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Population dynamics on mussels growing on suspended culture depend mainly on the balance of several
processes: mortality and/or dislodgements from the ropes, recruitment and growth. The negative effect
of overcrowding on mussel growth and survival has been widely studied. Other works have addressed
the effect of population size on recruitment on bottom beds. This study aims to provide insight into the processes
underlying population dynamics. To this purpose, we analyzed the effect of stocking density on mussel growth,
survival and seed settlement, and the post-settlement interaction between adults and recruits in suspended cul-
ture. The temporal pattern of the variables involved in population dynamics was fitted by GAMmodels, which in
contrast with parametric models does not assume any prior relationships between variables. Our results show
that mussel growth and survival depend on a trade-off between competition for resources at high densities
and the risk of great settlements in less crowded adult mussel populations. Intracohort competition increased
with stocking density, while seed settlement, which increases the risk of mussel dislodgements and leads to
intercohort competition, was higher at moderate stocking densities. Post-settlement competitive pressures
were driven by total population density and size composition. Both intracohort competition in adults and
asymmetric competition between adults and recruits increase with higher adult–recruit ratios. All these
density-dependent processes should be considered in future management strategies and research experi-
mental designs.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Mussels, like other sessile marine invertebrates, are gregarious or-
ganisms that form highly dense, overcrowded and multilayered matri-
ces on both bottom beds and suspended culture (Capelle et al., 2014;
Commito and Rusignuolo, 2000; Cubillo et al., 2012a; Guiñez and
Castilla, 1999). This gregarious behavior is associated with certain ad-
vantages including protection from predators (Bertness and Grosholz,
1985; Lin, 1991; Reimer and 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, which can reduce individual growth and cause density-
dependent mortality and/or dislodgements. This mechanism is known
as self-thinning (ST) and regulates the size of the population according
to the available resources (Filgueira et al., 2008b; Fréchette and Lefaivre,
1995; Fréchette et al., 1992; Guiñez, 2005; Guiñez and Castilla, 1999).

Once established, the size of mussel populations can increase
through larval settlement and growth of individuals. Most gregarious
invertebrates are highly selective in choosing a favorable substrate be-
cause after settlement their mobility is reduced or lost (Peteiro et al.,
2011). This phenomenon enables us tomake assumptions on prevailing
circumstances at settlement sites.Mytilus galloprovincialis has clear set-
tlement preferences for textured and complex substrates, which offer
increased surface area and provide spatial refuges against predation, re-
ducing post-settlementmortality (Carl et al., 2012; Filgueira et al., 2007;
Frandsen andDolmer, 2002; Peteiro et al., 2010; Rilov and Schiel, 2006a,
b). Mussel sea beds and culture ropes would then constitute a favorable
substrate for the settlement of conspecifics. Dolmer and Stenalt (2010)
found positive correlation between the density of recruited and adult
populations on mussel bottom beds. Cubillo et al. (2012c) and Irisarri
et al. (2013) also reported high settlement abundances on culture
ropes. However, larvae that succeed to settle on the ropes will compete
for food and space resources with the adult mussels (Dolmer and
Stenalt, 2010). Asymmetric competition processes, whereby larger indi-
viduals obtain a greater proportion of resources than the smaller ones,
have been reported among individuals from the same or different co-
horts (Bertness and Grosholz, 1985; Fréchette and Despland, 1999;
Fréchette et al., 1992; Lauzon-Guay et al., 2005). Asymmetric competi-
tion may lead to declined growth and survival of smaller individuals,
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post-settlement mortality and reduced recruitment (Cubillo et al.,
2012b; Dolmer and Stenalt, 2010; Frandsen and Dolmer, 2002;
Fréchette et al., 2005; Strayer and Malcom, 2006). Therefore, recruit-
ment of conspecifics in adult mussel populations depends on a trade-
off between post-settlement predation-refuge and mortality risks by
post-settlement intercohort competition (see Fig. 10 in Dolmer and
Stenalt, 2010). Although competition in mussel populations is as-
sumed to be mainly asymmetric, settlement can also reduce adult
mussel growth (Irisarri et al., 2013) and survival (Fréchette et al.,
2010; Irisarri et al., 2013) through resource shortage. Thus, consider-
ing intraspecific competition inside each (adult and recruited) co-
hort and the intercohort competition processes, are key factors to
understand the population dynamics of mussels on both natural
and culture frameworks.

Several studies have analyzed separately the processes described
above. Intracohort competition processes have been widely ad-
dressed by self-thinning analysis within adult mussel populations
(Alunno-Bruscia et al., 2000; Cubillo et al., 2012a,b; Fréchette and
Lefaivre, 1995; Fréchette et al., 1992, 1996; Fuentes-Santos et al.,
2014; Guiñez and Castilla, 1999; Lachance-Bernard et al., 2010).
Similarly, post-settlement mortality due to self-thinning was detected
in mussel seed settled on collector ropes (Peteiro et al., 2007).

The main aim of self-thinning analysis is to determine whether
competition is caused by space or food limitations. To this purpose,
the dynamics of even-aged mussels growing at different densities are
followed over time (see Fig. 1 in Cubillo et al., 2012a), and the limiting
factor is estimated by comparison between the exponent of the allome-
tric biomass–density relationship and the theoretical exponents
established in the literature (Fréchette and Lefaivre, 1990). However,
self-thinning has some drawbacks that should be taken into consid-
eration. The ST model relies on a series of regularity assumptions
(Fréchette and Lefaivre, 1990) that not always hold on natural condi-
tions. The proximity between the theoretical exponents hampers the dis-
crimination between space and food limitations (Cubillo et al., 2012a;
Fréchette and Lefaivre, 1990; Keeley, 2003; Lachance-Bernard et al.,
2010). In addition, competition in sessile animal populations may be
caused by the joint effect of space and food limitations (Fréchette
et al., 1992, 2010), thus establishing a unique limiting factor is not real-
istic. Finally, although self-thinning is a dynamic process and is analyzed
by sequential samplings, the traditional ST models overlook temporal
effects and autocorrelations leading to biased estimates of the ST expo-
nents and to a misspecification of the population dynamics.

Some of these drawbacks have been analyzed and partially over-
came by Cubillo et al. (2012a), which fitted the ST model by frontier
analysis providing a dynamic interpretation of the ST process through
the temporal pattern of site occupancy. Fuentes-Santos et al. (2014) de-
veloped a dynamic self-thinning model for multilayered sessile animal
populations, which in contrast with the traditional ST model does not
rely on any regularity assumptions. Thismodel provides amore realistic
description of population dynamics, analyzing the temporal pattern of
intraspecific competition, rather than discriminating between limiting
factors. This new approach allows the ecological interpretation of any
ST exponent, while the traditional model cannot explain any exponent
different from the theoretical ones. However, the authors highlight the
difficulty of interpreting an intricate process as ST with a single param-
eter, as the ST exponent and the variables involved in the process should
be observed jointly in order to obtain a proper ecological interpretation.

On the other hand, Fréchette et al. (2010) extended ST analysis to
populations with more than one cohort. They propose a new model to
estimate the B–N curve, i.e. the relationship between biomass and den-
sity at a single temporal point, involving both intra- and inter-cohort
competition. However, this work overlooks the effect of cohort 2
(2 years old) on the growth of cohort 1 (1 year old) and inherits all
the drawbacks of the traditional ST models.

Population density plays an important role on competition process-
es,whichdetermine both growth and survivorship ofmussels, aswell as

on settlement and post-settlement growth and mortality. Aquaculture
practices tend tomaximize the density of suspension feeders to achieve
a greater commercial yield. In Galicia (NW Spain), where mussels are
cultured on ropes suspended from raft systems (Labarta et al., 2004),
stocking densities range between 700 and 1200 ind/m depending
on mussel size (Cubillo et al., 2012b; Fuentes-Santos et al., 2014;
Pérez-Camacho et al., 2013). The negative effect of overcrowding is
well known by mussel farmers that conduct one or more reductions
(thinning-out) in rope density as mussels grow to achieve more ho-
mogeneous and valuable crops. This divides the production cycle,
which lasts 16–18 months, into three stages: obtaining and growing
the seed, thinning-out the ropes and harvesting themussels (Labarta
et al., 2004; Pérez-Camacho et al., 2013). However, production strat-
egies have overlooked the effects of stocking density on settlement
and the post-settlement inter- and intracohort competition, as well
as the negative effect of recruitment on the homogeneity of yields.

This study aims to provide a consistent analysis of the effect of stock-
ing density on the population dynamics ofmussels (M. galloprovincialis)
growing on suspended culture. To that end, we monitored the main
processes that drive population dynamics: individual growth, mortali-
ty/dislodgements and recruitment on three adult mussel density treat-
ments during the upwelling favorable season. We have considered
using the dynamic ST approach (Fuentes-Santos et al., 2014) and the
multiple cohort model developed by Fréchette et al. (2010) to analyze
population dynamics. The former addresses the temporal pattern of in-
traspecific competition, but is limited to single-cohort populations. The
latter involves both intra- and intercohort competition, but is limited to
a single temporal point and does not allow a dynamic analysis of com-
petition. Given the limitations of these current parametric models, we
applied generalized additive models (GAM) to describe the temporal
pattern of the processes that determine population dynamics. These
models incorporate the flexibility of nonparametric regression, which
does not need to assume any prior relationship between variables on
contrastwith parametricmodels, and keep the interpretability of gener-
alized linear models.

2. Material and methods

2.1. Experimental design

The experimental culture was conducted fromMay to October 2012
in the mussel polygon of Arnela, located in the Mandeo River estuary
area close to the 10 m isobaths (Ría de Ares-Betanzos, NW Spain),
where rafts with out-growing M. galloprovincialis mussels coexist
with collector ropes. On 10/05/2012 mussels obtained from seed
collector ropes were graded to ensure homogeneous population
(mean = 32.3 mm, sd = 7.98) and re-socked on 54 culture ropes at
low, medium and high densities (800, 1200 and 1600 ind/m, respec-
tively) to address the effect of density on mussel growth, dislodgement
from the ropes, and therefore biomass loss. Experimental ropes were
placed in the same (outer) side of the raft to avoidwithin raft variability
in the growth rate of mussels (Fuentes et al., 2000). After grading and
socking the ropes, samples of known length (ca. 400 individuals) from
nine random ropes (3 per density treatment) were checked for density
and homogeneous distribution ofmussel sizes. The grading and socking
process was the same as that used in commercial culture, which has
been proven to succeed in obtaining homogeneous populations and
densities along the rope length (the initial size distribution can be ob-
served in Fig. 2 — dashed line).

Along the culture period, thermohaline characteristics and seston
availability were weekly monitored at the same mussel polygon.
Water temperature and salinity were measured with a multiparameter
probe YSI 556, while seston concentration and Chl a availability were
measured following the sampling procedure detailed by Filgueira et al.
(2009). Furthermore, settlement on empty collector ropes was weekly
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