until
October (ANCOVA,; F=2.21, p=0.042). Differences observed between intercepts during
that period (May-September) did not show a relationship with the density gradient. At
the end of the experimental period (October) the pairwise comparisons t-test showed
significant lower slopes for Volume-Length relationships for the 220 density treatment
compared to the 800 and 1150 densities (p< 0.05). Similarly, the slopes observed for the
allometric relationships for the 370 and 500 densities showed significantly lower values
than that for the 800 density (Table 5). However, the intercepts followed an inverse

trend than the slope values, decreasing with an increase in initial density (t-test; p<0.05;
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Table 5). The lowest densities produced a significantly lower increase in volume per
size increment compared to the highest densities, which indicates a smaller difference in

volume between the individuals of different sizes at lower density.

Table 5. Parameter values of the allometric relationship Volume-Length at the end of the study
period for each of the density treatments (log V = a + b log L). All the regressions were highly
significant in all cases (p<0.001).

Intercept Slope R? adjusted F N
All data | -3.45+0.06***  2.59+0.03*** 0.94 5560.47*** 384
220 -3.17+0.15***  2.44+0.08*** 0.94 908.61*** 55
370 -3.24+0.20*%**  2.49+0.11*** 0.91 554.04*** 55
500 -3.29+0.15***  2.51+0.08*** 0.95 961.08*** 55
570 -3.563+0.19***  2.63+0.10*** 0.93 669.43*** 54
700 -3.37+0.15***  2.56+0.08*** 0.95 1036.39*** 56
800 -3.89+0.16***  2.82+0.09*** 0.95 1038.24*** 56
1150 -3.60£0.15***  2.67+0.08*** 0.96 1115.32%** 53

(*) p<0.05; (**) p<0.01; (***) p<0.001

3.3.6. Projected area-Length relationships

Differences between densities in the slopes of the Projected area-Length relationships
were only observed for the last month of cultivation (October) (ANCOVA; F=3.10,
p=0.007). With regard to the intercepts, significant differences were observed among
density treatments in every sampling (p<0.05), but those differences did not follow a
density gradient until the end of the study (October). In October, an inverse relationship
between the intercept magnitude and the initial density was observed (Table 6). In
addition, in this month there was a progressive decrease in the slopes related with the
decrease in the initial cultivation density (Table 6). The pairwise t-test found
significantly lower slopes for the lower density treatments (p<0.05). Specifically, the
220 ind/m density showed significantly lower slopes than the densities of 700, 800 and
1150, whereas the 370 ind/m slope was lower than those of 800 and 1150 and that of

500 was lower than the slope for 800 ind/m.
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Table 6. Parameters of the allometric relationship Projected area-Length in October for the

different densities (log S = a + b log L). All the regressions were highly significant in all cases

(p<0.001).

Intercept Slope R? adjusted F N
All data | -2.94+0.10*** 2.08+0.05*** 0.89 1539.07*** 1219
220 -2.31+0.20%** 1.74+0.11%** 0.90 246.78*** 193
370 -2.69£0.23*** 1.96£0.12*** 0.91 256.90*** 187
500 -2.64£0.25*** 1.90£0.14*** 0.88 189.98*** 194
570 -2.88x£0.19*** 2.04£0.10*** 0.94 412.36*** 153
700 -3.10£0.21*%** 2.17£0.11*%** 0.93 363.33*** 180
800 -3.40£0.23*** 2.33£0.12*** 0.93 352.89*** 158
1150 -3.33£0.24*** 2.28+0.13*** 0.92 300.04*** 154

(*) p<0.05; (**) p<0.01; (***) p<0.001

3.4. Discussion

In our studies we observed a growth-related variation in the morphology of mussels. As
for the majority of organisms, mussels exhibit gradual changes in their relative
proportions as they increase their size. From a physiological perspective, these changes
can be associated with the maintenance of optimal proportions (Banavar et al. 1999;
West et al. 1997) or may reflect an adaptive response to changes in environmental
conditions (Akester & Martel 2000; Reimer et al. 1995; Seed 1980; Seed & Suchanek
1992; Steffani & Branch 2003). The effect of growth on morphology is consistent in all
the experimental densities evaluated in this study, showing a decrease in the H/L and
H/W ratios and an increase in W/L along the study period. However, during the final
month of cultivation these ratios tended to stabilize. Despite growth in all dimensions
(length, width, height), changes in morphological ratios indicate a gradual change in the
relative proportions of the mussels with time. In other words, the rate of growth in
height decreases over time with respect to length or width, whereas the growth in width
occurs at higher rates than growth in length. Due to this differential growth of shell
dimensions, the larger (older) mussels have more elongated morphology where height

exceeds width in ever decreasing proportions.
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These results agree with previous studies on mussel growth and morphology where
variations in mussel shape were attributed to age (Alunno-Bruscia et al. 2001; Brown et
al. 1976; Lauzon-Guay et al. 2005% Seed 1968). This allows us to isolate the effect of
normal growth on morphology from that related to intra-specific competition. Our
results agree with those of Seed (1968) who observed that the H/L and H/W ratios
decreased with increasing size, whereas the W/L ratio increased. Similarly, Lauzon-
Guay et al. (2005% recorded a decrease in H/L and an increase in W/L with time.
Alunno-Bruscia et al. (2001) also noted similar tendencies as the observed in the present
study for W/L and H/W ratios, but an increase in H/L ratio with the increase in size.
These discrepancies may be related to different experimental conditions (laboratory
versus field), cultivation method (growth chambers versus suspended cultivation), or the

growth period studied (juveniles -2cm- versus adults -4.62+3.8cm-).

The present study also showed a significant effect of cultivation density on various
morphological indicators. From June onwards the mussels cultured at higher densities
showed a decrease in the height-length (H/L) ratio and, from September, a decrease in
the width-length ratio (W/L) was also observed. Thus, mussels cultivated at higher
densities showed at the end of the study more elongated and narrower shells than those
growing at low densities, which tend to be wider and higher. The density effect on both
ratios (H/L and W/L) became more pronounced with time, showing the largest
differences between densities at the end of the cultivation period. This may be related to
the increasing limitations by food and space as the individuals grow and increase their
requirements, which in turn increase intra-specific competition (Alunno-Bruscia et al.
2000; Boromthanarat & Deslous-Paoli 1988; Fréchette & Lefaivre 1995; Marquet et al.
1990; Petraitis 1995). However, the effect of density on the H/W ratio was only
detected in August. This would suggest that the decrease in height and width of the

mussels caused by intra-specific competition occurs evenly over the density gradient.

These results agree with previous studies that reported more elongated and less
triangular mussels with a lower height/length ratio (Briones & Guifiez 2005; Brown et
al. 1976; Coe 1946; Lent 1967; Richardson & Seed 1990) and a lower width/length ratio
(Alunno-Bruscia et al. 2001; Lauzon-Guay et al. 2005%) at higher mussel densities.
Together, this suggests that morphological plasticity is a strategy to mitigate the effects

of intra-specific competition at the individual level (Brown et al. 1976; Seed 1968,
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1973). There is a great controversy of the limiting factor that determines the appearance
of intra-specific competition mechanisms in bivalves. Some authors suggest limitation
by the concentration of available food (“exploitative competition”; Alunno-Bruscia et
al. 2001; Seed 1968), whereas others attributed intra-specific competition mechanisms
to physical spatial limitations (“interference competition”; Fréchette et al. 1992;
Okamura 1986). The morphological changes observed in the mussels cultivated at
higher densities could be a strategy to reduce physical interference between individuals.
Although it is not clear if physical interference has an effect on growth (Fréchette &
Lefaivre 1990; Fréchette & Despland 1999), such interference may cause a reduction in
valve gaping, clearance rate and food uptake (Jergensen et al. 1988). Mussels cultured
at high densities and laterally constricted will encounter more restriction to valve
opening (Lauzon-Guay et al. 2005%). The elongation of shells (more filiform shapes)
might also enable mussels to position themselves more favourably to expose their
inhalant siphons to better access for food (Sénechal et al. 2008), this might be part of
the food competitive adaptation to culture, i.e., exploitative competition. The strategy of
attaining more elongated shells seems, therefore, to be advantageous in high density
environments and is a common characteristic in mussels grown in suspended culture
(Lauzon-Guay et al. 2005% and present study) and in other cultivation methods such as
laboratory tanks (Alunno-Bruscia et al. 2001) and “mussel beds” (Seed 1968).

Nevertheless, no significant effect of the cultivation density on the energy distribution
between shell and tissue was observed at any time during the study period. This does
not imply that the individuals cultivated at lower densities do not obtain a larger
quantity of energy, but rather that the energy distribution between shell and tissue is
maintained in the same proportion for all densities. In fact, higher asymptotic values
have been achieved in the size and weight growth curves of mussels cultivated at lower
densities (Coteé et al. 1993; Cubillo et al. submitted; Widman & Rhodes 1991; Xavier et
al. 2007), as well as higher growth rates (Alunno-Bruscia et al. 2000; Cubillo et al.
submitted; Gascoigne et al. 2005; Grant 1999). Differences in the growth of tissue and
shell between densities are proportional and not observable when combined in the
condition index. Other studies (Alunno-Bruscia et al. 2001; Mallet & Carver 1991)
observed a density effect on the energy distribution in mussels. However, the different
allocation energy index used and the differences in the experimental design issues

(laboratory culture chambers) could explain, respectively, the discrepancies with our
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results. Lauzon-Guay et al. (2005°) observed that prior to spawning mussels cultivated
at higher density channelled a lower proportion of resources into tissue growth, with
respect to those cultivated at lower densities. Nonetheless, these differences disappeared
in post-spawning mussels, implying that the extra energy had been channelled into
gonadal production (Lauzon-Guay et al. 2005%). This hypothesis is supported by Bayne
et al. (1983) who observed a reduction in reproductive effort under environmental
stress. This would also explain the lack of significant differences in the condition index
between densities in this study, which took place after the main spawning period
(spring) of this latitude (Céceres-Martinez & Figueras 1998a,b; Peteiro et al. 2007;
Snodden & Roberts 1997; Suarez et al. 2005; Villalba et al. 1995). In general, the
condition index (CI) is considered to be a weak indicator for detecting stress in bivalve
molluscs (Amiard et al. 2004; Duquesne et al. 2004; Guolan & Yong 1995; Hummel et
al. 1996; Lauzon-Guay et al. 2005% Waite et al. 2005) because most of the variability in
the CI is associated with fluctuations in the gametogenic/reproductive cycle and to
seasonal variations in food availability (Amiard et al. 2004; Boscolo et al. 2004;
Hummel et al. 1996; Leung & Furness, 2001; Pampanin et al. 2005). Thus, individual
variability in CI may mask the effect of density.

In our study, no effect of density on the slopes of the allometric VVolume-Length and
Projected area-Length relationships was observed until the last cultivation month
(October). In this month a progressive increase was observed in the slopes of both
allometric relationships with density, showing significant differences between extreme
densities. However, the magnitude of the intercepts followed an inverse trend with
density, whereby for the lowest densities the smallest individuals occupied a larger
volume and surface area than at elevated densities, whereas the larger individuals
occupied a similar volume and surface area at all tested densities. This alludes to the
existence of asymmetric competition mechanisms due to the larger individuals
obtaining a greater proportion of resources, thus affecting the growth of the smaller
individuals (Weiner 1990). This behaviour has been observed in other studies at
elevated densities (Bertness & Grosholz 1985; Fréchette et al. 1992; Fréchette &
Despland 1999; Lauzon-Guay et al. 2005%). Our findings agrees with Fréchette et al.
(1992) who hypothesized that asymmetric competition reflects an increase in the slope
of Body mass-Shell length allometric relationships, as opposed to symmetric

competition which exclusively affects the intercept. Little information exists on the
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symmetric or asymmetric nature of intra-specific competition in suspended bivalves or
on the underlying mechanisms of competition. Generally, asymmetric competition has
been attributed to competition by physical interference between individuals, both in
sessile invertebrates (Bertness & Grosholz 1985; Fréchette et al. 1992; Okamura 1986)
and plants (Thomas & Weiner 1989; Weiner 1990). Symmetric competition has been
more usually related to food limitation in plants (Thomas & Weiner 1989; Weiner
1990), infaunal (Peterson 1982) and epifaunal bivalves (Fréchette & Bourget 1985a,b)
not subjected to physical limitations or spatial regulation. However, the results of
Fréchette & Despland (1999) and Alunno-Bruscia et al. (2001) using mussels grown in
the laboratory in the absence of physical interference suggest that local seston depletion

can not be discarded as cause of asymmetric competition mechanisms.

Our results corroborate the notion of density-dependent morphological plasticity as
noted in previous studies (Coe 1946 -Mytilus edulis diegensis-; Seed 1968, 1973;
Richardson & Seed 1990 and Alunno-Bruscia et al. 2001 -Mytilus edulis-; Tanita &
Kikuchi 1957 —Pinctada martensii-; Ohba 1956 —Venerupis semidecussata-; Wade 1967
—Donax striatus-; Lent 1967 —Modiolus demissus-; Brown et al. 1976). In addition to
changes in morphology related to the ontogeny of the individuals, a clear effect of
density on morphological parameters has been observed, leading to narrower and more
elongated mussels at higher densities with respect to those grown at lower density. The
significant interaction between density and time found in the present study reflects an
increasing intra-specific competition as mussels grow, due to an increment of their

space and food requirements.

Population density has been proposed to alter the morphology of mussels through
competition for food (“exploitation”) or physical compression of the surrounding
individuals (interference). However, due to multiple interactions between both factors, it
is difficult to discriminate the principal driver of such morphological changes (Alunno-
Bruscia et al. 2001; Guifiez & Castilla 1999; Guifiez 2005). Additional work is needed
to clarify the degree to which each component (food limitation, food access or

interference) contributes to the morphological changes of the individuals.

This work supports the hypothesis that morphological plasticity is a strategy to mitigate

the effects of intra-specific competition at the individual level (Brown et al. 1976; Seed
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1968, 1973). In addition, this plasticity seems to be a function of the size of individuals,
leading to a greater morphological uniformity within sizes in populations cultured at
lower density levels. Variations in shell morphology of mussels could have an effect on
the acceptability and the value of the product in the market for fresh or frozen products,
although this might not be the case for meat extraction. Our results may contribute to
the adjustment of an appropriate cultivation density which would minimize intra-

specific competition and optimize mussel production.
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Summary

Self-thinning (ST) models have been widely used in the last decades to describe
population dynamics under intraspecific competition in plant and animal communities.
Nevertheless, their applicability in animal populations is subjected to the appropriate
inclusion of space occupancy and energy requirements. Specifically, the disposition of
gregarious sessile animals in complex matrices makes difficult the application of
classical ST models. This manuscript reviews the self-thinning models and regression
methods currently used for gregarious sessile species by their application to the analysis
of mussel populations (Mytilus galloprovincialis) grown in suspended culture. This
work supports the necessity of incorporating the number of layers in the classical
bidimensional ST model for the analysis of multilayered populations. Furthermore, the
robustness of the tridimensional ST model was checked from two perspectives: (i) with
respect to the measurement method of the variables involved in the model, and (ii)
analyzing the congruence between the fits for biomass and individual mass. In addition,
we explore the potential and applicability of the Stochastic Frontier Function (SFF)

approach in the analysis of self-thinning relationships.

The estimated ST parameters depended on the measurement method of the variables
involved in the model. This, together with the proximity between the SST and FST
theoretical exponents, highlight the difficulties to discriminate the competition limiting
factor (space/food) based on the self-thinning exponent. On the other hand, the SFF
provided congruent results for biomass and individual mass analysis, on contrast with
the lack of robustness observed for the central tendency regression methods.
Furthermore, the SFF approach allowed a dynamic interpretation of the ST process
providing insight into the temporal evolution of site occupancy. These results highlight
the suitability of the stochastic frontier approach in the analysis of self-thinning in

sessile animal populations.
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4.1. Introduction

Intra-specific competition in plant and animal communities with high population
densities leads to self-thinning mechanisms (hereafter ST), which play an important role
in determining population dynamics and community structure (Fréchette & Lefaivre
1995; Fréchette et al. 1996; Petraitis 1995; Weller 1987a; Westoby 1984). Self-thinning
is typically studied following the growth of even-aged populations at different densities
through time (see Figure 1 in Alunno-Bruscia et al. 2000). This can be represented in
biomass-density (B-N) or, equivalently, individual mean mass-density (m-N) diagrams.
Traditionally, ST has been modeled by the allometric relationship B=kN" (Yoda et al.
1963). Most experimental and theoretical studies on ST relationships have been
developed for plants, where competition for space or spatial self-thinning (SST) is
assumed and the classical exponent B = -1/2 is suggested for a wide range of species
(Westoby 1984; White 1981; Yoda et al. 1963). This exponent is obtained from the
allometric relationships between individual area occupied (S), shell length (I) and
weight (m). Assuming (i) isometric growth (S o I* and m a I*), where shape does not
change with the increase in size of individuals (Weller 1987Db), (ii) 100% occupation of
the sampling area (White 1981), and (iii) density is inversely related to the individual
area occupied (N o S™*; Westoby 1984), the expressions: m = kN and B = kN2 were

obtained.

On the other hand, Begon et al. (1986) suggested that the self-thinning process for
mobile animals is better described due to food limitation or “food self-thinning” (FST).
Accordingly, they associated the ST phenomenon with the metabolic rate of the
population (MR), which itself is related to the individual mean weight (MR o N m**)
and the environmental conditions (MR o F, where F is the overall energy flow through
the population), leading to an exponent of p=-1/3 (Armstrong 1997; Bohlin et al. 1994;
Dunham & Vinyard 1997; Latto 1994; Norberg 1988a). Assuming constant resource

availability per unit area and stable environmental conditions, the relationships

m = kN and B = kN"** were obtained (Begon et al. 1986; Belgrano et al. 2002;
Bohlin et al. 1994; Brown et al. 2004; Enquist et al. 1998).

However, the assumptions of the classical model for space limitations (SST) are not
always fulfilled under natural field conditions. Multilayered disposition, which

increases the surface area available to the organisms, and allometric growth, could cause
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a deviation of the theoretical SST exponent (Hughes & Griffiths 1988; Norberg
1988a,b; Weller 1987; Westoby 1984; White 1981). These deviations have been
included in more recent mussel self-thinning models (Fréchette & Lefaivre 1990;
Guifiez & Castilla 1999; Guifiez et al. 2005). Guifiez & Castilla (1999) proposed the
tridimensional ST approach (B-N-L) that incorporates the number of layers in the
classical bidimensional model. Similarly, a wide range of exponents has been observed
for the relationship between the metabolic rate and individual mean weight (Latto 1994)
altering the theoretical FST relationship. Moreover, changes in the environmental
conditions, as food availability and temperature, can also alter the FST slope
(Armstrong 1997). Fréchette & Lefaivre (1990) proposed to discriminate the factor
regulating competition (space/food) based on the comparison between the estimated and

the theoretical ST exponents.

Mussel populations usually form highly dense multilayered beds (Alvarado & Castilla
1996; Guifiez & Castilla 1999; Hosomi 1985; Suchanek 1986). This crowding can lead
to space and food limitations (Alvarado & Castilla 1996; Fréchette et al. 1992; Okamura
1986) and to self-thinning as the individuals grow (Fréchette & Lefaivre 1990, 1995;
Guifiez & Castilla 1999; Guifiez et al. 2005; Hughes & Griffiths 1988; Petraitis 1995).
Despite several authors have analyzed ST in mussel populations (Alunno-Bruscia et al.
2000; Alunno-Bruscia et al. 2001; Filgueira et al. 2008; Fréchette & Lefraive 1990;
Fréchette et al. 1996; Fréchette et al. 2010; Guifiez & Castilla 1999; Hughes & Griffiths
1988; Lachance-Bernard et al. 2010; Petraitis 1995) an accurate approximation of the

biomass/mass-density relationships is still lacking.

Agquaculture in suspended systems represents an extreme case of aggregation where the
density of suspension feeders is maximized to achieve a greater commercial yield.
Therefore, commercial farms provide an ideal scenario for the study of self-thinning
mechanisms. In this study, we review the ST models currently used for gregarious
sessile species by their application to the analysis of mussel populations grown at
different densities in suspended cultivation systems. Firstly, the goodness-of-fit of
bidimensional and tridimensional models are compared to evaluate the necessity of
including the number of layers in the analysis of multilayered populations. Secondly,
the robustness of the self-thinning model is studied from two perspectives: (i) with
respect to the measurement method of the variables involved in the model and (ii) the

relationship studied (B-N or m-N). In addition, several central tendency regression
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techniques previously applied in the analysis of ST were compared and the estimated
exponents were analyzed to identify the competition limiting factor (space/food).
Finally, the stochastic frontier function (SFF) was fitted, including the effect of time in

site occupancy in the analysis of sessile animal populations for the first time.

4.2. Material and methods
4.2.1. Experimental design

This study analyzes a dataset of density, biomass and individual weight of even-aged
Mytilus galloprovincialis populations grown in suspended culture in the Ria de Ares-
Betanzos (NW Spain). These data were obtained by sequential sampling of seven initial
cultivation densities (220, 370, 500, 570, 750, 800 and 1150 individuals per meter of

rope) randomly distributed over a commercial raft.

The experimental culture was carried out from late April to late November 2008.
Monthly samplings were performed (7 samplings; from late May to late November). In
each sampling, biomass (B1; g) was obtained by weighing the ropes in the water and
applying a correction factor (weight of the rope in water x 5) in accordance with
unpublished data. Furthermore, a sample of known length was taken from 4 ropes of
each density treatment (28 ropes per sampling date). Each sample was cleaned of
epibionts and weighed to obtain an alternative measure of population biomass (B2; g).
The mussels were counted to calculate the density of the rope (No; ind/m), which was
standardized to the number of individuals per square meter of rope (N; ind/m?).
Individual fresh mass (fm; g) was calculated by dividing the weight of subsamples
containing 200-300 mussels by the number of individuals. Individual dry mass (dm; g),
shell length (I; cm), height (H; cm), width (W; cm) and volume (V; ml) data were
obtained from Chapter 3.

4.2.2. Measurement methods of the surface area occupied

Multilayered packing alters the surface area available to the individuals and, thus, can
modify the ST exponent (Fréchette & Lefaivre 1990; Hosomi 1985; Hughes & Griffiths

1988). To account for this effect the effective surface area occupied (Se) is required, that
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is, the area that individuals would occupy if they were distributed in a single layer
(Guifiez et al. 2005). The effective surface area was calculated assuming that the
maximum anterio-posterior axis is disposed perpendicular to the substrate. Then,
assuming that the volume occupied per mussel is a rectangular parallelepiped, the area
projected onto the substrate was estimated by multiplying the width by the height of
each individual (Sp; Guifiez & Castilla 1999). However, calculating the occupied area
by the parallelepiped projection overestimates the real individual area occupied since
overlapping is not considered. To overcome this problem, Filgueira et al. (2008)
proposed the use of image analysis techniques to provide a more accurate
approximation of mussel morphology. Therefore, apical photographs were taken to
determine the individual area projected onto the substrate (Sin) using the software
Image J 1.37v (Filgueira et al. 2008). Both procedures were performed for a subsample
of 56 individuals (from 40 to 85 mm) per density treatment and sampling date. The
allometric equations shell length (I; cm) vs. area occupied obtained by the
parallelepiped projection (Sp; cm?) (Sp,= 0.18 x 1 *%*, N = 1444, R* = 0.96, P < 0.001)
and by image analysis (Sim; cm?) (Sim = 0.10 x 1 %, N = 1415, R? = 0.92, P < 0.001)
were applied to the length frequency distribution to estimate the total area occupied by
the population. In this work, the density was assumed not to affect the allometric

relationship length vs. individual surface area occupied.

4.2.3. Effective density and number of layers

To account for the multilayered distribution of mussels the effective density (Ne) should
be considered, that is, the density expected if the individuals formed a monolayer
(Guifiez et al. 2005). N, was calculated as No/Se. In this work, N, = No/Sp and Nim =
No/Sim denote the effective density estimated by the parallelepiped projection and image
analysis, respectively. The number of layers (L) was obtained as the quotient of sample
density and effective density (i.e. N/N.) (Guifiez & Castilla 2001), and is denoted by L,
(N/Np) and Lim (N/Nim) depending on the method used to measure the surface area
occupied. The number of layers (L) enables us to incorporate explicitly the effect of

packing on the self-thinning model (Guifiez & Castilla 1999).
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4.2.4. Mathematical formulation of self-thinning

4.2.4.1. Bidimensional model

Traditionally, ST has been described using a bidimensional model that defines the

relationship between biomass (B) and population density (N):
B=k,N" (1)

where k, and [}, are the intercept and exponent of the allometric relationship,

respectively.

Given the relationship between mean individual mass (m) and population biomass
(m=B/N) we obtain:

m=k,N”%" =k,N" 2)

4.2.4.2. Tridimensional model

Guifiez & Castilla (1999) developed a tridimensional model incorporating the effect of
multilayered disposition of sessile animal populations in the bidimensional model. In
this model, density (N) was considered to be inversely proportional to the average area
projected onto the substrate (S) and directly proportional to the number of layers (L),
that is, N a L S™. Therefore, if self-thinning is determined by packing geometry and
allometric growth (Hughes & Griffiths 1988), the tridimensional model can be
expressed as:

B=kN~AL" =k, (N/L)* L 3)
and
m=k,NAL7 =k (N/L)* T =k, (N/L)® 4)

where the SST exponent is B3 = 1-[3(1-a)/2(1-w)], being 3(1-a) with a # 0 and 2(1-o)
with ® # 0 correction factors for allometric growth that represent the population mean
allometries shell length-weight and shell length-surface area occupied, respectively. In

this study, according to the proportionality between the volume filled by biomass and
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the surface area occupied established by Guifiez & Castilla (1999), this exponent was
calculated as B3 = 1 - 3, where & is the exponent of the population mean allometry
volume-surface area occupied, adjusted by RMA (Reduced Major Axis) regression. On
the other hand, the FST theoretical exponent was obtained from the literature (Brst=-
1.3).

Finally, considering the relationship between density and effective density, Ne=N/L, EQq.

3 reduces to:
B=k,N,*L (5)
and Eq. 4 to:
m=Kk,N,»™" =k,N,” (6)
4.2.5. Data analysis

In each sampling, the biomass and area occupied by the mussels were obtained by two
measurement methods. Prior to the ST analysis, the Wilcoxon test for paired samples
was applied to check the equality between the different measurements of each variable.
Furthermore, as self-thinning analysis has been conducted indistinctly for fresh and dry
mass, the correlation between them was studied. In addition, the bidimensional and
tridimensional self-thinning models for both measurements of the variables involved
were fitted by linear regression (OLS, ordinary least squares) and their goodness-of-fit
were compared using the F-test. In case of significant differences between fits, the best
ST model and the more accurate measurement method was selected. Furthermore, the
theoretical SST exponent was estimated for both measurements of surface area

occupied.

Thereafter, several regression methods previously used for the estimation of the self-
thinning slope were compared (Zhang et al. 2005; Guifiez & Castilla 1999; Lachance-
Bernard et al. 2010):

e OLS (Ordinary Least Squares): linear least squares regression.

e RLM (Robust Linear Model): this model reduces the effect of outliers. In this
work, the M-estimation method with bi-squared weights was applied (Bégin et
al. 2001; Huber 1981; Lachance-Bernard et al. 2010).
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e RMA (Reduced Major Axis): fits the line that best describes the relationship
between two variables using PCA (Principal Components Analysis). The main
objective of RMA is the estimation of the model parameters. Accordingly,
Mohler et al. (1978) proposed to use this method in ST analysis instead of OLS,
which goal is to predict a response Y from explanatory variables.

e NLM (non-linear model): this method was applied to the non-transformed
tridimensional model (Egs. 3-4). This fit allows the comparison of the
tridimensional model (Eq. 3) with the unrestricted B-N-L model (B=kNPL") in
order to check if the data fulfill the established relationship between N and L.

Finally, the exponents estimated by the previous fits were compared with the SST and

FST theoretical exponents to determine the competition limiting factor.

Since the main objective of self-thinning analysis is to find the upper boundary ST line,
the Stochastic Frontier Function (SFF) was estimated (Bi 2004; Bi et al. 2000). This
function was first used in economy, where the concept of production is generally
understood as the process that transforms a group of inputs to a group of outputs. This
resembles the growth of mussels, which takes the food available in the local
environment (inputs) to produce biomass (output). In our case, the frontier production
function (Greene 1997) represents the maximum attainable mass or biomass given the
density and the number of layers on each rope, that is, the carrying capacity of the
system. Given a dataset comprising the observations of | ropes sampled at T time

periods, the SFF was defined by the following general model (Batesse & Coelli 1992):
Yo=a+x8+(V,-U,), i=L.,1,j=1..T 7)
where:

e Y is the (log-transformed) output or the dependent variable corresponding to
the i-th rope at time t.

e Xj: is avector k x 1 of (log-transformed) inputs or explanatory variables.

e (o, B):is the vector 1 x (k+1) of unknown parameters.

e Vj: random errors due to external factors. These are assumed to be independent
and identically distributed N(0,6,%) and independent of the U

e Ui: non-negative random variables associated with technical inefficiency. The

term 0 < e™ < 1 is the technical efficiency and represents the site occupancy, that
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is, the extent to which the mussels occupy the space and consume the available
resources for growth within a given environment. When e = 1, the site is fully
occupied, i.e., the system has reached the maximum attainable biomass at a
specific density, and any further growth will incur mortality.

According to the model proposed by Batesse & Coelli (1992), Uj; is defined as:

U, =exp(-n(t —T)HU, 8

where n is an unknown parameter and U;; i=1,...,I are obtained by truncation (at zero)
of the normal distribution with unknown mean, p, and unknown variance, c.%. Before

estimating the model parameters, the following hypotheses were tested:

e Firstly, the null hypothesis that there is no technical inefficiency is tested. This is

2+ 5,2 and Y= o2l o

expressed as Ho: y=0, where ¢°= o , according to the
parameterization of the frontier library of R (Coelli & Henningsen 2011).
e The next step is testing whether the technical inefficiency effects are time

invariant, that is, Ho: n=0. If Hy is accepted, Eq. 7 reduces to:
Yi=a+xB+(V,-U,), i=1..,1 (9)

e Finally, we test the null hypothesis that U has half-normal distribution [N(0,6.%)|
(Aigner et al. 1977), Ho : p=0, instead of truncated normal distribution
IN(w,6.)|, as the general model proposes.

The three hypotheses were checked using generalized likelihood ratio tests. Once the
distribution of U was selected, the parameters (o,) were estimated by the maximum
log-likelihood method proposed by Battese & Coelli (1992) implemented in the frontier
library of R (Coelli & Henningsen 2011).

Data analysis was performed with the statistical package R 2.12.2 (R Development Core
Team, 2011).
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4.3. Results and discussion

4.3.1. Descriptive analysis

Figure 1 shows the box-plots that summarize the monthly evolution for each variable.
Maximum densities (N) decreased over time suggesting mortality on the ropes with
higher density. This was confirmed by the negative slope obtained in the linear fit of the
natural logarithm of density vs. time for densities greater than 500 ind/m (F-test, P <
0.05). In addition, a trade-off between the exponential reduction in effective density
(Ne) and the increase in the number of layers was observed in Fig. 1. This implies that
the reorganization of growing individuals causes the formation of new layers and the
subsequent reduction in the density per layer. However, whereas the number of layers
increased with the initial density (K-W test, p < 0.01; Wilcoxon test, p < 0.01), except
between 500 and 570, (Wilcoxon test, p > 0.05), there was no significant effect of initial
density over N, (Kruskall-Wallis test, p > 0.1). Therefore, in multilayered populations
site occupancy is reflected by the degree of packing, measured as number of layers (L),

which in our case increased until September and remained constant thereafter.
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Fig. 1. Box-plots of density (N), effective density (N,: parallelepiped projection; Nin: image
analysis), biomass as weight of the ropes in water (B1); number of layers (L,: parallelepiped
projection; Lin: image analysis), estimated biomass from the sample weight (B2), fresh mass
(fm) and dry mass (dm). (1: May, 2: June, 3: July, 4: August, 5: September, 6: October, 7:

November).

Figures 2 and 3 show the Biomass-Density (B1-N and B2-N) and mass-Density (fm-N
and dm-N) diagrams obtained from our data, where different growth and intra-specific
competition temporal patterns are observed (Alunno-Bruscia et al. 2000; Fréchette et al.
1996). Initially (during the first month), the ecosystem was able to support a larger
number of small individuals, as illustrated by the linear increase of biomass with density

(B>0). At the same time, the mean individual mass was independent of density (y=0).
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Both facts indicate that competition and mortality were negligible even at higher

densities, implying that growth was not regulated by the availability of resources.

As individuals grow, the higher density groups show a different pattern, whereby
growth decreased indicating the presence of intra-specific competition. At this stage
(June and July), the slope decreases until reaching a maximum in the B-N diagram (f —
0, then y — -1) while density and competition increase, i.e., growth was density-
dependent. This progressive decrease of y is known as the competition-density or C-D
effect (Hagihara 1999; Xue & Hagihara 1998) and is well-documented in plant
populations (Westoby 1984). However, the question of whether the C-D effect also
exists in animals has not yet been fully addressed. To our knowledge, only Hosomi
(1985) for Mytilus galloprovincialis and Newell (1990) for M. edulis have detected this
effect in molluscs. Further studies (Alunno-Bruscia et al. 2000; Fréchette & Bacher
1998) have not found any evidence of the C-D stage at intermediate competition levels,
but instead Fréchette & Bacher (1998) observed a curvilinear trend.

From July, the processes of competition intensifies giving rise to mortality in higher
density populations and leading to negative correlations between mean individual mass
and density. This restricts the maximum attainable biomass at a specific density and is

referred as the self-thinning region, where: f< 0 and y <-1.

Most studies on the B-N curves in animals have centered on the ST region (Elliott 1993;
Fréchette & Lefaivre 1990; Fréchette et al. 1992, 1996; Hughes & Griffiths 1988; Latto
1994) and little is known about the general shape of the B-N curves in these
populations. Furthermore, recent studies on ST in animals (Armstrong 1997; Bohlin et
al. 1994; Fréchette & Lefaivre 1990; Latto 1994) failed to provide a clear pattern of the
ST function. Only Alunno-Bruscia et al. (2000) and Fréchette & Bacher (1998) have
described, from experimental studies and hypothetical populations (respectively), the
general shape of the B-N diagram in mussels. Yet, physical interference was avoided in
both studies, such that growth was regulated exclusively by food availability. The
present study is the first to describe the B-N and m-N curves of molluscs in natural
conditions of suspended culture.
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Fig. 2. B-N plots. (B1: rope weighed in water. B2: biomass estimated from sample weight).

Fig. 3. m-N plots. (dm: individual dry mass; fm: individual fresh mass).

As explained in the “Data analysis” section, for each sampling time, two measurements
of biomass (B1, B2), number of layers (L, Lim) and effective density (Np, Nim) were
obtained. The Wilcoxon test for paired samples rejects the homogeneity assumption for
each pair of measurements. As expected B1>B2 (p = 2.4x10°), i.e. the estimation of
biomass by weighing the ropes in water, that included the rope and attached epibionts,
was higher than that obtained from the weight of the sample, where only mussels were

considered. Since the surface area estimated by the parallelepiped projection was higher
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than that estimated by image analysis (Sy>Sim), the number of layers was higher
(Ly>Lim, p < 2.2x10™) and the effective density was lower (Ny<Nim, P < 2.2x10°%°).
Finally, the correlation coefficient between individual dry mass (dm) and individual
fresh mass (fm), R=0.9622, showed strong linear dependence, such that individual fresh
mass can be estimated from individual dry mass by a linear model (OLS):
fm=3.053+2.640dm, R*=0.9255.

4.3.2. Bidimensional self-thinning model

The log-transformed bidimensional self-thinning models (Egs. 1 and 2) for biomass
(B1, B2) and individual mass (fm, dm), respectively, were fitted by linear regression
(OLS) (Table 1). In all cases, the low proportion of variance explained (R*= 0.172 for
B1-N and R*= 0.494 for B2-N; R?=0.1082 for fm-N and R®=0.083 for dm-N) and the
diagnostic plots (Figures. A.1-A.4 in Appendix) showing that the residuals were no
normal either homocedastic, indicate that the bidimensional fit does not satisfactorily
explain the self-thinning process. On the other hand, the residuals showed a strong
monthly trend, as well as an effect of initial density, that were not included in the
model. Furthermore, dependence between the residuals and the number of layers was
observed, indicating that this variable should be included in the model. In other words,
the residual analysis suggests that the tridimensional model proposed by Guifiez &

Castilla (1999) should be applied for multilayered populations.

Table 1. Linear fit of the log-transformed relationships B-N and m-N.

B1-N B2-N fm-N dm-N

k> B2 k> B2 ko Y2 k> Y2
Value | 7.827 0.466 |5.254 0.753 | 5524 -0.274 | 4.494 -0.285
25% |6.584 0.323 [4.319 0646 | 4576 -0.383 | 3.362 -0.415

97.5% [ 9.071 0.609 |6.190 0.860 | 6.473 -0.165 | 5.626 -0.155
P |0.146 <0.0010.001 <0.001|<0.001 <0.001|<0.001 <0.001
R* |0.172 0.494 0.1082 0.0833
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Two aspects require consideration: (i) ST occurs in populations showing density-
dependent mortality and (ii) the residuals of the bidimensional fits depend on the initial
density. Furthermore, according to previous studies (Alunno-Bruscia et al. 2000) ST can
be studied following the temporal evolution of the B-N or m-N relationship for each
density group. Therefore, prior to including the number of layers in the model, the effect
of initial density was included in the bidimensional model (Table 2). An improvement
in the goodness of fit was obtained. Yet, the effect of initial density was only observed
in the intercept while the ST slope remained constant (Tables 2-3). This improvement is
due to the fact that initial density implicitly incorporates information on the degree of
packing.

Table 2. Goodness of fit comparison (F-test) between the bidimensional model and models
including the initial density (No) effect, where N+N, indicates the model without interaction
density-initial density (effect of initial density included only in the intercept) and N*N, indicates
the model with interaction density-initial density (effect of initial density included in both

intercept and slope).

Bl B2 fm dm
V.indep. | R* p-value| R® p-value| R® p-value| R* p-value
N 0.172 0.494 0.108 0.083
N+N, |0.507 <0.001 |[0.645 <0.001 |0.367 <0.001 |0.318 <0.001
N*No, [0.501 0.699 |0.644 0.496 |0.364 0.504 |0.311 0.673
Table 3. Linear fit of the bidimensional ST model for each initial density.
logK, B2 R’
220 370 500 570 700 800 1150
Bl [2232 23.36 24.00 2422 2456 24.88 25.30 -1.403 0.507
B2 |14.74 1544 1587 16.00 16.19 16.35 16.76 -0.471 0.645
fm |[15.00 15.10 15.13 15.15 15.16 15.18 15.21 -1.497 0.367
dm |[1526 1540 1544 1545 1547 1549 1553 -1.674 0.318
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4.3.3. Tridimensional self-thinning model

Table 4.a shows the linear fits of the log-transformed B-N-L model (Eqg. 3) for the
combinations of biomass (B1 and B2) and number of layers (L, and Lin) measurements.
Good fits of the model were obtained in all cases (R>>0.9). The respective F-tests (p <
2x10®) confirmed a significant improvement over the bidimensional model.
Furthermore, monthly trend or differences by initial density were no longer observed in

the residuals.

As the relationship A=1-B3 imposed in the B-N-L model was only fulfilled by B2 (see
Cls in Table 4.a), probably due to the overestimation of the biomass with B1, the former
measurement method was selected for biomass estimation. On the other hand, the
estimated parameters of the model depended on the measurement method of the number
of layers. These results show that the fit of the self-thinning model and, therefore, the
discrimination of the limiting factor (space or food), are affected by the measurement

method of biomass and number of layers used.

Table 4.b shows the fits of the log-transformed m-N-L relationship (Eq. 4)
corresponding to individual fresh mass (fm) and individual dry mass (dm), respectively.
In both cases a good fit was obtained (R*>0.95) with the two measurements of the
number of layers (L, and Lim). The F-tests comparing the bidimensional and
tridimensional models (p < 2.2x10™) indicated that the inclusion of the number of
layers provides a significantly better fit. With regards to the model parameters, the same
result as for the relationship B-N-L was found, that is, the estimated exponents
depended on the method used to calculate individual mass and the number of layers. For
both dry and fresh mass, the theoretical relationship between density (N) and number of
layers (Lp, Lim), y3=-A was met. However, only the fm-N-L exponents were consistent
with those obtained for B2-N-L (Table 4). This meets our expectations since B2 was
estimated from the fresh mass of each sample. The difference observed between the
estimated parameters for the two measurements of mean individual mass may be due to

the lack of proportionality between fm and dm (fm=3.053+2.640dm). Therefore:

dm=K N = fm=K,N” =a+bK ,N"
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Consequently, when a#0 as in our case, there is no functional relationship between the
self-thinning parameters of both fits. Thus, comparing the empirical fm and dm
exponents with the same theoretical exponent is not meaningful. In this work, we
selected the individual fresh mass (fm) as the fitted parameters were consistent with that
obtained for the B2-N-L models. In future studies we suggest that the proportionality
between both mass measurements should be tested prior to fitting the ST model, since

different empirical parameters can be obtained.

71



Self-thinning models in multilayered sessile animal populations

Table 4. Linear fit for the tridimensional model of the B-N-L relationships (4.a) for both measurements of biomass (B1, B2) and number of layers

(parallelepiped projection: L, and image analysis: Lin), and the m-N-L (4.b) for both measurements of individual mass (dm, fm) and number of layers, for all

densities pooled. Estimated parameters, 95 % confidence intervals and adjusted R?.

4a B1-N-L, B1-N-Lin B2-N-L, B2-N-Lin
ks Bs A Ks Bs A Ks Bs A Ks Bs A
Coef 20.23 -1.287 2.041|17.92 -0.948 1702 | 1429 -0.524 1.486 | 12.60 -0.277 1.240
2.5%)| 19.63 -1.367 1.960 | 17.39 -1.017 1.634 | 13.68 -0.604 1.404 | 12.07 -0.346 1.171
97.5%] 20.83 -1.207 2.123 | 18.44 -0.880 1.770 | 14.89 -0.443 1.569 | 13.13 -0.208 1.308
R? 0.939 0.939 0.933 0.933
4.b fm-N-L, fm-N-Lim dm-N-L; dm-N-Lim
k3 Y3 A ks Y3 A ks Y3 A ks Y3 A
Coef 15.11 -1.628 1577 |13.32 -1.366 1.315| 16.03 -1.916 1.899 | 13.88 -1.600 1.583
2.5%)| 14.73 -1.678 1.526 | 12.99 -1.410 1.272 | 15.67 -1.964 1.849 | 1356 -1.642 1.542
97.5%| 15.48 -1.578 1.628 | 13.65 -1.323 1.357 | 16.39 -1.867 1.948 | 1420 -1.559 1.624
R? 0.955 0.955 0.970 0.970
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Previous studies restricted the ST analysis to the densities showing mortality. Therefore,
in this work, the self-thinning fits for B2 and fm including all densities where compared
with those restricted to densities undergoing mortality. No significant differences were
observed between the respective estimated parameters (compare Cls in Table 5). Thus,
in our case the inclusion of densities without mortality would not introduce bias in the
estimation of the ST exponent, in contrast to previous statements (Mohler et al. 1978;
Weller 1987a; Osawa and Sugita 1989; Lonsdale 1990; Osawa and Allen 1993).

Table 5. Linear fits for the tridimensional model of the B-N-L and m-N-L relationships for both
measurements of number of layers (parallelepiped projection: L, and image analysis: Lin). Top:

including all densities. Bottom: only densities undergoing mortality (No >500 ind/m).

220-1150 B2-N-L, B2-N-Lin, fm-N-L, fm-N-Lin,
ks B3 A ks Bs A ks Y3 Iy ks Y3 A
Coef 1429 -0.524 1.486 12.60 -0.277 1.239 15.10 -1.628 1577 | 13.316 -1.366 1.315

2.5% 13.68 -0.604 1.404 12.07 -0.346 1171 1473 -1.678 1525 | 12.985 -1.409 1.272

97.5% 1489  -0.443 1.569 1313 -0.208 1.308 1548 -1.578 1.628 | 13.645 -1.323 1.357

p <0.001 <0.001 <0.001 | <0.001 0.001 <0.001 | <0.001 <0.001 <0.001 | <0.001 <0.001 <0.001
R? 0.933 0.933 0.955 0.955
570-1150 B2-N-L, B2-N-Lim fm-N-L; fm-N-Lim

ks B3 A ks B3 Iy ks Y3 Iy Ks s Py
Coef 13.96  -0.486 1.481 12.27  -0.240 1.235 1533 -1.654 1.581 1354 -1.391 1.318

2.5% 12.89  -0.629 1.327 1117 -0.370 1.107 1474 -1.727 1.502 1297  -1.458 1.253
97.5% 1512 -0.343 1.634 13.38 -0.110 1.363 1593 -1.581 1.659 1410 -1.325 1.384
p <0.001 <0.001 <0.001 | <0.001 0.0004 <0.001 | <0.001 <0.001 <0.001 | <0.001 <0.001 <0.001

R? 0.777 0.777 0.954 0.954

4.3.4. Estimation of the theoretical SST exponents

The theoretical SST exponents were estimated by RMA from the log-transformed mean
population allometry of individual volume vs. individual area occupied (V=kS'). In
previous studies, where the volume was not measured (Guifiez & Castilla 1999, 2001;

Guifiez et al. 2005), the allometry of individual mass vs. individual area occupied was
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used, given that mass is assumed to be proportional to volume. In our study, individual

volume was measured providing a more accurate estimation of the SST exponent.

The estimated value of the allometric exponent of V on Sy was 1.4868 with a 95%
confidence interval (Cl) [1.4703, 1.5035] (R*= 0.9538). Thus, the estimated SST
exponent was By sst= -0.49 and was assumed to be equal to the classical theoretical SST
exponent (Bsst= -0.50). The estimated allometric exponent of V on S;, was 1.225 with
95% CI [1.210, 1.241] (R?= 0.943). Therefore, the estimated SST exponent was Bim sst=
-0.23, which is significantly higher than -0.5 and the theoretical FST exponent (Brst=-
0.33). Therefore, the two measurements of area occupied provided significantly
different SST exponents. The fact that the most accurate estimation of mussel
morphology (image analysis) provided an exponent significantly different to the
theoretical one, and that the relationship FST > SST was inverted (SSTjn=-0.23 >
FST=-0.33 > -0.50), casts doubt on the applicability of these theoretical exponents in
mussel populations. Moreover, the proximity between the theoretical exponents

complicates the discrimination between space and food competition.

4.3.5. Model comparison

Once the convenience of applying the tridimensional self-thinning model was
demonstrated, the different regression methods proposed in the “Data analysis” section
were compared. On the basis of the results obtained, B2 and individual fresh mass (fm)
were used as dependent variables. Furthermore, using the effective density (N) instead
of density (N), the tridimensional m-N-L model reduces to a more intuitive
bidimensional model (Eq. 6). Thus, we propose the use of the effective density in the
self-thinning fit for biomass and mass (Eqs. 5-6) to allow comparison of both

relationships.

No significant differences between the regression methods applied in this work were
found in the estimated slopes of the B2-Ne-L relationships, for both the parallelepiped
projection and image analysis (see Cls in Table 6.a and OLS fit in Fig. 4). In particular,
the comparison between the restricted (Eq. 5) and unrestricted (B=kN¢’L*) non-linear
fits (p = 0.672 for L, and p = 0.671 for Lim) shows that they are equivalent confirming
the relationship between N, and L imposed in the tridimensional self-thinning model.

74



Capitulo 4

The comparison between the estimated and the theoretical exponents for the relationship
B2-Np-L,, indicates competition for space (Bsstp =-0.49, Table 6.a), except for the
robust fit (RM) where a significantly steeper slope was obtained (p < 0.01). On the other
hand, for B2-Nim-Lim, both space (Bssr,im =-0.23) and food limitations (Bsst =-0.33) are
accepted, again with the exception of RM which indicates competition for food (Table
6.a). These differences in the discrimination of the limiting factor between the robust fit
and the other methods are due to the smaller residuals of the former. Since robust
regression gives smaller weights to extreme values of biomass and density, which are
those of most interest in the fit of the upper boundary ST line, the suitability of this

method for ST studies is questionable.
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Fig. 4. Dispersion plot (left) and OLS fit (right) for the relationship B2-N,-L, (top) and B2-Nijy-
Lim (bottom).
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The results obtained show that the estimated ST parameters (Table 6) depend on the
measurement method of the surface area occupied, as observed by Filgueira et al.
(2008). Furthermore, the proximity between the theoretical exponents obtained when
image analysis (the more precise method) is used for SST estimation, exacerbates the
difficulty in discriminating between food and space limitations found in previous
studies (Alunno-Bruscia et al. 2000; Lachance-Bernard et al. 2010). On the other hand,
our results would support the assumption of both limiting factors exerting a
simultaneous effect on sessile animal populations, as suggested by Fréchette et al.
(1992).

No significant differences in the estimated exponents of the fm-N. relationship between
the regression methods applied were found, for both occupied area measurements
(Table 6.b). The estimated slope for the fm-N, relationship was significantly lower than
both theoretical exponents (ysstp=-1.49 and yest=-1.33), whereas the fm-Niy slope
indicated FST. These results agree with those of Filgueira et al. (2008) with populations
of the same specie. As pointed out above, the discrimination of the limiting factor
depends on the measurement method of the occupied surface area. The fm-N, fit leads
to different conclusions to those obtained for the B2-N,-L fit, demonstrating the lack of
power of the current self-thinning models to discriminate the limiting factor. Finally,
given that Ne=N/L, the fits with effective density were, as expected, equivalent to those
using N and L, both for biomass (Egs. 3-5; Table 4.a and 6.a) and individual mass (Egs.
4-6; Table 4.b and 6.b).
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Table 6. Tridimensional model fitted by the different regression methods proposed in this work.
Estimated parameters and 95% confidence intervals for B2-N.-L (6.a2) and fm-N, (6.b). T-test
for comparison with the theoretical SST (Bsstp= -0.49, Bsstim= -0.23) and FST (Best= -0.33)

exponents.

6.a B2-Np-Lp B2-Nim-Lim
OLS RM NLM1 NLM2 | OLS RM NLM1 NLM2
ks 1428 1447 1399 1393 | 1260 1275 1231 12.25
2.5%| 13.68 1420 13.15 13.14 | 12.07 1251 11.58 11.58
97.5%|( 1489 1474 1483 1474 | 13.13 1298 13.06 12.93
Bs -0.523 -0.551 -0.486 -0.482 [-0.277 -0.299 -0.241 -0.236
2.5%| -0.604 -0.587 -0.600 -0.594 (-0.346 -0.330 -0.338 -0.329
97.5%| -0.443 -0.515 -0.375 -0.372 |-0.208 -0.268 -0.146 -0.144
A 0963 0973 0.985 1 0963 0972 0.985 1
2.5%| 0922 0954  0.915 0.922 0954 0.915
97.5%|( 1.003 0.991  1.057 1.003 0.991 1.056
p (SST) 0.285 0.0015 0.398 0.395 | 0.161 <0.001 0.389 0.396
p (FST) |<0.001 <0.001 0.01 0.011 | 0.126 0.056  0.077 0.053

Note: OLS (ordinary least squares), RM (robust linear model), NLM1 (unrestricted non-linear
model), NLM2 (non-linear model with A=1)

6.b fm-Np fm-Nim
OLS RM RMA NLM | OLS RM RMA NLM
ks 14.87 1479  15.16 14.67 | 13.05 1298 13.30 12.87
2.5%| 14.49 14.47 1479 1419 | 1273 1271 1298 12.46
97.5%| 15.24 1511 1553 15115 | 1336 13.26 13.61 13.27
Y3 -1.605 -1.595 -1.645 -1578| -1.339 -1.331 -1.373 -1.314
2.5%| -1.656 -1.639 -1.595 -1.645| -1.382 -1.368 -1.331 -1.370
97.5%| -1.554 -1.551 -1.697 -1.511|( -1.297 -1.294 -1.416 -1.258
p (SST) | <0.001 <0.001 <0.001 0.015 | <0.001 <0.001 <0.001 0.005
p (FST) | <0.001 <0.001 <0.001 <0.001| 0.363 0.399 0.046 0.341

Note: OLS (ordinary least squares), RM (robust linear model), RMA (reduced major axis),
NLM (non linear model)
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4.3.6. Stochastic frontier function (SFF).

The previous fits describe the central tendency of the relationship biomass/mass —
density. Yet, the main goal of self-thinning analysis is to fit the upper limit of this
relationship, that is, the upper boundary line. Therefore, in this work the stochastic
frontier function (SFF) was fitted as proposed by Bi et al. (2000), Bi (2004) and Zang et
al. (2005).

In the B2-Ne-L relationship, there were no differences between the SFF and the OLS fit
(Ho: y=0, p-value=1), implying full site occupancy. For the fm-N. relationship, the
previous tests to the SFF fit indicated that (i) full site occupancy was not reached (p <
0.01), i.e. SFF and OLS fits are significantly different (ii) the technical inefficiency
effect or site occupancy varied over time (p < 0.01), and (iii) U had a half-normal
distribution for fm-N, (p = 0.146) and a truncated normal distribution for fm-Nin (p =
0.047). The maximume-likelihood estimate of the ST slope indicated space limitation for
fm-N, (yp = -1.483, p = 0.3942), whereas for fm-N;, both space (y, = -1.171, p =
0.3636) and food limitations (p = 0.2041) can be accepted. Thus, the difference between
the SFF and the methods of central tendency in the fm-N; relationship leads to different
conclusions with regards to the limiting factor. However, the SFF for fm-N, and B2-N,-
L provide the same conclusions, showing the robustness of this method in the

discrimination of the limiting factor.

Fig. 5. Comparison between SFF and OLS fits for the relationship individual fresh mass-
effective density. a) fm-N, (SFF: fm=14.018N,"**, OLS: fm=14.867N,™*®) and b) fm-Niy
(SFF: fm=11.873N;, "™, OLS: fm=13.049N,™*¥),
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Table 7. Temporal evolution of site occupancy for the relationship fresh mass vs effective
density (fm-N¢) for both measures of number of layers, parallelepiped projection (L,) and image

analysis (Lim).

Site occupancy May  June July  August September October November

fm-N, 0.9090 0.9326 0.9503 0.9635 0.9732 0.9804 0.9857

fm-Nim 0.8498 0.8917 0.9225 0.9449 0.9610 0.9724 0.9806

On the other hand, for the fm-N. relationship, site occupancy increased with time for
both measurements of N, (n,=0.3185 and 1in=0.3549) as confirmed by the monthly site
occupancy levels (Table 7). The distance between the OLS and SFF lines increased with
Ne (Fig. 5). Since N, decreased with time, larger differences were observed in the first
months where the site occupancy was lower. Consequently, (i) site occupancy increased
progressively as individuals grew, and (ii) at the end of the experiment the system
almost reached full site occupancy, in agreement with the results obtained for the B2-
Ne-L relationship. These results highlight the suitability of the stochastic frontier
approach in the analysis of ST dynamics in sessile animal populations, since it provides
insight into the temporal evolution of site occupancy.

4.4. Conclusions

In this study, we analyzed the goodness of fit and consistency of current bidimensional
and tridimensional self-thinning models by their application to mussel populations
grown in suspended culture. We observed that for multilayered populations, crowding is
reflected by the degree of packing measured as number of layers (L), whereas the
density within layers (Ne) remained homogeneous over the density gradient.
Furthermore, in contrast to previous studies (Alvarado & Castilla 1996; Hosomi 1985;
Hughes & Griffiths 1988) a reduction in the number of layers due to intra-specific
competition was not observed, although at the end of the study the formation of new

layers had ceased.
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The lack of fit of the bidimensional self-thinning model, demonstrated by the low
proportion of variance explained by the model and the dependence between the
residuals and the number of layers, confirmed that the tridimensional model proposed
by Guifiez & Castilla (1999) should be applied in the analysis of multilayered

populations.

This study improves the estimation of the theoretical SST exponent by using the mean
population allometric relationship volume-area occupied, instead of using mass as an
estimator of volume. Different theoretical SST exponents were obtained depending on
the measurement method used to calculate the surface area occupied. Using the
parallelepiped projection, the estimated exponent was equal to the classical SST
exponent (-0.50), whereas with image analysis techniques the relationship Brst>Bsst
was inverted (Bimsst =-0.23 > Brst =-0.33 > -0.50). This casts doubt on the applicability
of the classical theoretical exponents in mussel populations. Furthermore, the proximity
between the SST and FST exponents, exacerbated in the more precise method (image

analysis), can hinder the discrimination between both limiting factors.

In the application of the tridimensional model, significantly different fits were obtained
depending on the measurement methods of the variables involved in the model. Firstly,
the estimation of total biomass by weighing the rope in water (B1) should be discarded.
Despite being a faster measure method, B1 does not fulfill the relationship between N
and L established in the ST model. Secondly, the lack of proportionality between fresh
and dry mass leads to differences between the estimated exponents and to different
conclusions in the discrimination of the limiting factor. This suggests the need of
assessing whether the current theoretical SST and FST exponents are valid for both
measurements of individual mass, or if specific theoretical exponents should be defined
for each measurement. Furthermore, significant differences between the estimated ST
parameters were obtained depending on the measurement method of surface area
occupied used, as previously observed in the estimation of the theoretical SST
exponent. Finally, the inclusion of populations that do not exhibit density dependent
mortality in the model fit did not introduce bias in the estimation of the ST exponent, in
contrast to indications from previous studies (Lonsdale 1990; Mohler et al. 1978; Osawa
& Sugita 1989; Osawa & Allen 1993 Weller 1987a).
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In this study, the substitution of density (N) by effective density (Ne) provided
equivalent fits and a simpler interpretation of the ST process. Furthermore, significant
differences in the estimated parameters between the central tendency regression
methods applied (OLS, RMA, RM, NLM) were not found, although the robust fit led to
different conclusions with respect to the limiting factor. However, because the RM
reduces the weight of the extreme values, its applicability in the ST study is limited.
Furthermore, the competition limiting factor depends on the response variable (mass or
biomass) and the measurement method of the surface area occupied (parallelepiped
projection or image analysis). For individual mass, the slope estimated with the
parallelepiped projection was significantly steeper than the theoretical ones, whereas the
estimated slope with the most precise measurement (image analysis) agrees with FST.
For biomass, under the parallelepiped projection the estimated slope indicated SST,
whereas image analysis confirmed the difficulty in the discrimination of the limiting
factor due to the closeness between the SST and FST theoretical exponents. On the
other hand, these results may also suggest the interaction between competition for space
and food, as indicated by Fréchette et al. (1992).

Traditionally, the self-thinning relationship has been fitted from data collected in
successive samplings over time, such that the variables of interest present a temporal
autocorrelation. This dependence has not been considered in current models and can
cause bias in the estimation of the ST parameters. The alternative procedure of
analyzing data obtained at a single sampling time (Alunno-Bruscia et al. 2000; Alunno-
Bruscia et al. 2001) has the drawback of not allowing a proper dynamic interpretation of
the self-thinning process. Therefore, we suggest that the temporal effect should be

included in the ST models in future studies.

In this study, we applied frontier analysis methods (SFF) that allow (i) obtaining the
upper boundary ST line without subjective data selection, (ii) studying the site
occupancy, and (iii) a dynamic interpretation of the ST process through the analysis of
temporal variability of site occupancy. For the B-Ne-L relationship there were no
significant differences between SFF and central tendency fits, and full site occupancy
could be assumed. In the relationship m-N., despite different frontier and central
tendency fits were obtained, the mean site occupancy was higher than 90% and full
occupancy was steadily approached. Finally, the SFF approach led to the same
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conclusions in the discrimination of the limiting factor for both B-Ne-L and m-Ne

relationships, highlighting the suitability of the SFF approach in the analysis of ST.

To summarize, significant differences were observed in the estimated ST parameters
depending on the relationship studied (biomass or individual mass) and on the
measurement methods of the variables involved in the model (biomass, individual mass
and surface area occupied). This lack of robustness in ST analysis affects the
discrimination between the competition limiting factors (space/food) and consequently
the ecological interpretation of population dynamics. Therefore, we consider that both

the current model and the discrimination criterion need to be revised.
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Fig. Al. Diagnostic plots of the linear fit of the relationship B1-N. Top: fitted values vs.
residuals (left) and residuals QQ-plot. Center: residuals vs. month (1-7: months from May to

November) and residuals vs. initial density. Bottom: residuals vs. number of layers.
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Fig. A2. Diagnostic plots of the linear fit of the relationship B2-N. Top: fitted values vs.
residuals (left) and residuals QQ-plot. Center: residuals vs. month (1-7: months from May to

November) and residuals vs. initial density. Bottom: residuals vs. number of layers.
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Fig. A3. Diagnostic plots of the linear fit of the relationship fm-N. Top: fitted values vs.
residuals (left) and residuals QQ-plot. Center: residuals vs. month (1-7: months from May to

November) and residuals vs. initial density. Bottom: residuals vs. number of layers.
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Fig. A4. Diagnostic plots of the linear fit of the relationship dm-N. Top: fitted values vs.
residuals (left) and residuals QQ-plot. Center: residuals vs. month (1-7: months from May to

November) and residuals vs. initial density. Bottom: residuals vs. number of layers.

87






Capitulo 5. Dynamic self-thinning model for sessile animal

populations with multilayered distribution

Modelo dindmico de auto-raleo para poblaciones animales

sésiles con distribucion en multiples capas






Capitulo 5

Summary

1.

4.

The main drawback of the traditional self-thinning model is how time is handled.
Self-thinning (ST) has been formally recognized as a dynamic process, while the
current ST models have not included the temporal effect. This restricts the
analysis to the average competitive behavior of the population and produces a

biased estimation of the self-thinning parameters.

In this study we extend the dynamic ST model introduced by Roderick & Barnes
(2004) to the analysis of multilayered sessile animal populations. For this
purpose, we incorporate the number of layers and the density per layer into the
dynamical approach. This model is a generalization of the traditional ST model,

which does not depend on predefined assumptions about the population.

In this study, the performance of the dynamic model was checked and compared
with the classical ST model through the analysis of mussel populations grown at
different density treatments. In addition, we provided insight into the ecological

interpretation of the trajectory of the ST exponent.

The dynamic ST model allows studying the effect of population density on the
competitive behavior of individuals and the temporal evolution of intraspecific
competition, providing a more realistic description of population dynamics than

the traditional model.
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5.1. Introduction

The self-thinning process (ST) describes the inverse relationship between body size of
individuals and population density when growth results in mortality through
intraspecific competition (Westoby 1984). This mechanism, observed in plants and
animals at high population densities, plays an important role in determining population
dynamics and community structure (Fréchette & Lefaivre 1995; Fréchette et al. 1996;
Guifiez & Castilla 1999, 2001; Guifiez et al. 2005; Marquet et al. 1995; Petraitis 1995;
Puntieri 1993; Weller 1987; Westoby 1984).

Self-thinning can be analyzed by sequential sampling of even-aged populations growing
at different densities (Fig. 1 in Alunno-Bruscia et al. 2000). This allows plotting
biomass-density (B-N) or alternatively, individual mass-density (m-N) trajectories
through time. Traditionally, ST has been represented by the allometric relationship
m=kNP (Westoby 1984; White 1981; Yoda et al. 1963).

ST has been extensively studied in plant populations (Fréchette & Lefaivre 1995),
where this process is attributed to competition for space (spatial self-thinning, SST) and
the classic exponent Bsst=-3/2 was proposed (Westoby 1984). Begon et al. (1986) stated
that in mobile animal populations the ST process would be regulated by food limitations

(food self-thinning, FST) and suggested the exponent Brst=-4/3.

Sessile bivalves are gregarious animals that form multiple layers over the substrate
(Alvarado & Castilla 1996; Guifiez 1996; Guifiez & Castilla 1999, 2001; Hosomi 1985;
Suchanek 1986). This multilayered disposition increases the surface area available to
the organisms, which in turn would change the ST relationship (Fréchette & Lefaivre
1990; Guifiez & Castilla 1999; Hughes & Griffiths 1988). For this reason, Guifiez &
Castilla (1999) proposed a tridimensional self thinning model (m-N-L) that incorporates
the degree of packing (number of layers) to the bidimensional model:

m=K(n/SL)’ =K(N/L)" =KN,” @
where m is mean individual mass, n is number of individuals, S is total surface area
occupied, N is density, L is number of layers, N.=N/L is the density per layer or

effective density and (K, B) are the model parameters. The usual procedure in self-
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thinning studies is to estimate (K, B) from sequential measurements of individual mass

and density.

The main drawback of the traditional self-thinning model (Eq. 1) is how time is
handled. While time is present implicitly due to (K, B) are estimated from sequential
samplings, the time effect is not explicitly included in the model. This gives rise to two
potential sources of error in the estimation of the ST parameters. First, p and K are
assumed to be constant across the entire study period, while the self-thinning is a
dynamic process and the ST exponent (B) would vary over time (Norberg 1988%
Westoby 1984; White 1981). Therefore, we would be estimating a mean value when we
should be estimating a temporal trend. Secondly, the regression methods currently used
for its study (reviewed by Zhang et al. 2005) assume that observations are independent,
overlooking the temporal autocorrelation of the variables involved in the model and

resulting in a biased estimation of the self-thinning parameters.

Thus, while self-thinning has been formally recognized as a dynamic process, the
current analysis procedures have not been dynamic, failing to include the time effect.
Roderick & Barnes (2004) highlighted this drawback and proposed a new formulation
of self-thinning as a dynamic problem. The main assumption for this approach is that 8

can vary over time, but converges to -1 when total biomass is constant, given that:

LI LEND LTI LIS

n St n SL{sSL) sL

The main goal of this study was to extend the dynamic self-thinning model proposed by
Roderick & Barnes (2004) for plant populations to the study of sessile animal
populations with multilayered distribution. For this purpose, the number of layers (L)
and effective density (Ne) were incorporated to the original model. Then, we tried to
give insight into the dynamic interpretation for the different values of the ST exponent.
Finally, the performance of the dynamic model was checked and compared with the
classical ST model through the analysis of mussel (Mytilus galloprovincialis Lmk.)

populations grown in suspended culture.
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5.2. Materials and methods

5.2.1. Dynamic self-thinning model

We extended the dynamic model proposed by Roderick & Barnes (2004) for the
analysis of self-thinning in plants to the study of multilayered sessile animal
populations. For this purpose, we substituted the density or number of individuals per
unit area (N) by the effective density or number of individuals per layer (N¢) defined in

the tridimensional self-thinning model (Guifiez & Castilla 1999).

Assuming that the allometric relationship expressed in Eg. 1 is an identity, the unknown

parameters (K, B) are uniquely determined by the effective density and mean individual
mass observed in two instants of time. If (m:,N,) and (m.,N,,) are the values

observed at successive instants of time t; and t,, substituting these values in the

logarithmic transformation of Eq. 1 yields:

Inm, =logK + #InN,,
Inm, =logK + ZInN,, (2)

The solution of Eq. 2 by elimination leads to:

I _2 _l
B = n(m /m%(Nez/Nel) (3)

and

InK=Inm,-£InN, ()

Thus, the estimated values of K and B correspond to the same time interval as the
measurements used to estimate them. This procedure was repeated for each pair of

consecutive samplings to estimate the parameters corresponding to each time interval.

The procedure above would be used when observations are made for a finite number of
points in time. However, from a theoretical viewpoint it is useful to extend the analysis
to infinitesimal time intervals which allows an analytical treatment of self-thinning. For

this purpose, we should note that:
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N,, =N, +6N ()

where o denotes a finite difference. Using Eqg. 5, we can rewrite Eg. 3 as:

In(1+om/m
5o n( m/m%(l+5Ne/Nel) ©

For infinitesimal time increments, m —dm and 6N, —dN_, as In(1+x) — x for

small values of x:

dm N,
PN, @)

Eq. 7 defines the self-thinning exponent () as the quotient between the rates of change
of individual mean mass and density, which is very useful in interpreting the dynamic

model.

In order to link the dynamic model with the self-thinning process we should note that,

for a set of n individuals in a given area at time t, the total biomass of the area is:

B=m1+...+mn=nm (8)

Thus if Ne is the effective density, that is, the number of individuals per unit of area in

each layer, the biomass per layer is:
B,=—=Nm )

The biomass rate of change is then:

dB,__ _dN,  dm

— [

= + -
dt dt ® dt (10)

and when the biomass remains constant, dB,/dt = 0, we have:

dN, __, dm

dt ot (11)
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Thus, since m and N, are always positive, dNe and dm must be of opposite signs, that
IS, an increase in mass implies a decrease in density, which can be due to mortality as

well as reorganization of the individuals into new layers (migration), and viceversa.

Table 1. Ecological interpretation of self-thinning exponents (j3).

Biomass Effective B Interpretation
density

dB./dt=0 | dN dm B=-1 Total biomass remains constant.
N m

dB./dt>0 | dN N dm | dNg/dt<0 |B<-1 dm/dt > 0, growth rate is greater

N, m than mortality-migration rate.

dNg/dt>0 | B>-1 If dm/dt < 0, individual mass loss is
lower than density increase (-1< 3 <
0).

If dm/dt > 0, both density and mass
increase, no  competition s
observed ( > 0).

dNG/dt=0 | §— +oo | dm/dt>0

dB,/dt<0 | dN - dm | dNg/dt<0 |B>-1 If dm/dt > 0, growth rate is lower
N, m than mortality/migration rate (-1< p
<0).

If dm/dt < 0, both density and mass

decrease (B > 0).

dNe/dt>0 |B<-1 dm/dt < 0, i.e. individual mass loss
is greater than the rate of density

increase.

dNJdt=0 | f— —w | dm/dt<0

Comparing Eq. 7 and 10, we see that 3 is the ratio of the terms on the right side of Eq.
10. Thus, when biomass remains constant: p ~ -1 (Eg. 11). This can reflect two
situations: (i) dN¢/dt and dm/dt are bounded away from 0, and the rates of change of
individual mass and effective density are equivalent, or (ii) dN¢/dt ~ 0 and dm/dt = O,
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thus competition ameliorates and the system is stabilized. Generalizing, when dN¢/dt <
0, such as with mortality and/or migration, then g <-1 (e.g. -3/2, -4/3) if dB./dt > 0, that
is, the growth rate is greater than the mortality rate; and g > -1 if dB,/dt < O, that is, the
growth rate is lower than the mortality rate. The opposite holds for dN¢/dt > 0. When the
effective density remains constant, dN¢/dt = 0, B tend to (either positive or negative)

infinity (see Table 1).

5.2.2. Experimental design

We tested the validity of the dynamic self-thinning model through its application to the
study of the mussel Mytilus galloprovincialis grown in suspended culture. This study
analyzed seven density treatments (220, 370, 500, 570, 750, 800 and 1150 individuals
per meter of rope) in the period from thinning-out to harvest (April-November 2008),
following protocols and cultivation techniques used in the Galician Rias. In late April,
for each density treatment, 28 ropes containing even-aged mussels were randomly
distributed within the same raft in the Ria de Ares-Betanzos (NW of Spain). Monthly
samples were taken until harvest (7 samplings, from late May to late November). In
each sampling, a section of known length was taken from 4 ropes of each density
treatment (28 ropes per sampling date). Each sample was cleaned of epibionts and
weighed to obtain the population biomass (B; g). The mussels were counted to calculate
the density as number of mussels per meter of rope (No; ind/m), which was standardized
to the number of individuals per square meter of rope (N; ind/m?). The individual fresh
mass (M ; g) was obtained from sub-samples of 250-300 individuals, dividing the total
mass by the number of individuals. Multilayered packing alters the surface area
available to the individuals and, thus, could modify the ST exponent (Fréchette &
Lefaivre 1990; Hosomi 1985; Hughes & Griffiths 1988). To account for this effect, the
effective surface area occupied (Se), that is, the surface the individuals would occupy if
they were arranged in a single layer (Guifiez et al. 2005), is required. The effective
surface area (S¢) was obtained by image analysis techniques (Filgueira et al. 2008)
assuming that the maximum anterio-posterior axis of mussels is disposed perpendicular
to the substrate. The effective density or number of individuals per layer (Ne =No/Se)
and the number of layers (L=N/N.) of each sample were calculated according to Guifiez
& Castilla (2001).
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5.2.3. Statistical analysis

In this work, the dynamical approach proposed for multilayered populations was
compared against the traditional tridimensional ST model. Firstly, for each density
treatment, the traditional ST model (Eq. 1) was fitted using different regression methods
(reviewed in Chapter 4). We tested the dependence of the estimated exponents on the
density treatment to check whether the traditional model is able to detect different
competition patterns. The estimated exponents were also compared with the theoretical
food self thinning (FST) exponent (Brst=-1.33) and the space self-thinning (SST)
exponent obtained by image analysis techniques (Bsst=-1.23; Chapter 4), to
discriminate the competition limiting factor.

In order to fit the dynamic model, for each time and density treatment, M=1000
replicates of effective density (Ne) and mean individual mass (m) were obtained by
Monte Carlo simulations. Then, the self-thinning exponent and its 95% confidence
interval were estimated for each sampling interval (Eqg. 7). Finally, Tukey tests were
applied to determine whether B = -1, that is, whether the biomass remained constant
between samplings. The statistical analysis was performed with the help of the
statistical package R 2.12.2 (R Development Core Team, 2011).

5.3. Results

Fig. 1 shows the temporal evolution of density (N), effective density (N.), biomass (B),
biomass per layer (BL), number of layers (L) and mean individual fresh mass (m) for
each density treatment (see tables in Appendix). We observe a trade-off between the
exponential decrease in effective density and the increase in individual fresh mass, for
all treatments. The density (N) plot shows that mortality occurred only in the higher
initial densities (> 500 ind/m). Thus, for low-density populations the decrease in Ne
would respond only to reorganization of individuals into new layers (migration), while
for higher densities this would also include mortality. Mass, biomass, and biomass per
layer increased in the first months and remained constant, or even decreased at higher
densities in the last three months. Finally, for all densities an increase in the number of
layers throughout the experimental period was observed. This increase was steadily at

lower densities, while at higher densities the reorganization of growing individuals
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caused a continuous readjustment between the number of layers and the effective
density. Finally, in Fig.1 we observed that the density, number of layers, and biomass
depended on the density treatment, while mean individual mass, effective density and
biomass per layer were homogeneous over the density gradient. This implies that in
multilayered populations crowding is reflected by the degree of packing measured as the

number of layers (L).
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Fig. 1. Temporal evolution of density (N), effective density (N.), biomass (B), biomass per layer

(BL), number of layers (L) and mean individual mass (M ) for each density treatment.
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Table 2 shows the fits for the classical tridimensional self-thinning model (Eq. 1) for
each density treatment. Since significant differences between the different regression
methods applied in this study were not observed, only the results from linear regression
(ordinary least squares, OLS) are shown. We obtained a good fit for m-N, relationships
(R? > 0.94). No significant effect of density treatment on the estimated exponents was
observed (see Cls in Table 2). Likewise, comparison of the estimated exponents with
the theoretical space (Bsst=-1.23) and food (Brst=-1.33) ST exponents, did not allow
discriminating the competition limiting factor for 220, 500, 700 and 800 ind/m density
treatments, while concluded competition for food in mussels at 370, 570 and 1150
ind/m (see Cls for B in Table 2).

Table 2. OLS fit for the tridimensional model (M = KNf), estimated parameters and 95%

confidence intervals for each density treatment.

Ind/m K Cl B Cl R’

220 12.402 [11.539, 13.265] | -1.2461 [-1.363, -1.129] | 0.9464
370 13.488 [12.639, 14.336] | -1.3970 [-1.512,-1.282] | 0.9585
500 12.640 [11.878,13.401] | -1.2844 [-1.387,-1.182] | 0.9606
570 13.300 [12.558, 14.043] | -1.3730 [-1.473,-1.273] | 0.9672
700 12.684 [11.876,13.491] | -1.2895 [-1.399, -1.180] | 0.9558
800 13.011 [12.137,13.886] | -1.3381 [-1.456,-1.220] | 0.9527
1150 | 13.433 [12.413,14.454] | -1.3944 [-1.531, -1.258] | 0.9421

Table 3 shows the estimated self-thinning exponents obtained with the dynamic model,
and Figs. 2-8 show the plots of the traditional and dynamic fits for each density
treatment. The high variability observed for B in certain months was due to the lack of

changes in effective density (dN¢/dt ~0).

During the first three months, mussels grown at lower initial density (220, 370 and 500
ind/m) presented higher growth rates than migration rates, giving rise to a progressive
increase in biomass per layer and to a ST exponent lower than -1 (Figs. 2-4). As dL/dt >
0, population biomass also increased. In the next three months, both rates were fairly
equivalent and B was =~ -1. From September onwards the growth and migration rates
tended to 0.
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Mussels grown at 570 ind/m (Fig. 5) showed a different behavior. In June, p < -1, the
growth rate was higher than the decrease in effective density, which from this treatment
is attributable to both mortality and reorganization into new layers (migration) (Fig. 1).
In July, the rate of growth and decrease in effective density were similar and, as dL/dt =
0, population biomass remained constant, obtaining a ST exponent close to -1. In
August, the growth rate rose, probably as a result of the lower growth in July, giving
rise to an increase in biomass and B << -1. From August onwards  was equal to -1.
However, whereas in September and November both growth and density decrease rates
were similar and bounded away from 0, in October both rates were close to 0.

The 700 and 800 ind/m density treatments (Figs. 6 and 7) showed a similar behavior.
During the first months (up to September and August, respectively) the growth rate was
higher than the decrease in effective density, leading to a progressive increase in both
biomass per layer and population biomass (p < -1). Afterwards, both rates tended to 0
and B = -1, with the exception of November for 700 ind/m, where the growth rate was
higher than O and 8 < -1.

Mussels grown at 1150 ind/m (Fig. 8) followed a different pattern than the previous
density treatments. In June, the mortality-migration rate was higher than the growth rate
(B > -1) indicating stronger intraspecific competition than at lower densities. This trend
was reversed in the next two months and lead to self-thinning exponents lower than -1,
being particularly low in July due to dN¢/dt—0. In September, the growth and Ne
decrease rates were equivalent (B = -1) and the biomass per layer remained constant.
The sign of dN/dt changed between the September-October and October-November
samplings, leading to discontinuities in the ST trajectory. In October < -1, but in this
case the effective density grew due to a reduction in the number of layers (Fig. 1), being
this density increase lower than the loss of individual mass. In the last month, dN¢/dt < 0
again and the rate of growth was higher than the decrease in effective density, leading to
B < -1. In contrast to what occurred in the other density treatments, the point at which
effective density stabilizes was never reached for 1150 ind/m treatment, and the system

kept regulating itself at the end of the experiment.
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Table 3. Estimated self-thinning exponents for the dynamical approach, 95% confidence

intervals and p-values of Tukey test for Hy: B = -1.

June July August  September  October November

220 | B -1.370 -1.356 -1.495 -1.030 -1.863 -0.303
2.5% | -1.403 -1.410 -1.536 -1.099 -2.352 -1.496

97.5% | -1.338 -1.301 -1.453 -0.961 -1.375 0.892
<0.0001 <0.0001 <0.0001 0.3964 0.0005 0.2525

370 -1.579 -1.415 -1.747 -0.940 -0.179 -2.649
2.5% | -1.620 -1.457 -1.781 -0.963 -1.160 -4.553

97.5% | -1.538 -1.373 -1.712 -0.918 0.802 -0.745
<0.0001 <0.0001 <0.0001 <0.0001 0.1008 0.0895

500 -1.243 -1.503 -1.452 -1.483 -1.343 -0.271
2.5% | -1.267 -1.574 -1.509 -1.875 -1.962 -0.954

97.5% | -1.218 -1.433 -1.394 -1.091 -0.723 0.413
<0.0001 <0.0001 <0.0001 0.0157 0.2781 0.0365

570 -1.539 -0.997 -3.021 -0.963 -0.814 -1.123
2.5% | -1.561 -1.099 -3.247 -1.010 -1.578 -1.376

97.5% | -1.517 -0.895 -2.795 -0.915 -0.050 -0.871
<0.0001 0.954  <0.0001 0.1255 0.6327 0.3382

700 -1.148 -1.618 -1.412 -1.183 -1.464 -2.357
2.5% | -1.181 -1.659 -1.501 -1.281 -2.383 -3.334

97.5% | -1.115 -1.576 -1.323 -1.085 -0.545 -1.380
<0.0001 <0.0001 <0.0001 0.0003 0.3220 0.0065

800 -1.484 -1.333 -1.502 -1.139 -1.177 -1.751
2.5% | -1.536 -1.371 -1.533 -1.394 -1.734 -3.458

97.5% | -1.432  -1.295 -1.470 -0.883 -0.619 -0.045
<0.0001 <0.0001 <0.0001 0.2882 0.5341 0.3878

1150 -0.842 -5.690 -1.438 -0.975 -1.280 -1.249
2.5% | -0.889 -7.834 -1.454 -1.066 -1.413 -1.285

97.5% | -0.796 -3.545 -1.421 -0.885 -1.146 -1.214
p <0.0001 <0.0001 <0.0001 0.5946 <0.0001  <0.0001
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Fig. 2. Left: classical self thinning model. Right: dynamic self-thinning model, exponents (solid
line) and 95% confidence band (dashed line) for 220 ind/m.
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Fig. 3. Left: classical self thinning model. Right: dynamic self-thinning model, exponents (solid
line) and 95% confidence band (dashed line) for 370 ind/m.
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Fig. 4. . Left: classical self thinning model. Right: dynamic self-thinning model, exponents
(solid line) and 95% confidence band (dashed line) for 500 ind/m.
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Fig. 5. Left: classical self thinning model. Right: dynamic self-thinning model, exponents (solid
line) and 95% confidence band (dashed line) for 570 ind/m.
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Fig. 6. Left: classical self thinning model. Right: dynamic self-thinning model, exponents (solid
line) and 95% confidence band (dashed line) for 700 ind/m.
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Fig. 7. Left: classical self thinning model. Right: dynamic self-thinning model, exponents (solid
line) and 95% confidence band (dashed line) for 800 ind/m.
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Fig. 8. Left: classical self thinning model. Right: dynamic self-thinning model, exponents (solid
line) and 95% confidence band (dashed line) for 1150 ind/m.

5.4. Discussion

In this study we extend the dynamic self-thinning model proposed by Roderick &
Barnes (2004) to the analysis of multilayered sessile animal populations. Comparison of
this model against the classical tridimensional self-thinning model shows that the

dynamical approach outperforms the traditional model in several points.

The estimation of the ST exponent trajectory by the dynamic model reflects the
dynamic nature of the ST process (Westoby 1984; White 1981). However, the
traditional model assumes that the ST parameters remain constant over time, being
restricted to the analysis of the average competitive behavior of the population. Several
authors (Begon et al. 2006; Chen et al. 2008; Nash et al. 2007; Xue & Hagihara 1998)
have defined the “dynamic thinning line” as the temporal evolution of the mass-density
relationship in a population. However, they have limited their study to the linear
asymptote that this trajectory would approach, overlooking the time effect. From the
methodological viewpoint, the assumption of independence for sequential
autocorrelated data by the classical model leads to underestimate the error (overestimate

the goodness of fit) and produces a biased estimation of the self-thinning parameters.
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The dynamic model, which analyzes each sampling interval separately, overcomes this

error.

In contraposition with the classical self-thinning model, the dynamical approach
detected the effect of density treatment on the competitive behavior of individuals and
population dynamics. Particularly, the exponent trajectories showed similar patterns
among the 220- 800 ind/m treatments in contraposition with the density of 1150 ind/m.
However, it should be noted that similar exponent trends could reflect different
dynamics. Thus, for initial densities lower than 570 ind/m, the decrease in effective
density was exclusively due to reorganization into new layers (migration), while at
higher densities (570 - 1150 ind/m) it also included mortality. At the beginning of our
study, mussel growth exceeded mussel migration-mortality rate in all density treatments
analyzed, except for the 1150 ind/m. This indicates a greater intraspecific competition at
high density levels and suggests that the carrying capacity of the system was reached.
After the initial fall in N, the availability for limiting resources in 1150 ind/m treatment
increased. And in the next two months, as for the lower densities, the individuals were
able to grow at a greater rate than density decreased. In populations with initial densities
below 1150 ind/m, from September onwards the biomass remained constant and both
density decrease and individual growth tended to 0. This is probably due to the fact that
the growth curve asymptote had been reached (Chapter 2). Therefore, intraspecific
competition was no longer observed at these densities, while the 1150 ind/m population
was still self-regulating at the end of the experiment. This suggests that populations
grown at higher density levels, with stronger intraspecific competition, need more time
to stabilize (Fig. 1).

The classical ST model is based on allometric relationships depending on a series of
assumptions (Fréchette & Lefaivre 1990) that do not always hold, i.e. isometric growth
and the 100% occupation of the sampling area. Conversely, the dynamic model is based
on a mathematical axiom (Eq. 8) and therefore its validity does not depend on the
empirical conditions. The dynamic model is a generalization of the traditional model
but, as it is not based on the same allometric relationships, the estimated exponents are
not comparable to the theoretical exponents of the classical model. Rather than
discriminating the limiting factor, which has been one of the main goals in the ST
analysis, the dynamic model focuses on analyzing the evolution of intraspecific

competition over time (Table 1). Therefore, this new approach provides a more realistic
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description of population dynamics. Moreover, the dynamic model allows the
ecological interpretation of any possible value of B, while the traditional model can not
explain any exponent different from the theoretical ones (-3/2 and -4/3). Finally, the
results of our study confirm the difficulty of the classical model to achieve its main

objective of distinguishing the competition limiting factor, as indicated in Chapter 4.

A crucial point in the application of the dynamical approach is to detect when the sign
of dN¢/dt changes, as this change of sign introduces a discontinuity in the trajectory of
the ST exponent. This should be considered when describing the ST process, since
similar exponents can actually reflect opposite behaviors (Table 1), as observed for the
1150 ind/m density in the last two months (Fig. 8, Table 2).

In summary, this study demonstrates the applicability of the self-thinning dynamic
model proposed by Roderick & Barnes (2004) to the analysis of multilayered sessile
animal populations. Moreover, in contraposition with the classical self-thinning model,
the dynamical approach allows studying the effect of population density on the
competitive behavior of individuals and gives insight into the temporal evolution of
intraspecific competition, providing a more realistic description of population dynamics.
Nevertheless, it should be noted that for a correct ecological interpretation of self-
thinning it is critical to analyze simultaneously the estimated exponents (B) and the
variables involved in the process, i.e., density, total biomass and individual mass, as
well as effective density, number of layers and biomass per layer for multilayered
populations. This highlights the difficulty of interpreting an intricate process as self-

thinning through a single parameter (j8).
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Dynamic self-thinning model

Table Al. Mean and SD of density (N; ind/m?), effective density (N,; ind(m?L)™), number of
layers (L), mean individual fresh mass (m; g), total biomass (B; kg) and biomass per layer (B;

kg) over the experimental period for 220 ind/m.

220 N Ne L m B BL

May Mean 2759.50 2622.40 1.05 1299 33.90 32.25
SD 289.20 7473 011 090 3.06 1.24
June Mean 2799.77 2011.78 140 18.74 49.83 3548
SD 121.82 12416 0.15 2.02 7.44 1.67
July Mean 2835.44 1707.40 1.66 23.07 61.83 37.24
SD 383.80 3384 025 144 915 204
August Mean 2218.35 1463.75 1.52 28.61 60.05 39.65
SD 19511 59.32 0.11 099 485 1.69
September Mean 2493.67 1283.57 1.93 32.28 75.05 38.99
SD 613.28 8743 0.34 294 1140 1.08
October Mean 2550.63 1194.06 2.14 3542 91.05 42.34
SD 402.62 5349 032 250 2058 3.10
November Mean 2591.77 1159.85 2.23 37.16 90.18 40.42

SD 140.34 28.73 011 179 342 117
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Table A2. Mean and SD of density (N; ind/m?), effective density (N,; ind(m?L)™), number of
layers (L), mean individual fresh mass (m; g), total biomass (B; kg) and biomass per layer (B;

kg) over the experimental period for 370 ind/m.

370 N Ne L m B BL

May Mean 4689.88 2559.75 1.83 12.26 56.15 30.90

SD 669.97 9289 0.21 0.86 4.05 2.62

June Mean 4778.48 211439 225 16.45 75.18 33.30

SD 82226 9465 031 145 1262 1.79

July Mean 4643.99 178459 261 20.67 94.23 35.97

SD 80032 7440 048 0.68 1994 1.07

August  Mean 4219.62 1520.97 2.77 26.94 105.23 37.97
SD 28548 5370 0.09 0.98 574 0.88

September Mean 3817.72 1248.79 3.06 32.26 127.20 41.64
SD 21327 3270 0.16 142 1094 4.14

October Mean 4351.27 122851 3.54 33.36 143.55 40.59
SD  796.19 2811 0.64 157 2523 1.06

November Mean 3517.18 1181.08 2.99 39.95 130.45 44.25

SD 45592 5866 049 384 807 5.80
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Table A3. Mean and SD of density (N; ind/m?), effective density (N.; ind(m?L)™), number of
layers (L), mean individual fresh mass (m; g), total biomass (B; kg) and biomass per layer (B;

kg) over the experimental period for 500 ind/m.

500 N Ne L m B BL

May Mean 6342.70 2759.13 2.30 11.73 8295 36.52
SD 75091 11182 0.22 094 580 5.87
June Mean 5750.00 204144 282 17.06 96.30 3391
SD 911.18 2484 045 146 2160 3.14
July Mean 6144.62 1762.92 3.52 21.14 123.85 35.04
SD 814.83 12843 0.67 242 2750 1.59
August Mean 5991.46 1501.06 3.99 26.13 146.58 36.74
SD 594.01 1425 038 0.63 13.80 0.20
September Mean 6334.50 1346.27 4.71 29.63 174.43 37.13
SD 581.04 5931 036 231 893 1.08
October Mean 5142.09 1230.78 4.17 33.26 160.23 38.44
SD 503.83 40.78 033 1.87 1020 0.73
November Mean 5664.56 123490 4.59 33.00 174.25 38.02

SD 363.17 1744 025 057 754 057
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Table A4. Mean and SD of density (N; ind/m?), effective density (N.; ind(m?L)™), number of
layers (L), mean individual fresh mass (m; g), total biomass (B; kg) and biomass per layer (B;

kg) over the experimental period for 570 ind/m.

570 N Ne L m B BL

May Mean 7192.60 2660.65 2.71 11.57 83.35 30.77
SD 51496 13699 0.29 0.15 823 1.29
June Mean 7626.27 2022.27 3.78 17.67 120.90 31.95
SD 37349 10235 033 139 2358 5.30
July Mean 7272.15 1793.32 4.08 19.49 137.08 33.57
SD 465.61 111.37 047 184 1948 134
August Mean 6487.34 1628.62 3.99 25.12 174.70 43.96
SD 513.19 6497 038 238 1851 4.70
September Mean 6281.65 1385.94 4.54 28.86 173.45 38.21
SD 738.80 2898 058 0.72 23.07 094
October Mean 6246.84 1368.73 4.58 30.30 175.60 38.43
SD 363.58 5219 043 096 1234 1.09
November Mean 511393 1214.18 4.21 3352 160.30 38.12

SD 57322 2961 036 195 1364 1.49
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Table A5. Mean and SD of density (N; ind/m?), effective density (N.; ind(m?L)™), number of
layers (L), mean individual fresh mass (m; g), total biomass (B; kg) and biomass per layer (B;

kg) over the experimental period for 700 ind/m.

700 N Ne L m B BL

May Mean 8936.70 2630.53 3.41 12.63 110.50 32.42
SD 109.39 149.70 0.18 0.83 1054 1.79
June Mean 7694.30 2048.47 3.78 16.72 131.90 34.92
SD 669.19 14859 0.56 1.84 1851 1.47
July Mean 6621.84 1664.80 3.98 23.17 14548 36.45
SD 99550 4766 059 114 2631 201
August Mean 6898.74 1461.62 4.71 27.58 175.88 37.42
SD 1237.58 4595 0.71 353 2417 161
September Mean 7055.38 1296.67 5.45 30.94 208.83 38.32
SD 1074.40 2354 091 164 3492 127
October Mean 6934.18 1246.34 5.57 32.98 164.75 29.59
SD 366.46 7580 0.26 2.02 4698 8.18
November Mean 6929.21 1169.08 5.93 35.86 260.10 43.87

SD 366.28 4329 0.19 284 4555 7.56
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Table A6. Mean and SD of density (N; ind/m?), effective density (N.; ind(m?L)™), number of

layers (L), mean individual fresh mass (m; g), total biomass (B; kg) and biomass per layer (B;

kg) over the experimental period for 800 ind/m.

800 N Ne L m B BL
May Mean 10126.60 2667.28 3.80 11.61 113.38 29.82
SD 576.59 6430 027 146 991 101
June Mean 9603.48 2166.36 4.44 15,53 138.17 31.00
SD 121.12  136.69 0.24 145 2426 4.47
July Mean 9224.68 1800.66 5.13 19.73 177.70 34.49
SD 1179.69 4157 069 0.73 3138 1.53
August Mean 8821.20 1508.45 5.85 25.45 212.95 36.45
SD 775.75 2450 046 128 16.60 1.27
September Mean 7531.65 1406.15 5.36 27.01 225.70 42.64
SD 896.57 3123 070 120 589 564
October Mean 7372.15 128494 5.74 30.74 166.60 29.40
SD 546.22 3236 048 341 3743 8.28
November Mean 8268.99 1219.98 6.77 33.86 249.38 36.78
SD 744.01 51.11 045 469 5237 6.65
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Table A7. Mean and SD of density (N; ind/m?), effective density (Ne; ind(m®L)™), number of
layers (L), mean individual fresh mass (m; g), total biomass (B; kg) and biomass per layer (B;

kg) over the experimental period for 1150 ind/m.

1150 N Ne L m B BL

May Mean 14588.63 3007.03 4.87 10.13 160.78 33.18
SD 323.78 18261 032 096 19.18 484
June Mean 14373.42 2149.96 6.71 13.70 214.38 31.93
SD 645.57 11328 056 292 29.67 2.80
July Mean 12286.39 2042.59 6.05 17.28 215.05 35.48
SD 97449 11384 0.79 058 33.70 151
August Mean 9683.23 1491.20 6.49 27.05 243.75 37.52
SD 1076.51 4510 0.67 159 2926 1.39
September Mean 10056.01 1338.80 7.52 29.62 315.43 42.02
SD 403.61 4242 049 172 6280 8.78
October Mean 9061.08 1530.06 5.96 25.31 266.93 46.04
SD 782.88 106.10 0.79 274 33.20 13.00
November Mean 8452.88 1221.20 6.93 33.57 292.00 42.26

SD 925.28 4787 0.77 150 53.44 7.22
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Capitulo 6

El cultivo de mejillon tiene una gran importancia ecoldgica y socio-econémica en las
Rias Gallegas y se encuentra determinado en gran medida por la densidad de las
unidades de cultivo (bateas), su distribucion espacial, las caracteristicas ecoldgicas y
oceanogréaficas y, en particular, la disponibilidad de alimento en el area de cultivo.
Ademas, la densidad en cada unidad de cultivo (nimero de cuerdas) y la densidad por
cuerda (individuos por cuerda) es un factor fundamental que afecta al rendimiento y la
productividad de la cosecha y por lo tanto, es de extrema importancia para el desarrollo
de estrategias de explotacién y gestion de los cultivos.

Desde el punto de vista ecoldgico, la densidad juega un papel importante en la dindmica
poblacional de los organismos sésiles. La especie Mytilus galloprovincialis tiene una
gran capacidad de filtracion que puede ocasionar la deplecion de las particulas de seston
en la columna de agua y provocar limitaciones de alimento. Esto puede conllevar a la
aparicion de fendmenos de competencia intraespecifica que daran lugar a limitaciones
en el crecimiento de los individuos. Ademas, al aumentar la densidad, los individuos
pueden sufrir efectos negativos sobre su capacidad de la apertura valvar para
alimentarse y restricciones en el crecimiento causadas por limitaciones espaciales
(Bertness & Grosholz 1985; Frechette & Despland 1999). Todo esto puede
desencadenar la aparicion de una mortalidad denso-dependiente o self-thinning (ST) que
finalmente regula el tamafio poblacional en funcion de la disponibilidad de recursos.

La existencia de competencia por espacio y alimento ha sido observada en poblaciones
de mejillones, tanto naturales (Bertness & Grosholz 1985; Harger 1972; Kautsky 1982;
Okamura 1986; Seed 1969) como cultivadas (Ceccherelli & Barboni 1983; Fréchette &
Lefaivre 1990; Fréchette et al. 1992; Mueller, 1996; Taylor et al. 1997). La acuicultura
en cultivo suspendido representa un caso especial de agregacion donde se maximiza la
densidad de estos suspensivoros para conseguir un mayor rendimiento comercial. Esto
nos proporciona un escenario ideal para el estudio de los efectos de la densidad y la
competencia intraespecifica en condiciones naturales.

En este trabajo se aborda el estudio de la influencia de la densidad poblacional sobre el
crecimiento, la plasticidad morfoldgica y la supervivencia de Mytilus galloprovincialis
en una situacion de cultivo suspendido en la Ria de Ares-Betanzos. Ademas, se revisan
los distintos modelos y métodos de regresion empleados actualmente en el analisis del
self-thinning mediante su aplicacion al estudio de poblaciones animales sésiles con

disposicion multicapa. Para ello, se ha realizado la evaluacion temporal de poblaciones
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de Mytilus galloprovincialis cultivadas a diferentes densidades (220, 370, 500, 570,
750, 800 y 1150 individuos por metro lineal de cuerda) durante ocho meses (abril-
noviembre de 2008), abarcando el periodo de desdoble a cosecha. En base a los
resultados obtenidos en los distintos capitulos que conforman este trabajo, se

establecieron las siguientes conclusiones:

Capitulo 2:

De nuestros resultados se concluye, de forma general, que existe un efecto
negativo de la densidad de plantado sobre el crecimiento del mejillon Mytilus
galloprovincialis en una situacion de cultivo suspendido. Esta sintesis se deriva de las

siguientes conclusiones extraidas de las observaciones y correspondientes analisis.

Del analisis de las curvas de crecimiento y las tasas de crecimiento en talla y
peso se concluye que los individuos cultivados a densidades elevadas presentan un
crecimiento méas lento y consecuentemente alcanzan un peso y una talla méaximos
significativamente menores que los cultivados a menor densidad. Por lo tanto, las
densidades elevadas contienen una mayor proporciéon de individuos pequefios y una
menor proporcion de mejillon de mayor tamafio, en relacion a densidades menores. La
existencia de un crecimiento diferencial a lo largo del gradiente de densidad
sugiere diferencias en el nivel de competencia intraespecifica por los recursos
limitantes (espacio/alimento), que hacen que a menor densidad los individuos

obtengan una mayor proporcién de recursos, favoreciendo su crecimiento.

El efecto negativo de la densidad sobre las tasas de crecimiento de la talla 'y
peso se acentla con el crecimiento de los individuos. Asi, los efectos sobre la tasa de
crecimiento se vuelven significativos a partir de tallas en torno a los 66 mm. Esto
indica que, a medida que los individuos crecen, sus requerimientos por los recursos
limitantes aumentan y los fendmenos de competencia intra-especifica se intensifican.
Este hecho deberia ser considerado en la gestion de la acuicultura, ya que si se limita el
tamafo del mejillébn en la cosecha, los cultivos pueden soportar densidades mas

elevadas sin que lleguen a observarse efectos negativos sobre el crecimiento.
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A su vez, un ajuste de la densidad de cultivo a la disponibilidad de alimento
de cada zona permitira minimizar la competencia intraespecifica y por tanto,
mejorar el crecimiento y rendimiento del mejillon, optimizando la produccion y los

beneficios econémicos.

Capitulo 3:

Nuestros resultados permiten concluir que existe una variacion en la
morfologia de los mejillones asociada al crecimiento, observandose una disminucion
en las relaciones alto/largo y alto/ancho (H/L y H/W) y un incremento en la relacion
ancho/largo (W/L) al aumentar la talla. Por lo tanto, aunque se registra crecimiento en
todas las dimensiones, estos cambios no son uniformes a lo largo del tiempo, sino que
se producen cambios progresivos en las proporciones relativas al aumentar la talla. Este
crecimiento diferencial entre las distintas dimensiones de la concha se refleja en un
cambio gradual en su forma, de tal manera que los mejillones de mayor tamafio
presentardn una morfologia mas elongada en la cual el alto excedera al ancho, en una

proporcion cada vez menor.

Nuestro trabajo apoya la hipétesis de que la plasticidad morfoldgica es una
estrategia para mitigar los efectos de la competencia intra-especifica a nivel
individual. Se ha observado que los mejillones plantados a mayor densidad disminuian
su relacién H/L y WIL, dando lugar a conchas mas elongadas o filiformes y estrechas
qgue los que crecen a bajas densidades. La estrategia de alcanzar formas mas
elongadas resulta ser ventajosa en ambientes de elevada densidad, al reducir la
interferencia fisica entre individuos favoreciendo la tasa de aclaramiento (Jgrgensen et
al. 1988) y permitir una mejor exposicion de su sifon inhalante y por lo tanto, un mejor

acceso al alimento (Sénechal et al. 2008).

No se observaron diferencias asociadas a la densidad en la relacion H/W. Esto
indica que la competencia intraespecifica, aunque provoca restricciones en el
crecimiento en altura y anchura de los mejillones, lo hace siempre en la misma

proporcion a lo largo del gradiente de densidad.
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La interaccion significativa entre densidad y tiempo observada en la relacion
H/L y WIL refleja un aumento progresivo de la competencia intraespecifica con el
crecimiento de los organismos, debido al incremento de sus requerimientos de
espacio y alimento, como se observa en las tasas de crecimiento en talla y peso
(Capitulo 2).

Nuestros datos indican que no existe un efecto significativo de la densidad
de cultivo sobre la distribucion de energia entre concha y tejidos. Aunque los
individuos cultivados a menor densidad obtienen una mayor cantidad de energia
(Capitulo 2), el reparto de esta entre la concha y el tejido se mantiene en la misma
proporcioén a lo largo del gradiente de densidad estudiado, para una misma época. Esto
corrobora que el indice de condicion (IC) es un indicador débil para detectar el
efecto de la densidad en moluscos bivalvos, probablemente porque la mayor parte de
su variabilidad se asocia a fluctuaciones en el ciclo gametogénico y a variaciones

estacionales en la disponibilidad de alimento.

Al final del periodo experimental del presente estudio se constata la
existencia de fendmenos de competencia asimétrica en densidades elevadas, debidos
a que los individuos de mayor tamafio obtienen una mayor proporcion de recursos e
interfieren en el crecimiento de los individuos mas pequefios. Por este motivo, se
obtiene una mayor uniformidad morfolGgica entre tallas en las poblaciones cultivadas a

menor densidad, lo que puede ser de interés para la industria miticultora.

Capitulo 4:

De los resultados obtenidos se concluye que en poblaciones con disposicion en
maultiples capas, el nivel de ocupacién o hacinamiento (“crowding”) se refleja en el
grado de empaquetamiento, medido como numero de capas (L), mientras que la
densidad de cada capa (N¢) se mantiene estable a lo largo del gradiente de densidad

estudiado.
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El empleo de la relacion alométrica volumen-superficie ocupada, en lugar de
usar la masa como estimador del volumen, mejora la estimacion del exponente tedrico
del self-thinning espacial (SST).

La estimacion del exponente tedrico del SST depende del método de medida
empleado en el calculo de la superficie ocupada, lo que cuestiona la aplicabilidad
de los exponentes tedricos del ST en el estudio de poblaciones animales sesiles. Asi,
la estimacion de superficie ocupada obtenida por el método del paralelepipedo (Sp)
proporciona un exponente igual al tedrico (Bpsst = -0.50), mientras que con la
estimacion por imagen (Sim), Mas precisa, se invierte la relacion establecida entre los
exponentes por espacio y alimento (Brst>Bsst) (Bimsst =-0.23 > Brst =-0.33).

La proximidad encontrada entre los exponentes tedricos estimados para
espacio -por imagen- y alimento (-0.23 y -0.33, respectivamente) dificulta la

discriminacion entre ambos tipos de competencia.

Por otra parte, nuestros resultados descartan el empleo del modelo bidimensional
en el estudio del self-thinning debido a la baja proporcion de varianza explicada y la
dependencia entre los residuos y el nimero de capas. Se confirma la necesidad de
aplicar el modelo tridimensional de self-thinning propuesto por Guifiez & Castilla
(1999) cuando se analizan poblaciones animales sésiles con disposicion multicapa.

La inclusion de las densidades que no presentan mortalidad en el anélisis de
self-thinning no introdujo sesgo en la estimacion del exponente, en contra de lo
indicado en estudios previos (Lonsdale 1990; Mohler et al. 1978; Osawa & Sugita 1989;
Osawa & Allen 1993; Weller 1987%), con lo que se evita realizar una seleccion subjetiva
de los datos.

La sustitucion de la densidad (N) por la densidad efectiva (Ne) en el modelo
tridimensional de ST proporciona ajustes equivalentes y reduce el modelo
tridimensional (m-N-L) a uno bidimensional (m-N,), simplificando la interpretacion del

modelo.

El empleo de distintos métodos de regresidn (regresion lineal simple-OLS,
regresion de eje maximo-RMA, ajuste robusto-RM y modelo no lineal-NLM) no

conlleva diferencias significativas en la estimacion de los parametros de ST (k, 13),
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aungue el ajuste robusto aporta conclusiones distintas respecto al factor limitante.
Sin embargo, el hecho de que el RM reduzca el peso de los valores extremos limita su

aplicabilidad en el estudio de self-thinning.

La estimacion de los parédmetros del modelo tridimensional y las
conclusiones sobre el factor limitante de la competencia (espacio/alimento)
dependen de la relacion estudiada (masa o biomasa) y del método de medida de las
variables del modelo (biomasa, masa y superficie ocupada). Esta falta de
consistencia del modelo de ST dificulta la discriminacion del tipo de competencia, y

en consecuencia, la interpretacion ecoldgica de la dinamica poblacional.

Se recomienda el empleo de métodos de analisis de frontera (Stochastic
Frontier Function, SFF) en el analisis de ST, ya que i) permiten estimar el
limite/linea superior de ST (upper boundary line) incluyendo todos los valores, sin
necesidad de realizar una seleccion subjetiva de datos, ii) permiten estudiar el nivel de
ocupacion del sistema, iii) aportan una interpretacién dindmica del proceso de ST
mediante el analisis de la variabilidad temporal del nivel de ocupacion y iv) se obtienen
las mismas conclusiones respecto al factor limitante al utilizar las relaciones para

biomasa y masa (es un método mas robusto).

Capitulo 5:

Con el objetivo de resolver la falta de consistencia del modelo tridimensional, en
este capitulo se demuestra la aplicabilidad del modelo dindmico de self-thinning,
propuesto por Roderick & Barnes (2004), en el andlisis de poblaciones animales
sésiles con disposicion en multiples capas. La comparacién de este método con el
modelo tradicional de self-thinning muestra que el enfoque dindmico mejora al

modelo tridimensional tradicional en varios aspectos:

- El modelo dindmico, al estimar la trayectoria del exponente de self-
thinning, refleja la naturaleza dindmica del proceso. Mientras que el modelo
tradicional, al suponer que los pardmetros de ST se mantienen constantes, se limita a

estudiar el comportamiento medio de la poblacion.
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- El modelo dindmico evita el error de estimacion que comete el modelo
tradicional al aplicar métodos de regresion que suponen medidas independientes a datos
secuenciales, y por tanto autocorrelacionados, evitando asi la estimacion sesgada de los

parametros de ST.

- El modelo dinamico, a diferencia del modelo tradicional de ST, permite
estudiar el efecto de la densidad poblacional en el comportamiento competitivo y la
evolucién temporal de la competencia intraespecifica, aportando una descripcion

mas realista de la dindmica poblacional.

- ElI modelo dindmico es capaz de interpretar cualquier posible valor de B,
mientras que el modelo tradicional no ofrece explicacion para exponentes distintos a los
teoricos (-0.5 0 -0.33). Ademas, los resultados de este trabajo confirman la dificultad del
modelo clasico para discriminar el factor limitante, como ya se indicaba en el Capitulo
4,

Por otro lado, en la aplicacion del modelo dindmico de ST hay que tener en
cuenta varios aspectos:

- Para interpretar correctamente el comportamiento de la poblacién en cada
momento es imprescindible conocer los intervalos de tiempo donde el signo de la
derivada de la densidad (dN¢/dt) cambia, ya que exponentes similares pueden ser el
reflejo de comportamientos/dinamicas opuestas.

- Se confirma la dificultad de explicar un proceso tan complejo como el self-
thinning mediante un Gnico pardmetro (B). Para una correcta interpretacion ecoldgica
del self-thinning es imprescindible analizar conjuntamente el exponente de ST ()
y las variables que intervienen en el modelo: masa individual, densidad y biomasa
poblacional, ademas de la densidad efectiva, nimero de capas y biomasa por capa en

poblaciones con distribucion en maltiples capas.
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