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Abstract

Phytoplankton plays a vital role in aquatic ecosystems, driving primary production,
carbon cycling and nutrient recycling. The impact of bivalve feeding on phytoplankton
biomass and community composition has been extensively documented. Nevertheless, there
is currently no published research examining the impact of bivalve grazing and its selectivity
on natural phytoplankton assemblages within the Ria Formosa coastal lagoon, a region
responsible for 90% of Portugal's bivalve mollusc production. The aim of this study is to
evaluate the impact of grazing by Myfilus galloprovincialis on natural phytoplankton
assemblages in Ria Formosa. In particular, the effects of grazing on phytoplankton biomass,
abundance, community composition, and the mussel's selectivity for different phytoplankton
functional groups. The abundance and composition of phytoplankton were assessed using
chlorophyll @ concentration and microscopy: epifluorescence for pico- and
nanophytoplankton and inverted for microphytoplankton. Mussel feeding was assessed by
clearance rate. = The microcosm experiments revealed a significant reduction in
phytoplankton abundance due to mussel grazing in March, with a consistent decline in diatom
abundance across all experiments. However, no significant changes were observed in
phytoplankton biomass or community structure. The estimated per capita clearance rates of
M. galloprovincialis ranged from 0.82 to 4.36 L h'! individual ! based on total chlorophyll a
concentration, 1.07 to 1.95 L h-! individual-! based on total phytoplankton abundance, and
0.41 to 23.63 L h'! individual! 1 for specific phytoplankton groups. The results indicate that
mussels selectively graze diatoms without significantly affecting overall phytoplankton
biomass or community composition in Ria Formosa. Given the region's ecological and
economic importance, understanding bivalve selective grazing is crucial for effective
ecosystem management. Further studies should investigate the long-term impacts of this
grazing on phytoplankton diversity and ecosystem resilience, particularly in light of changing

conditions and growing aquaculture demands.

Key words: Phytoplankton, Mytillus galloprovincialis, clearance rate, selectivity, Ria
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Resumo

O fitoplancton apresenta um papel vital para o ciclo do carbono e o fluxo de energia
em ambientes aquaticos, suportando as teias alimentares marinhas e contribuindo para o
sequestro global de carbono. As comunidades fitoplanctonicas sdo compostas por grupos
funcionais variando em tamanho e fung¢do ecologica. As dinamicas de suas comunidades sao
influenciadas tanto por fatores que regulam o crescimento (e.g. luz e nutrientes) quanto por
processos de remocao (e.g. predagdo e sedimentacdo). Em ecossistemas de aguas rasas, os
bivalves como Myftilus galloprovincialis desempenham um papel crucial na regulacdo da
populacdo fitoplanctonica através da alimentacdo seletiva. Estes bivalves filtradores
demonstram plasticidade fisiologica na sele¢do de particulas, preferindo fitoplancton de
maior tamanho, como diatomdceas. Este comportamento de alimentacdo pode alterar
significativamente a composi¢cdo da comunidade fitoplanctonica, afetando a estrutura e o
funcionamento das teias alimentares marinhas. A laguna costeira da Ria Formosa, em
Portugal, ¢ um sistema importante tanto no ponto ecoldgico quanto econdmico, oferecendo
um estudo de caso unico para examinar os impactos dos bivalves sobre o fitoplancton.
Embora a biomassa e a dindmica do fitoplancton neste sistema ja tenham sido amplamente
estudadas, ndo ha uma pesquisa profunda sobre o papel dos consumidores metazoarios, em
particular os bivalves, no controlo da abundancia e composi¢do das comunidades
fitoplanctonicas. Este estudo teve como objetivo avaliar os efeitos da predagdo de M.
galloprovincialis sobre as assembleias naturais de fitoplancton na Ria Formosa. Os principais
objetivos incluiram avaliar o impacto da herbivoria dos mexilhdes na biomassa, abundancia
e composicdo da comunidade fitoplantonica, bem como examinar os comportamentos de
filtracdo seletiva do bilvalve em questdo. Foi analisada a hipotese de que M. galloprovincialis
teria preferéncia de consumir grupos de fitoplancton de maior tamanho como por exemplo,
diatoméaceas, e que os mexilhdes reduziriam significativamente a biomassa do fitoplancton,
alterando a estrutura e composi¢ao da comunidade. Para investigar o impacto da alimentagao
do mexilhdo mediterranico M.galloprovincialis nas comunidades de fitoplancton, foram
realizados trés experimentos de microcosmos. Foram recolhidas amostras de dgua da Ria
Formosa em trés ocasides (novembro de 2022, margo e abril de 2023), juntamente com
espécimes do mexilhdo amostrados na regido subtidal. Os mexilhdes foram recolhidos

durante a maré baixa, e aclimatados no laboratorio por duas horas antes da experimentagao.



Dois tratamentos foram estabelecidos: controlo (C), sem mexilhdes, e tratamento com
bivalves (B), ambos realizados em triplicata. A abundancia e composi¢ao do fitoplancton
foram avaliadas por meio da concentracdo de clorofila a e de microscopia: epifluorescéncia
para pico- e nanofitoplancton, e invertida para microfitoplancton. A alimentacdo dos
mexilhdes foi avaliada através da taxa de filtracdo. A concentracdo de clorofila a foi usada
como um indicador da biomassa total de fitoplancton, enquanto a abundancia dos grupos foi
estimada no inicio (to) € no final (t30) de cada experimento. As métricas de fitoplancton entre
os tratamentos foram comparadas utilizando o teste de Kruskal-Wallis e o teste post-hoc de
Dunn. As diferencas na estrutura das assembléias de fitoplanctonicas foram analisadas
utilizando a PERMANOVA aplicada sobre a matrix de similaridade de Bray-Curtis, seguida
de comparacdes parwise. A analise SIMPER foi utilizada para identificar os grupos de
fitoplancton que contribuiram para as dissimilaridades dos dados. Para a taxa de filtracdo dos
mexilhdes, o teste de Wilcoxon foi utilizado para avaliar as taxas de clearance da clorofila a
e do fitoplancton, enquanto o Kruskal-Wallis foi utilizado para testar as diferengas entre
grupos de fitoplancton. Os resultados demonstram que as condigdes iniciais de clorofila a
apresentaram variacdo entre os experimentos, com concentra¢des entre 0,78 € 2,40 pg L' A
alta abundancia de fitoplancton nao coincidiu com concentragdes elevadas de clorofila a. Em
novembro, foi detectada uma menor concentragdo de clorofila a, enquanto se observou uma
alta abundancia de células menores e de baixo contetido de carbono, como cianobactérias e
picoeucariotos fitoplanctonicos. Os valores maximos de clorofila @ foram registados em
abril, coincidindo com elevadas abundancias de criptofitas e diatomdceas. Inicialmente,
dominaram os fitoplancton de tamanho nano- e pico-. No entanto, em margo e abril, outros
grupos como criptofitas e diatomaceas tornaram-se mais prevalentes. O M. galloprovincialis
ndo teve impacto significativo na biomassa total de fitoplancton. No entanto, em margo, os
mexilhdes causaram uma reducado significativa de 32,37% na abundancia de fitoplancton (p
< 0,05). Os mexilhdes nao alteraram significativamente a estrutura do agrupamento de
fitoplancton em novembro e margo (p > 0,05), mas observaram-se mudangas significativas
em abril (p < 0,05). Apesar dessas mudancas, o teste parwise ndo revelou diferencas
significativas entre os tratamentos do presente estudo. Nao foi detectada dissimilaridade
significativa entre as condicdes iniciais (to) € o controlo em qualquer experimento. No final

dos experimentos, as diatomaceas foram o Unico grupo de fitoplancton que diminuiu



consistentemente no tratamento com mexilhdes, com reducdes de 66,4% em novembro,
91,8% em marco e 83,0% em abril. A abundancia de diatomdceas e outros grupos, como
cianobactérias e picofitoplancton eucariota, manteve-se estavel no tratamento de controlo.
Em contraste, os nanoflagelados autotréficos diminuiram 90,00% em marco e aumentaram
142,31% em abril no tratamento com mexilhdes. As taxas de filtracdo per capita estimadas
para M. galloprovincialis com base na concentragdo total de clorofila a (0,82-4,36 L-h™
individuo™), na abundancia total de fitoplancton (1,07-1,95 L-h? individuo™) ou na
abundancia de grupos especificos (0,41-23,63 L-h™! individuo™) ficaram dentro da faixa de
valores relatados para esta espécie. As diatomaceas foram consistentemente filtradas a uma
taxa média de 5,30 L ind? h™'. As taxas de filtragdo para cianobactérias, picofitoplancton
eucariota e dinoflagelados foram muito baixas ou indeterminaveis. Este achado apoia a
hipotese inicial do estudo e estd em consonancia com a sugestdo de Barbosa (2006) de que
os filtradores bentdnicos contribuem para a redugdo da propor¢ao de diatomaceas na
abundancia total de fitoplancton, apesar de suas altas taxas de crescimento na Ria Formosa.
A preferéncia por este grupo fitoplanctonico ja foi observada em outras espécies de bivalvos.
Essa preferéncia pode ser atribuida ao tamanho das diatomaceas, a sua qualidade nutricional,
a facilidade de digestdo e a sua vulnerabilidade a predagdo bentdnica, uma vez que tendem a
afunda. Astaxas de filtragdo que ndo puderam ser determinadas podem ter sido influenciadas
pela falta de consideracdo do grazing dos bivalvos sobre o microzooplancton, outro predador
importante do fitoplancton. Além disso, a auséncia de nutrientes inorganicos em ambos 0s
tratamentos pode ter evitado crescimentos do fitoplancton devido as excre¢cdes de amonia e
fosforo dos mexilhdes. Recomenda-se que estudos futuros considerem o grazing dos bivalvos
em fitoplancton e microzooplancton, assim como as espécies de bivalvos dominantes, para
uma compreensao mais abrangente do impacto dos bivalvos nas comunidades de plancton e
para melhorar os modelos de fluxo de carbono, ciclo de nutrientes e transferéncia de energia

na lagoa costeira da Ria Formosa.

Palavras-chave: Fitoplancton, Mytillus galloprovincialis, taxa de depuragdo, seletividade,

Ria Formosa
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1. Introduction
1.1 Ecological relevance of phytoplankton and its drivers

Phytoplankton are microorganisms that are essential for energy and carbon cycling in
aquatic environments, supporting marine food webs and helping to mitigate the greenhouse
effect through carbon sequestration (Singh and Ahluwalia, 2013). Phytoplankton
photosynthesis fixes up to 50 Gt of carbon per year, contributing almost half of global
primary production (Field et al. 1998). The biogeochemical consequences and fate of this
production are determined by the composition of the phytoplankton community, which can
be organised into several functional groups (see Anderson, 2005). This classification often
combines size classes, motility types (e.g., coccoid vs. flagellate phytoplankton) and higher
taxonomic groups that have specific biogeochemical functions or requirements (Cloern &
Duftord, 2005). Examples of these functional groups include diatoms, which require silicate
for cell structure formation, nitrogen-fixing cyanobacteria, which use atmospheric nitrogen
as a nutrient source, or coccolithophores, which produce calcium carbonate exoskeletons
(Sommer, 2017). However, of all the traits that classify functional phytoplankton groups (see
Litchman, 2008), cell size is considered a 'master trait' by Litchman et al. (2010) and Sommer
etal. (2017), as this feature is significantly correlated with many other ecophysiological traits
- such as growth rates, nutrient uptake, dissolved organic carbon (DOC) exudation, sinking
rates and predator interactions - that shape the ecological niches of phytoplankton (Banse,
1976, Finkel, 2001, Litchman et al. 2007; Nasielli-Flores et al. 2007; Litchman et al. (2010);
Sommer et al. 2017). For example, small cells such as picophytoplankton have lower sinking
rates that follow Stokes' law (Smayda, 1970). They also acquire limiting nutrients more
efficiently due to their higher surface to volume ratio and tend to have higher maximum
growth rates (Banse, 1976). Phytoplankton communities span a wide range of sizes, from

less than 1 pum to millimetre-sized cells and even centimetre-sized colonies, covering six

orders of magnitude (Finkel et al. 2010).

The distribution, abundance, and community composition of phytoplankton communities is
highly dynamic, exhibiting significant variability over time (D’Alelio et al. 2015), as well as
within (Cloern and Dufford, 2005) and among marine ecosystems (Carstensen et al. 2015).

The biomass and production dynamics of these phytoplanktonic communities are controlled



by growth-regulating variables— such as light, inorganic nutrients, biochemical inhibitors,
and other bioactive substances—; and by processes that regulate the removal rate —such as
cell mortality by predation, sedimentation, and viral lysis— and/or processes that control
biomass advection (losses and gains) —such as horizontal and vertical advection of actively
growing cells (vegetative cells) or reproductive cells (spores)— (see Barbosa, 20006).
However, studies of phytoplankton dynamics have tended to focus on resource availability,
often underestimating the substantial influence of processes that affect removal rates, such
as grazing by predators (Banse, 2007; Prowe et al. 2012, Banse, 2013). Neglecting predation
control may result in a limited understanding and low predictability of the processes that
influence the structure and functioning of marine pelagic food webs (e.g., Chenillat et al.
2021). Furthermore, of'the existing studies on phytoplankton removal rates in coastal regions,
few focus on specific groups of phytoplankton, with primary attention given to

microzooplankton as grazers (Domingues et al. 2021; Santos, 2023).

In shallow aquatic environments such as estuaries, bays, lagoons and coastal waters, benthic
suspension feeders, including bivalves, play a dual role in shaping phytoplankton
communities (Lucas et al. 2016; Jiang et al. 2022). Regulatory functions of bivalves include
reducing phytoplankton biomass through grazing activities, but interestingly they can also
act as potential stimulators of phytoplankton blooms (Asmus and Asmus, 1991). This is due
to their ability to contribute to nutrient enrichment in the environment through processes such
as nutrient excretion, bioturbation and biodeposition of faeces and pseudofaeces (Prins et al.
1995; Sun et al. 2022). These interactions can have important consequences for the overall
phytoplankton structure and dynamics in shallow marine ecosystems (Mo et al. 2023).
Therefore, the study of the regulatory factors of phytoplankton, especially at the level of
functional groups (Cloern and Dufford, 2005; Barbosa, 2006), is essential for the
understanding of carbon fixation in the oceans and the reduction of atmospheric CO: levels
(Chéavez et al. 2011), improving predictive models of carbon fluxes in aquatic systems
(Barbosa, 2006). It is also useful for assessing trophic status, predicting eutrophication and
forecasting fishery yields in coastal waters (Nixon, 1982).



1.2 The selective feeding behaviour of bivalves and its implications for the phytoplankton

community structure

Filter-feeding bivalves are often dominant in the macrobenthos of coastal waters due
to their high fecundity and potential for rapid growth (Rong et al. 2021). Bivalves form
extensive populations of great economic, social, and ecological importance (Ward and
Shumway, 2004; Rosa et al. 2018), providing a wide range of goods and services (see review
by Smaal et al. 2019). From an ecological point of view, bivalve molluscs play a crucial role
in the benthic-pelagic coupling (Ward and Shumway, 2004; Dame and Olenin, 2005). By
biodepositing and excreting filtered pelagic material to the sediment surface, they effectively
transfer energy from the pelagic to the benthic environment. This process not only increases
deposition rates, but also triggers cascading effects such as sediment enrichment and
enhanced microbial growth, which in turn provide vital resources for organisms living in the
adjacent benthos (Naddafi et al. 2007). In addition, bivalves significantly influence the
structure and dynamics of pelagic marine food webs by selectively consuming certain
particles while rejecting others. This selective feeding behaviour ultimately affects the
development, functioning and sustainability of coastal ecosystems (Lonsdale et al. 2009;
Filgueria et al. 2012; Lucas et al. 2016). Bivalves demonstrate notable physiological
plasticity in their feeding mechanisms, enabling them to adapt to alterations in seston
composition and particle loading (Bayne, 2009; Pascoe et al. 2009). The physiological
response is characterised by particle selectivity at the level of the ctenidia, which are located
in the gills, and the labial palps. This ensures that only high-quality food is consumed, thereby
maximising energy uptake (Bayne, 1993; Ward and Shumway, 2004). Furthermore, bivalves
have the ability to reduce their clearance rates (CR) in unfavourable conditions. This is the
rate at which water-borne particles are captured by their gills (Bayne, 2017). In extreme
cases, filtration may cease completely by reducing the natural opening of the valves and
retracting the mantle edges (Jorgensen et al. 1988). This can occur when there is an excess
of food, which may result in an overload of the filtration and/or digestive systems (Riisgard,
2001a). The quality of food is typically evaluated based on the level of particulate organic
matter or chlorophyll content (Ward and Shumway, 2004 and references therein). The sorting
process in mussel feeding involves several distinct steps: (a) particle uptake in the ctenidia

from the environment, (b) post-capture processing or pre-ingestive sorting of particles in the



labial palps, leading to either their ingestion or the formation of pseudofaeces (material
rejected before ingestion), and (c) differential absorption in the gut, known as post-ingestive
sorting (Ward and Shumway, 2004; Rosa et al. 2018). At each of these stages, bivalves have
the opportunity to select particles from the seawater based on both quantity and quality, given
the large variability in suspended particulate matter (Ward and Shumway, 2004; Lucas et al.
2016; Safi and Hayden, 2010). It should be noted that selection efficiency will vary among
bivalve species and, in some cases, between populations of the same species. This is due to
differences in gill morphology and the relative sizes of the gills and labial palps (e.g.,
Meyhdéfer, 1985). For instance, Rosa et al. (2015) demonstrated that the blue mussel Myfilus
edulis has an enhanced capture efficiency (CE) for particles in the 4-10 pm size range, due
to the characteristics of its pallial organs. The seston they feed on is composed of a variety
of living and non-living components, including phytoplankton of different sizes and
palatability, zooplankton, heterotrophic prokaryotes and detrital particulate organic matter
(Vaughn and Hakenkamp, 2001; Ward and Shumway, 2004; Caroppo and Giordano, 2022).
Seston selection is influenced by factors such as particle size, nutritional value - favouring
organically enriched particles - and surface properties, with positively charged and
hydrophilic particles being captured more efficiently than neutral or hydrophobic particles
(Rosa et al. 2018). Phytoplankton is generally considered the main food source for filter-
feeding bivalves among seston components, due to its high retention efficiency (Biandolino
et al. 2008; Caroppo and Giordano, 2022). While there is evidence of a relationship between
mussel growth and phytoplankton biomass (Dupuy et al. 2000; Trottet et al. 2008; Safi and
Hayden, 2010; Jiang et al. 2016), the correlation between the two is variable (Asmus and
Asmus, 1991; Ogilvie et al. 2000; Kimmerer and Thompson, 2014). This indicates that
bivalve condition may also be influenced by factors other than biomass, such as
phytoplankton size and species composition. It has been demonstrated that mussels have the
ability to selectively feed on different microalgal species (Shumway et al. 1985), including
algae of a similar size (Lesser et al. 1991; MacDonald and Ward, 1994; Shumway etal. 1997).
This behaviour has the potential to affect the structure of the phytoplankton community (e.g.
Frojan et al. 2014; Richard et al. 2019; Gianasi et al. 2023). Despite this understanding, there
is still a lack of research exploring the specific influence of bivalves in shaping phytoplankton

composition. This is highlighted by studies such as those by Lucas et al. (2016) and Jiang et



al. (2022), which indicate a need for further investigation in this area. The retention
efficiencies of mussels indicate that small phytoplankton (< 5 um) and very large
phytoplankton (> 200 um) are often unsuitable as food sources for bivalves (Rahman et al.
2020; Caroppo and Giordano, 2022). Therefore, mussels are unable to efficiently collect
picophytoplankton (<2um) (Kiorboe and Mohlenberg, 1981; Naddafi et al. 2007; Safi and
Hayden, 2010; Rahman et al. 2020). Instead, mussels demonstrate a clear preference for
consuming a significant portion of the large fraction of phytoplankton rather than consuming
smaller picoplankton and bacteria (Trottet et al. 2008). Diatoms (Dupuy 2000b; Rosa et al.
2018; Jiang et al. 2022; Safi and Hayden, 2010; Zhang et al. 2023) and cryptophyes (Jiang
et al. 2022; Naddafi et al. 2007) have been identified as the preferred phytoplankton food for
filter-feeding mussels. A significant number of studies have been conducted to examine
mussel filtration rates under controlled laboratory conditions, using pre-selected algal
cultures (Shumway et al. 1985; Navarro et al. 1996; Vanderploeg et al. 2001; Pales Espinosa
et al. 2016; Rosa et al. 2017) and prey items larger than 5 pm (see review by Rosa et al.
2018), not natural phytoplankton assemblages. While these experiments yield estimates of
maximum clearance rates, it is generally expected that clearance rates in natural
environments will be lower (Jacobs et al. 2015). It is therefore clear that there is a need for
data on actual realised clearance rates under natural conditions and insights into the specific
utilisation of natural plankton by mussels (Cranford et al. 2011; Trottet et al. 2008).
Furthermore, the majority of the available information on the impact of bivalve grazers on
phytoplankton has been gathered from studies documenting rapid temporal changes,
particularly in the context of species introductions (Kimmerer and Thompson, 2014). It is
notable that there is a lack of focus on native species such as the Mediterranean mussel
Mptilus galloprovincialis (Lamarck, 1819), an indigenous species to Ria Formosa (Portugal).

This mussel is an optimal species for human consumption and aquaculture due to its rich

nutrient profile (see Silvia et al. 2021).

1.3 The removal of phytoplankton by bivalve grazing in Ria Formosa

Ria Formosa is a shallow coastal lagoon system located in the Algarve region of

southern Portugal. It plays an important role in supporting diverse marine life, as well as



sustaining local livelihoods and contributing to national economic prosperity through fishing,
aquaculture and tourism (see Barbosa, 2010 and references therein). Shellfish farming is a
particularly significant contributor to the local economy, with Ria Formosa being Portugal's
leading clam-producing site (Machas et al. 2003; Cravo et al. 2022). It accounts for
approximately 90% of the country's bivalve mollusc production (Chicharo and Chicharo,
2001), which is ensured by the fundamental role of microbial plankton in this ecosystem.
Microbial plankton is capable of using and significantly altering DOC and POC, thereby
sustaining the larval and adult stages of this particular production (Barbosa, 2006). Previous
studies of phytoplankton in this well-mixed meso-tidal system have addressed a number of
key areas, including the spatial and temporal dynamics of chlorophyll a (Barbosa, 2010;
Cravo et al. 2021; Rosa et al. 2022), the structure of phytoplankton assemblages (Morais et
al. 2003; Loureiro et al. 2006; Barbosa, 2006; Jacob et al. 2020; Cravo et al. 2022).
Furthermore, research has identified the occurrence of harmful algal blooms and the effects
of physico-chemical variables on phytoplankton growth and composition as key areas of
investigation. These include variables such as temperature, light, CO2, nutrients and
ultraviolet radiation. However, there is currently a lack of available information on
phytoplankton to address the issue of microbial mortality due to grazing in RF coastal
lagoons. The research has focused on microzooplankton herbivory (Barbosa, 2006; Sa, 2017,
Domingues et al. 2021; Santos, 2023). However, there is currently no information available
on metazoan grazers, including bivalve molluscs. Barbosa (2006) postulated that benthic
filter feeders were responsible for the reduced average contribution of diatoms to total
phytoplankton abundance, despite their high in situ growth rates in the interior of Ria
Formosa. It is essential to assess the impact of mussel filtration on plankton communities in
order to determine the carrying capacity of the lagoon system. If this capacity is exceeded,

there is a risk of food shortages for cultured bivalves and environmental degradation (Trottet
et al. 2008).

1.4 Aims and hypothesis

The aim of this study is to evaluate the effect of M. galloprovincialis spp. predation

on natural phytoplankton assemblages in Ria Formosa.



The specific objectives of this study are:

(1) To evaluate the effects of M. galloprovincialis grazing on phytoplankton biomass,

abundance, and assemblage composition.

(2) To evaluate M. gallorpovincialis grazing rates and its pre-ingestive selective feeding on

phytoplankton.

Based on previous studies analysing bivalve selective grazing on phytoplankton, this study
hypothesized that: (1) M. galloprovincialis would show a preference for larger phytoplankton
groups such as diatoms and cryptophytes in respect to other phytoplankton groups (Dupuy et
al. 2000b; Beninger and Decottignies, 2005; Naddafi et al. 2007; Trottet et al. 2008; Safi and
Hayden, 2010; Rosa et al. 2018; Jiang et al. 2022); (2) Grazing by Mytilus galloprovincialis
will significantly reduce phytoplankton biomass and alter community composition (Prins and
Escaravage, 2005; Lucas et al. 2016; Marescaux et al. 2016).

The study yielded valuable insights into the phytoplankton dynamics in the Ria Formosa
coastal lagoon due to bivalve grazing, offering a more comprehensive understanding of the
relationships between bivalve grazing and the phytoplankton assemblage structure in coastal

ecosystems.



2. Materials and methods

2.1 Study area

The Ria Formosa coastal lagoon (Figure 2.1) is a shallow (mean depth = 2 m) system,
~55 km long and ~6 km wide (see review by Barbosa, 2010), located in the southern region
of Portugal (Algarve). It is partially enclosed by a system of barrier islands, which separate
it from the Atlantic Ocean. However, it remains connected to the ocean through six inlets:
two artificially relocated (Ancdo and Fuseta inlets), two artificially opened and stabilised
(Faro-Olhdo and Tavira inlets) and two natural inlets (Armona and Lacém inlets) (Matias et
al. 2008). The Ria Formosa has a Mediterranean climate, with mild winters, and hot, dry
summers. Maximum summer temperatures reach 25°C, while minimum winter temperatures
can fall below 9°C (see Anibal, Esteves, and Rocha, 2011). Ria Formosa is subject to a semi-
diurnal mesotidal regime, with a large fraction of the lagoon water volume (about 50-75%)
exchanged with the ocean on a daily basis. This large tidal exchange, together with the
reduced freshwater inflow, contributes to the euryhaline nature, with salinity levels typically
similar to the adjacent coastal ocean waters (Newton and Mudge, 2003; Barbosa, 2010). In
addition, the water column is well mixed due to its shallowness, with no significant thermal
or haline stratification (Mudge et al. 2008). The coastal lagoon, with a wet surface area of
105 km? out of a total of 185 km? (Andrade et al. 2004), is a wetland area that is
internationally recognized for its ecological value as a breeding and transit area for fish and
birds, as well as supporting a wide range of human uses, including tourism, fishing, and
shellfish farming (see review by Barbosa, 2010). For this reason, it has been a Natural Park
since 1987, a Ramsar and Natura 2000 site, and is included in the Special Protection Area for

Birds.

2.2 Experimental approach

Three short-term microcosm experiments were conducted using natural water
samples from the Ria Formosa coastal lagoon to study how the feeding activity of the
Mediterranean mussel (Mytilus galloprovincialis) affects phytoplankton assemblage groups

and their structural composition. The experiments were carried out on 07 November 2022,
13 March 2023 and 26 April 2023.



2.2.1 Sampling Strategy

Water samples and Mytilus galloprovincialis specimens were collected at low tide from
an inner site in the coastal lagoon of Ria Formosa (Figure 2.1, coordinates 37.03064°N, -
7.593964°W). For each experiment, 21 litres of surface water were collected at a depth of
approximately 50 cm using 6 L water jugs, with an additional 24 litres reserved for the
acclimation system. Approximately 30 specimens of M. galloprovincialis, 50 to 60 mm in
size, were collected by hand from the subtidal area by cutting the byssal threads with a knife.
Both water samples and bivalves were transported to the laboratory in the dark within 30

minutes of collection.
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Figure 2.1: Location of the sampling station in the western subembayment of the Ria
Formosa coastal lagoon. Sampling efforts included the collection of water samples along
with M. galloprovincialis specimens at this designated station, denoted by the red dot.



2.2.2  Experimental design

Prior to the experiments, the mussels were acclimated in the laboratory for 2 hours to
reduce stress from collection and transport. They were placed in a 50 L opaque bucket filled
with 24 L of natural water from the Ria Formosa coastal lagoon, under ambient light
conditions and aerated by air pumps (Figure 2.2, left). In contrast to the recommendation by
Dupuy et al. (2000b), epibionts were not removed from the bivalves (see Dupuy et al. 2000b)

to minimize further stress or damage on bivalves (Lacoste and Gaertner-Mazouni, 2014).

The potential influence of Mytilus galloprovincialis filtration on the natural planktonic
community was investigated by comparing changes in phytoplankton abundance and
assemblage structure with and without mussels over a 30-minute period (Figure 2.2, right).
For each experiment, three replicate 6-litre containers per treatment were prepared, each
filled with 4 litres of natural, unfiltered RF water. Two experimental treatments were carried
out in triplicate: control (C), in which plankton in natural water samples were allowed to
develop without mussels; and water samples exposed to actively filtering mussels (B). For
the bivalve treatment, two (in the first experiment) to three (in subsequent experiments)
actively filtering bivalves of comparable size were used. No nutrient additions were applied
to the experimental treatments (see Vanderploeg et al. 2001). Given the short duration of the
experiment (30 min), any potential nutrient release by bivalves would be insufficient to
stimulate phytoplankton growth in Ria Formosa, as previously demonstrated by Domingues
et al. (2017) in nutrient enrichment experiments. No visible production of pseudofaeces was

observed at the end of all experiments, in the experimental treatments with bivalves (B).

Chlorophyll a concentration and phytoplankton abundance and composition were evaluated,
for each experimental treatment, at the beginning (to) and end of each experiment. As the
same water sample was used for both treatments, the same to value was applied to both. The
experimental containers were gently homogenized prior to sampling to resuspend dense, non-
motile cells that may have been deposited at the bottom, such as diatoms (see Anderson and

Sweeney, 1978).

A preliminary experiment, undertaken on 7 November 2022, using in vivo chlorophyll a
fluorescence measured with a 10-AU-005-CE fluorimeter (Turner Designs Instruments) on

indicated a significant decrease in chlorophyll a concentration within the first hour, with
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reductions of 66,76% in the control (C) and 82,46% in the mussel treatment (B). Based on
these results, the experiment duration was adjusted to 30-minute, as shorter periods could

include variable bivalve activity until establishment of regular feeding (see Dupuy et al.
2000b).

® 120 min ® 30 min
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Figure 2.2: Schematic representation of the experimental design, including the acclimation
stage (left) and the experimental stage (right). The experimental phase includes water
sampling at the start (to) and after 30 minutes, for both the control treatment without mussels
(C), and the experimental treatment with mussels, with 2-3 mussels per container (B). The
same to value was used for all treatments, carried out in triplicate.

2.3 Analysis of phytoplankton metrics
2.3.1 Chlorophyll a concentration

Chlorophyll a (Chla) concentration was used as a proxy for total phytoplankton biomass
(Cullen, 1982) at the start (to) and end (t30) of each experiment. Chla concentration was
determined using the spectrophotometric method described by Parsons et al. (1984). One-L
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of Ria Formosa water sample was filtered through glass fibre filters (GF/F, pore diameter 0.7
um) in triplicate, under low light conditions and low pressure (<100 mm Hg) to minimise
cell damage or loss. After filtration, the filters were placed in test tubes, wrapped in

aluminium foil, and stored in a freezer at -20°C until further analysis.

Chla was extracted from the filters overnight at 4°C using 90% acetone. After extraction, the
filters were centrifuged (2000 rpm, 20 min), and the absorbance of the extract was then
measured spectrophotometrically (Hitachi U-2000) at 750 and 665 nm, before and after
acidification with 0.5 M HCI to correct for phaeopigments. The Chla concentration was
calculated using the standard equation of Lorenzen (1967) (see equation 1), where K = 2.43
is the factor to equate the decrease in absorbance to the initial Chla concentration, Eggc=
absorbance at 665 nm before acidification, E,¢,= absorbance at 750 nm before acidification,
Eg¢s,= absorbance at 665 nm after acidification, E,g,,= absorbance at 750 nm after
acidification, v is the volume of acetone added (mL), V is the volume of sample filtered (L),

and L is the path length of the spectrophotometer cuvette (cm).

114K [(Eggs — E7s0) — (Egesqa — E7504)] X v
V XL

Chla (ung L) =

(1)

2.3.2 Abundance and composition of phytoplankton assemblages

Phytoplankton abundance and composition were evaluated using two microscopy
techniques. Epifluorescence microscopy was used to determine the abundance of pico- (<2
um) and nanophytoplankton (2-20 pm), and inverted microscopy was used for
microphytoplankton (20-200 um), following the methods of Haas (1982) and Utermohl
(1958), respectively. According to Barbosa (2006) and Domingues et al. (2008), the use of
both techniques simultaneously is the most effective strategy for a comprehensive, detailed

and quantitative analysis of the entire phytoplankton community.

Water samples for the assessment of pico- and nanophytoplankton abundance were collected

and immediately fixed with glutaraldehyde 25% (final concentration 0.2%), stored in a dark
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glass bottle, and refrigerated at 4°C for no more than one week prior to slide preparation.
Slides were prepared by staining with proflavine for 3 minutes and then vacuum filtering
(pressure <100 mm Hg) onto a black polycarbonate membrane filter (Whatman, pore
diameter = 0.4 pm). The membrane filter was placed on a glass slide with a drop of non-
fluorescent immersion oil (Cargille type A) and immediately observed under an
epifluorescence microscope (Leica DM LB) with blue and green light at 1250x%
magnification. Observations were made in the dark to increase contrast and minimise
fluorescence loss. Specific groups of phytoplankton were distinguished under blue and green
light using a graticule (New Porton G12) mounted on the eyepiece. Phytoplankton were
aggregated into the following groups: cyanobacteria, eukaryotic picophytoplankton,

cryptophytes and other plastidic nanoflagellates.

For the inverted microscopy, 330 mL samples were preserved immediately after
collection with acidic Lugol's solution in a plastic bottle and stored in the dark. The preserved
samples were then transferred to 50 mL sedimentation columns, where the phytoplankton
cells were allowed to settle by gravity over a period of 24 hours. The sedimentation columns
were sealed with a cover glass and kept in the dark during sedimentation. After settling, the
samples were observed under an inverted microscope (Zeiss Axio Observer Al) at 400x
magnification. Cells were identified as diatoms, plastidic dinoflagellates, and euglenophytes
(flagellates). In addition, phytoplankton groups were analysed to the lowest possible
taxonomic level, using Kraberg et al. (2010) and Tomas (1997) as a guide for taxonomic

identification.

For both epifluorescence and inverted microscopy, a minimum of 50 visual fields and 400
cells were counted per sample. Assuming that the cells were randomly distributed, the
counting precision was +10% (Venrick, 1978). For each sample, the abundance of the
different phytoplankton groups was estimated at the beginning (to) and end (t30) using
equation 2, where x is the total number of cells, A is the area (mm?) of the polycarbonate
filter / sedimentation chamber, d is the sample dilution factor due to the addition of fixatives,
a is the area of the visual field (mm?), n is the number of visual fields observed, and V is the

sample volume filtered/settled (L). Total abundance of phytoplankton was calculated as the

sum of all groups.
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2.4 Mytillus  galloprovincilis grazing on phytoplankton assemblages: analysis of

clearance rates

To assess the selective grazing on phytoplankton by M. galloprovincialis, the clearance
rate (F) was calculated. Clearance rate (F), defined as the volume of water cleared of particles
per unit time (I h'!') (Bayne and Widdows, 1978), was calculated using the equation 3 from
Vanderploeg et al. (1995):

F = V/nt)In (C,./Z,.)
3)

where Cyc is the mean phytoplankton concentration in the water column at the end of the
experiment in control containers, Zwc is the phytoplankton concentration in the water column
in experimental containers at the end of the experiment, V' is the volume of water in the
container during the experiment, n is the number of mussels, and #is the duration of the

experiment (30 minutes).

All grazing rates were normalized per individual bivalve.

2.5 Statistical analysis

Basic assumptions for parametric analyses, including data normality and
homogeneity of variance, were tested using the Shapiro-Wilk and Levene tests, respectively,
and non-parametric methods were used when required. All statistical analyses were

considered at a significance level of 0.05 and conducted using R version 4.1.1 (R Core Team,

2021) and specific R packages.

2. 5.1 Phytoplankton metrics and community structure
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Differences in phytoplankton metrics between treatments were tested using the
Kruskal-Wallis test, a one-way analysis of variance by ranks, followed by Dunn’s post-hoc
test (Sokal and Rohlf, 1995). Kruskal-Wallis post-hoc test was computed using the R package
‘dunn.test’ (v1.3.5; test (Dinno, 2017). For November phytoplankton abundance, however, a
Wilcoxon test was used to compare the control (C) and bivalve (B) treatments due to the

absence of t0 replicates.

Differences in the structure of phytoplankton assemblages between treatments were
tested using permutational multivariate analysis of variance (PERMANOVA; Anderson,
2001) based on a Bray-Curtis similarity matrix. Treatment (3 levels) was used as a fixed

factor. Significant effects were tested using post-hoc pairwise comparisons with the

PERMANOVA F-statistic and 999 permutations, using the R pairwise

Adonis function 'pairwise.adonis'. To assess the percentage contribution of each
phytoplankton group to the average dissimilarity between factor levels, Similarity Percentage
Analysis (SIMPER) was used (Clarke and Gorley, 2006), based on the R vegan function
'simper', allowing the identification of potentially discriminating phytoplankton groups.

Multivariate analyses were computed using the following R packages: vegan (v2.6.4;
Oksanen et al. 2022) and pairwiseAdonis (v0.4.1; Martinez Arbizu, 2017).

2.5.2. Miytillus galloprovincilis grazing on phytoplankton assemblages: analysis of clearance

rates

A one-tailed Wilcoxon signed-rank test was used to test whether the clearance (F)
rates of chlorophyll a and total phytoplankton were significantly different from zero. In
addition, a one-way Kruskal-Wallis test followed by Dunn's post-hoc test (Sokal and Rohlf,

1995) was used to test whether there were significant differences between the clearance rates

(F) of different phytoplankton groups within an experiment.
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3. Results
3.1.Conditions at the beginning of the experiments

Initial conditions varied considerably among the experiments (Table 3.1). Initial
chlorophyll a values ranged between 0.78 and 2.40 pg L-'. The initial chlorophyll a
concentration and phytoplankton abundance in the experimental water did not show a clear
concordance, especially in November when chlorophyll a values were lowest and total
phytoplankton abundance was highest compared to the rest of the experiments. This
abundance is noteworthy as it is mainly composed of phytoplankton groups belonging to the
pico-size category. The maximum chlorophyll a values were observed in April, which also

coincided with the highest abundances of cryptophytes and diatoms (Figure 3.1 and Table
3.1).

Table 3.1: Mean (+SE) initial chlorophyll a concentration (Co, pg L), initial phytoplankton
abundance (cell L) and number of mussels per container.

Co Phytoplankton
Date (ng L™ abundance
(cells L™1)
November 2022 0,78 £ 0,61 1,88x107
March 2023 1,48+0,42 2,87x10°
April 2023 2,40+ 0,89 5,88x10°

Six phytoplankton groups were identified to estimate mussel feeding rates (Figure 3.1
and Table 3.2). Initially, the main contributors to phytoplankton abundance were nano- and
pico-sized cells, in particular autotrophic nanoflagellates (excluding cryptophytes),
eukaryotic picophytoplankton and cyanobacteria. However, with the onset of spring (March
and April experiments), other nanoplanktonic groups, such as cryptophytes and diatoms,
were more abundant. The presence of the centric diatoms Thalassiosira spp. and Chaetoceros
spp., and the pennate diatom Cylindrotheca spp., seems to be more pronounced compared to

other taxa evaluated (Table 3.2).
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Figure 3.1: Initial abundance (x103 cell L") of specific phytoplankton groups in water
samples from the coastal lagoon of RF coastal lagoon. Abbreviations: Cyano -cyanobacteria;
epp -eukaryotic picophytoplankton; anf autotrophic nanoflagellates; crypto -cryptophytes;
dia -diatoms; dinofl -dinoflagellates; others.
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Table 3.2: Abundance (x10? cells L ') of specific phytoplankton taxa in the initial water
samples from the Ria Formosa coastal lagoon.

11-Nov.-22 13-March-23 26-April-23

Picoplanktonic Cyanobacteria 6667.83 1130.47 1235.85
Eukariotic picophytoplankton 7817.46 127417 3190.21
Cryptophytes 57.48 114.96 364.05
Other autotrophic nanoflagellates 4109.91 229.93 900.54
Diatoms
Centric diatoms 5.74 21.28 5.52
Chaetoceros spp. 4.30 0.72 21.8
Thalassiosira spp. 22.96 14.35 75.33
Dactyliosolen fragilissimus 0.00 0.00 2.15
Proboscia sp. 0.00 0.00 0.24
Rizosolenia spp. 5.02 0.96 0.00
Leptocylindrus spp. 6.46 0.00 3.35
Cerataulina pelagica 1.43 0.00 0.00
Odontella sp. 0.72 0.00 0.00
Pennate diatom 5.74 15.78 33.48
Cylindrotheca spp. 2.87 17.93 33.72
Pseudo-nitzchia spp. 6.46 4.3 0.72
Pleurosigma spp. 0.00 0.96 0.24
Navicula spp. 0.00 16.98 0.00
Asterionellopsis glacialis 0.00 18.65 0.00
Diploneis sp. 0.00 0.00 0.24
Licmophora spp. 0.00 1.91 0.72
Other diatoms 25.83 1.67 0.24
Plastidic Dinoflagellates
Prorocentrum sp. 7.89 0.00 0.00
Other dinoflagellates 2.87 2.15 14.35

3.2. Effects of bivalves on phytoplankton biomass, abundance, and community structure

The presence of the bivalve Mytilus galloprovincialis had no significant effect on
phytoplankton biomass as reflected by total chlorophyll a content (Figure 3.2). However,
a significant 32.37% reduction in total phytoplankton abundance was observed in the

mussel treatment group in March (p < 0.05).
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Figure 3.2: Chlorophyll a concentration (ug L) and total phytoplankton abundance (10°
cells L") in the RF coastal lagoon at the beginning (to) and after 30 min for the control (C,
no mussels) and experimental (B, 2-3 mussels) treatments. Data from November 2022, March
2023 and April 2023 are shown, with mean + 1 SE for the phytoplankton metrics. Different
letters (a, b) indicate significant differences within each experiment (Kruskal-Wallis,

Bonferroni test, p< 0.05).

PERMANOVA analysis showed that M. galloprovincialis did not significantly affect the
structure of the phytoplankton assemblage in the November and March experiments (p >
0.05). However, there was a significant change in phytoplankton structure in April (p <0.05).
Despite this overall significant effect in April, pairwise comparisons between specific
treatments did not reveal statistically significant differences (p > 0.05, Figure 3.3, Table 3.3).

The SIMPER analysis ranked the phytoplankton groups according to their contribution
to theoverall dissimilarity of the phytoplankton assemblage structure between treatmentsand
the initial composition. No statistical dissimilarity was observed in the phytoplankton
assemblage structure betweenthe initial conditions (to) and the control treatment after 30 min
in any experiment. In November, the overall average dissimilarity in phytoplankton

assemblage structure between the mussel treatment (B) and the other two conditions (to, C)

19



was 31% and 24%, respectively (Table S1). The dissimilarity between baseline and final
conditions with mussels (B) was mainly driven by eukaryotic picophytoplankton (17%) and
cyanobacteria (12%), both of which were more abundant at baseline. Diatoms and
dinoflagellates also contributed to the dissimilarity, but at low levels (<1%). For the final
treatments -bivalve and control-, the dissimilarity was explained by autotrophic
nanoflagellates (6%), cryptophytes and diatoms (<1%), all of which were more abundant in
the control. In March, this dissimilarity in phytoplankton assemblage structure between the
mussel treatment and the other two conditions (to, C) was 19% and 27%, respectively (Table
S2). The dissimilarity between baseline and final conditions with mussels (B) was
significantly driven by diatoms, which contributed 2% and were more abundant at baseline.
For the final treatments, dissimilarity was attributed to autotrophic nanoflagellates (7%) and
diatoms (2%), both of which were more abundant in the control. In April, the overall average
dissimilarity in phytoplankton assemblage structure between the mussel treatment (B) and
the other two conditions (to, C) was 17% and 19%, respectively (Table S3). The dissimilarity
between baseline and final conditions with mussels (B) was driven by other autotrophic
nanoflagellates (7%) and diatoms (<2%). The other autotrophic nanoflagellates were more
abundant in the bivalve treatment. For the final treatments, dissimilarity was attributed to
other autotrophic nanoflagellates and eukaryotic picophytoplankton, both contributing >5%
to the total dissimilarity, with other autotrophic nanoflagellates showing greater abundance

in the control treatment (C). Diatoms also contributed 1% to the dissimilarity.

Table 3.3 Summary of PERMANOVA (Permutational Multivariate Analysis of Variance)
tests assessing differences in phytoplankton assemblage structure in the RF coastal lagoon,
with treatment as a factor. The analysis includes data for to and 30 min for control (C, no
mussels) and experimental (B, 2-3 mussels) treatments. The table gives the interpretation of
the PERMANOVA results for this factor. Partial R?: partial coefficient of determination;
Pseudo-F: pseudo-F ratio; P-value (perm): permutation P-value. An asterisk (*) indicates a
p-value < 0.05.

Source of variation Partial Pseudo-F P-value

R2 (perm) Interpretation

November 2022
No significant changes in

Treatment 0.68 8.36 0.10 phytoplankton composition
Residual 0.32
March 2023
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No significant changes in

Treatment 0.40 2.03 0.125 phytoplankton composition
Residual 0.60
April 2023
Significant changes in
Treatment 0.71 7.48 0.019* phytoplankton composition
Residual 0.29
NOVEMBER MARCH APRIL
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Figure 3.3: Abundance of specific phytoplankton groups (10¢ cells L-!) in water samples
from the Ria Formosa coastal lagoon at the start (to), and after 30 min at the control (C, no
mussels) and experimental (B, 2-3 mussels) treatments. Abbreviations: Cyano -
cyanobacteria; epp -eukaryotic picophytoplankton; o-anf -other autotrophic nanoflagellates;
crypto -cryptophytes; dia -diatoms; dinofl -dinoflagellates; others.
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At the end of the trials, diatoms were the only phytoplankton group to decrease
significantly in the mussel treatment across all the experiments, with reductions of 66.4% in
November, 91.8% in March and 83.0% in April (Figure 3.4). The abundance of diatoms
remained unchanged in the control. Similarly, the abundance of other autotrophic
nanoflagellates did not decrease in the control, but their abundance in the mussel treatment
was 90.00% lower in March and 142.31% higher in April compared to the control. No

significant changes were observed in the abundance of other phytoplankton groups, including

21



cyanobacteria, eukaryotic picophytoplankton, cryptophytes and dinoflagellates, either
compared to baseline values or between the mussel and control treatments at the end of the

experiments (Figure 3.4).
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Figure 3.4. Abundance (cells L) of specific
phytoplankton groups in Ria Formosa coastal lagoon at
the beginning (to) and after 30 min at the control (C, no
mussels) and experimental (B, 2-3 mussels) treatments.
Data from November 2022, March 2023 and April 2023
are shown, with mean and standard error. Phytoplankton
groups labelled with different letters (a, b) indicate
significant differences within an experiment (Kruskal-
Wallis, Bonferroni test).

3.3. Grazing rates of M. galloprovincialis: analysis of clearance rates

Individual M. galloprovincialis clearance rates for chlorophyll @ and total phytoplankton
in natural RF water samples were not significantly different and showed closely comparable values
(Table 3.4). The highest clearance rate for chlorophyll a occurred in April, coinciding with peak

initial chlorophyll a level (Table 3.1), while intermediate and lowest rates were observed in
November and March, respectively. The total phytoplankton clearance rate could not be determined
in April due to higher phytoplankton abundance in the mussel treatment compared to the control at
the end of the experiment (Figure 3.4). In November the F values for chlorophyll a were slightly
higher than those for total phytoplankton abundance, whereas in March the clearance rate for

phytoplankton appeared to be higher than that for chlorophyll a.

Table 3.4: M. galloprovincialis clearance rates per capita on total chlorophyll a (F(Chla))
and on total phytoplankton (F (Abund)) in different experiments. Values represent mean =+ 1
SE. Values marked with an asterisk indicate results different from zero as defined by the
Wilcoxon test.

Date F (Chla) F (Abund)

(Lind*h™) (Lind ' h™1)
11-november-22 2,31 +1,92 1,95+ 0,20
13-march-23 0,82 +0,76 1,07 £0,51
26-april-23 4,36 + 1,48 ud

ud yndeterminable
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The mean clearance rate (F) of the Mediterranean mussel across different
phytoplankton groups ranged from 0.41 to 23.63 L ind-1 h-1 (Figure 3.5). M. galloprovincialis
filtered all phytoplankton groups at statistically similar rates, with none of the filtration rates
significantly different from zero (p > 0.05). The highest filtration rates were recorded for
cryptophytes, particularly in the first two trials, with a large standard error associated with
these measurements. Diatoms were filtered in all the experiments, resulting in an average
clearance rate of 5.30 L ind-* h-* across all trials. In contrast, the mussel clearance rates
derived cyanobacteria (cyano) and eukaryotic picoflagellates (EPP) were lower (November
and March) or undeterminable (April). Dinoflagellates were also filtered at lower rates,
except in April when they were filtered at the highest rate with a large standard error

associated with these measurements.
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Figure 3.5: M. galloprovincialis per capita clearance rates (F) (L individual-! h-!) on different
phytoplankton groups. Phytoplankton groups labelled with (a) indicate no significant
differences from each other within an experiment (Kruskal-Wallis, Bonferroni test). Values
represent mean = 1 SE. An "ud" indicates that the corresponding values could not be
determined.
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4. Discussion

This study evaluated the clearance rate and selectivity of the Mediterranean bivalve
Mitillus  galloprovincis on phytoplankton, based on biomass, abundance and species
composition in the Ria Formosa coastal lagoon. A significant decrease in total phytoplankton
abundance due to bivalve feeding was detected only during March, but a consistent decrease
in diatom abundance was observed in all experiments. However, no significant changes in
total phytoplankton biomass, and structural composition were observed. This study
represents the first assessment of clearance rates of M. galloprovincis based on different
phytoplankton groups, using natural assemblages from Ria Formosa. Previous studies on
bivalve grazing selectivity have mainly used pre-selected phytoplankton mixtures (Naddafi
et al. 2007; Jiang et al. 2022) and prey items larger than 5 um (see review by Rosa et al.
2018), not natural phytoplankton assemblages. Furthermore, much of the existing literature
has focused on the impacts of bivalve grazers in the context of species introductions, with
less emphasis on native species (Kimmerer and Thompson, 2014). Previous research by
Sobral and Widdows (1997), addressing Ruditapes decussatus clearance rates in Ria

Formosa, also used phytoplankton cultures.

4.1 Conditions at the beginning of the experiments

The chlorophyll a values at the beginning of the three experiments and temporal
variability were consistent with those reported for the inner Ria Formosa coastal lagoon
(Barbosa, 2006; 2010; Domingues, 2022; Domingues et al. 2017a; 2023). Higher chlorophyll
a concentration in April (spring) and lower in November (autumn), followed the unimodal
annual cycles typical of shallow estuaries and coastal lagoons, where phytoplankton biomass
usually peaks in summer (Cebrian and Valiela, 1999). This pattern is usually associated with
limitation on phytoplankton growth imposed by light availability and temperature, both in

the Ria Formosa (Barbosa, 2006) and other temperate coastal ecosystems (Cebrian and
Valiela, 1999).

Total phytoplankton abundance at the beginning of the three experiments was similar

(November) or lower (March and April) than values reported by Domingues et al. (2017a,
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2023), but similar to those reported by Santos (2023). Eukaryotic picophytoplankton (EPP)
and picoplanktonic cyanobacteria were the dominant phytoplankton groups during all
experiments, as reported in previous studies in the Ria Formosa coastal lagoon (Barbosa,
2006; Domingues et al. 2015, 2017a, 2017b, 2023) and other lagoon systems (Bec et al.
2005). The high surface area-to-volume ratio, which optimises light and nutrient absorption,
along with efficient nutrient uptake via high-affinity enzymes, low sedimentation rates, and
rapid growth, typically favour these picoplanktonic groups (Raven et al. 1998;2005). Indeed,
according to Barbosa (2006), EPP but also diatoms are the phytoplankton groups with the
highest mean in situ growth rates in the inner Ria Formosa (0.044 + 0.012 h-! and 0.048 +

0.010 h!, respectively).

During our study, high total phytoplankton abundance was not coincident with high
chlorophyll a concentration. Lower chlorophyll a during the November experiment, was
detected in tandem with high abundances of smaller cells with low carbon content, such as
cyanobacteria and eukaryotic picophytoplankton (see Cermefio et al. 2005). In fact, despite
its significant contribution to abundance, cyanobacteria and eukaryotic picophytoplankton
represent a low contribution to phytoplankton biomass in the Ria Formosa lagoon (Barbosa,
2006). However, in relatively nutrient-poor waters, where total chlorophyll a is below 0.8—1
mg/m?, picophytoplankton can account for up to 80% of the total chlorophyll a (Marafién et
al. 2009).

4.2 Mussel clearance rates and effects of bivalve feeding on phytoplankton

Overall the estimated per capita clearance rates of M. galloprovincialis based on total
chlorophyll a concentration (0.82-4.36 L-h! individual -!), total phytoplankton abundance
(1.07-1.95 L-h'! individual -") or abundance or specific groups used (0.41-23.63 L-h’!
individual ') were within the range of values reported for this species (1.0 - 7.0 L-h!
individual -!, Navarro et al. 1996; and 0.2 - 2.5 L-h"! individual -!, Dennis, 1999). Mussels
did not significantly reduce chlorophyll a concentration in respect to the control treatment,
and the clearance rates based on chlorophyll @ were not significantly different from zero.
This lack of effect could be attributed to a chlorophyll a concentration below the activation

threshold required for efficient bivalve filtration and metabolic benefit. Below this threshold,
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the energy cost of feeding exceeds the energy gained (see Widdows and Hawkins 1989).
According to Filgueira et al. (2009), both low (< 2.08 pg L') and high (> 26.91 pg L)
chlorophyll a concentrations can significantly reduce filtration rates of M. galloprovincialis.
The initial chlorophyll a concentrations in this study were below the activation threshold,
which may explain the lack of significant changes of bivalves on chlorophyll a
concentrations. This finding challenges the second hypothesis of the study, which posited
that grazing by M. galloprovincialis would significantly decrease phytoplankton biomass and

alter community composition.

The clearance rates among different functional groups were found to be consistent,
indicating that mussels were filtering the majority of plankton at similar rates. This finding
is consistent with the results reported by Bastviken et al. (1998), who also observed
comparable gross plankton clearance rates across various phytoplankton taxa in Dreissena
polymorpha. However, considerable variation in net clearance rates was also observed, with
differences of over fivefold among the various taxa. This discrepancy may be linked to the
absence of pseudofaeces and/or faeces production, which makes it difficult to accurately
assess the effective removal of phytoplankton and reflects the efficiency of the mussels'
feeding (Bastviken et al. 1998). The absence of observable faeces or pseudofaeces in this
study indicates that gross clearance measurements may not be a reliable indicator of
phytoplankton metrics across different taxa. Furthermore, the lack of notable differences in
clearance rates for various phytoplankton metrics may be also attributed to the presence of
considerable standard errors in abundance estimates for specific groups, such as cryptophytes
and dinoflagellates (Marescaux et al. 2016). Although the clearance rates among the various
functional groups were comparable, the pronounced decline in the prevalence of diatoms and
other plastidic nanoflagellates in March, in the presence of mussels, suggests that these
bivalves are effectively filtering and feeding on them. This lends further support to the initial
hypothesis of this study. Furthermore, the observed preference of bivalves for diatoms is in
line with the hypothesis put forth by Barbosa (2006), which suggests that benthic filter
feeders play a role in the observed decrease in the average contribution of diatoms to total
phytoplankton abundance, despite their high in situ growth rates within the Ria Formosa.
Similar trends were reported by Dupuy et al. (2000a), who found that Crassostrea gigas

exhibited effective consumption of diatoms but demonstrated limited feeding on
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picophytoplankton. Lonsdale et al. (2009) additionally observed that the ribbed mussel
(Geukensia demissa) exhibited greater efficiency in filtering diatoms than smaller organisms,
such as bacteria. In Lake Taihu, Zhang et al. (2023) demonstrated that Corbicula fluminea
exhibited significantly higher clearance rates for diatoms in comparison to cyanobacteria.
Additionally, Naddafi et al. (2007) emphasised Dreissena polymorpha'’s selectivity for
phytoplankton within the preferred size range of 7-50 um. Diatoms are frequently selected
as a food source due to their elevated concentrations of long-chain polyunsaturated fatty acids
(PUFASs) (Vanderploeg et al. 1996; Brett and Miiller-Navarra, 1997). Rouillon and Navarro
(2003) posited that this preference is attributable to the rigidity of diatom frustules, which
facilitates mechanical breakdown by the crystalline style, thereby enhancing their
digestibility in comparison to more flexible phytoplankton, such as flagellates. Furthermore,
Horgan and Millis (1997) highlighted that diatoms are more susceptible to predation due to

their proclivity for sinking to the benthic zone, rendering them more vulnerable to benthic

grazers.

4.3 Methodological limitations, and future challenges

The presence of undetermined F values (ud.) indicates instances where phytoplankton
abundances were higher with bivalves than in control conditions. This observation is in line
with the findings of Rahman et al. (2020), who reported that M. galloprovincialis exhibited
negative filtration effects on small seston particles (< Sum) during the spring season.
Furthermore, Marescaux et al. (2016) documented similar undermined filtration values in
Dreissena spp. and Corbicula spp., which were linked to chlorophyll a abundance. The
increased abundance of certain phytoplankton groups may be attributed to bivalves
consuming their natural predators, thus reducing top-down grazing pressure and allowing
these phytoplankton to thrive. This phenomenon, known as a "trophic cascade", has been
well-documented, with studies showing that the removal of a grazer can indirectly benefit its
prey (e.g., Stein et al. 1995). A study by Calbet and Landry (2004) demonstrated that
microzooplankton, the primary consumers of phytoplankton in marine systems, typically
graze up to 67% of daily phytoplankton production. In diverse ecosystems, including the Ria

Formosa lagoon, microzooplankton (100 um) — mainly protistan grazers — consume 44% of
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daily phytoplankton production (Barbosa, 2006; Domingues et al. 2021). Bivalves, such as
Mya arenaria and Mercenaria mercenaria, have been demonstrated to markedly reduce
microzooplankton populations through predation of planktonic ciliates (Lonsdale et al.
2009). Similarly, observations in the Hudson River revealed a decrease in microzooplankton
populations, including tintinnids and rotifers, due to predation by the zebra mussel Dreissena
polymorpha (Pace et al. 1998). In a further study, Marroni et al. (2016) found that Diplodon
parallelopipedon and Corbicula fluminea exhibited selective feeding on small zooplankton
(rotifers and nauplii), avoiding medium-sized species like cladocerans and copepods. This
selective predation resulted in a shift in the zooplankton community structure, with larger-
sized species becoming more prevalent. Furthermore, Schmoker et al. (2013) demonstrated
that microzooplankton consume a greater proportion of carbon than mesozooplankton, with
microzooplankton consuming five times more carbon relative to primary production. Such
shifts in zooplankton community structure can impact primary production, as phytoplankton
are affected both directly by grazing and indirectly through changes in zooplankton
composition. Given that bivalves impact both phytoplankton and zooplankton, they play a
dual role, grazing on primary producers while also competing with and preying on secondary

producers (Lonsdale et al. 2009).

Another potential factor contributing to the observed increase in phytoplankton in the
mussel treatment, relative to the control, is the excretion of nutrients by bivalves. These
organisms release dissolved inorganic nutrients, primarily ammonium and phosphate, which
are rapidly taken up by phytoplankton (Carlsson et al. 2012; Cranford et al. 2012). Similar
effects have been observed in other studies. In bivalve culture areas, for example, Lu et al.
(2015) observed an increase in 2—5 pm autotrophic nanoflagellates resulting from nutrient
excretion by Chlamys farreri and Crassostrea gigas in enclosure experiments. Dupuy
(2000a) additionally documented the accelerated development of nanoflagellates measuring
<Sum in an oyster farming pond in comparison to the control group. Such nutrient
‘fertilization’ has the potential to stimulate primary production in taxa that were initially
limited by nutrients (Asmus and Asmus, 1991; Dame, 2013). Although nutrient enrichment
by mussels is a plausible explanation, the 30-minute incubation period is likely to have been
insufficient to allow for the detection of significant instantaneous phytoplankton growth.

Indeed, as Barbosa (2006) observed, average in situ phytoplankton instantaneous growth
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rates in the Ria Formosa (0.040 = 0.008 h™') are associated with average cell doubling times
of 22.5 hours, making a 30-minute period too short for substantial increases. As proposed by
Bastviken et al. (1998), this brief period is insufficient to discern significant alterations in
relative abundance. Future studies, however, should include the addition of dissolved

inorganic nutrients in excess to all treatments (bivalve and control), as proposed by see
Vanderploeg et al. (2001).

Further studies should investigate additional grazing rates to gain a more comprehensive
and detailed understanding of'the selectivity of M. galloprovincialis within the phytoplankton
community. Additionally, it is crucial to gather data on the feeding behaviour of other
dominant species and measure ingestion rates not only on phytoplankton but also on

microzooplankton, in order to gain a deeper insight into phytoplankton dynamics in the Ria

Formosa coastal lagoon.
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5. Conclusion

In order to gain insight into the dynamics of aquatic ecosystems, it is vital to quantify
the removal rates of phytoplankton through grazing by benthic filter-feeders. This study, in
line with others in the field, demonstrates that bivalve grazing is a key selective process with
a significant impact on phytoplankton dynamics. Gaining an understanding of the processes
that regulate phytoplankton in natural assemblages provides valuable insights into the fate of
these microorganisms within the food web and their interactions in the Ria Formosa coastal
lagoon. The high clearance rates on diatoms indicate their importance for the growth and
maintenance of M. galloprovincialis populations in the lagoon. To the best of our knowledge,
this is the first study to examine mussel grazing on natural phytoplankton biomass,
abundance, and assemblage composition in the Ria Formosa coastal lagoon. Further research
should assess the impact of bivalve grazing on not only phytoplankton but also
microzooplankton, as well as measure ingestion rates by other dominant bivalve species. This
would provide a more comprehensive understanding of the overall impact of bivalves on
natural plankton communities and improve models of carbon flow, nutrient cycling, and

energy transfer within the Ria Formosa coastal lagoon.
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Appendix

Supplementary Table S1 —Summary of SIMPER (Similarity Percentage) analysis results for
November, comparing dissimilarity in phytoplankton assemblage structure at t, and after 30 min for
control (C, no mussels) and experimental (B, 2-3 mussels) treatments. For each phytoplankton group,
the mean abundance in each treatment (log (cells L' + 1)) and its percentage contribution to the total
dissimilarity between treatments (Contrib.) are presented. The relative cumulative contribution
(Relative Cumulative Contrib.) shows the cumulative percentage contribution of each group to the
total dissimilarity. An asterisk (*) indicates a p-value <0.05.

SIMPER overall average dissimilarity t0-C= 15,39%

Relative
Abur;(():lance Aburé(:jance Contrib. (%) Cummulative p
contrib. (%)
epp 6,89 6,75 6,30 41,00 0,956
o-anf 6,61 6,78 5,13 74,30 0,255
cyano 6,82 6,73 3,73 98,50 0,987
crypto 4,76 4,98 0,16 99,50 0,696
dinofl 4,03 4,42 0,04 99,80 0,981
dia 4,94 4,94 0,03 100,00 0,989

SIMPER overall average dissimilarity t0-B= 30,59 %

Relative
Abur:(():lance Abuanance Contrib. (%) Cummulative p
contrib. (%)
epp 6,89 6,45 17,07 55,80 0,001 *
cyano 6,82 6,51 11,64 93,90 0,001 *
o-anf 6,61 6,64 1,38 98,40 0,933
dia 4,94 4,47 0,20 99,00 0,016 *
crypto 4,76 4,46 0,16 99,60 0,709
dinofl 4,03 4,70 0,13 100,00 0,001 *
SIMPER overall average dissimilarity C-B= 24,10 %
Relative
Aburgiance Abuanance Contrib. (%0) Cummulative p
contrib. (%)
epp 6,75 6,45 9,88 41,00 0,234
cyano 6,73 6,51 7,55 72,30 0,121
o-anf 6,78 6,64 6,06 97,50 0,029 *
crypto 4,98 4,46 0,31 98,80 0,041 *
dia 4,94 4,47 0,21 99,60 0,008 *
dinofl 4,42 4,70 0,09 100,00 0,117

48



Supplementary Table S2 — —Summary of SIMPER (Similarity Percentage) analysis results for
March, comparing dissimilarity in phytoplankton assemblage structure at t, and after 30 min for
control (C, no mussels) and experimental (B, 2-3 mussels) treatments. For each phytoplankton group,
the mean abundance in each treatment (log (cells L™ + 1)) and its percentage contribution to the total
dissimilarity between treatments (Contrib.) are presented. The relative cumulative contribution
(Relative Cumulative Contrib.) shows the cumulative percentage contribution of each group to the
total dissimilarity. An asterisk (*) indicates a p-value <0.05.

SIMPER overall average dissimilarity t0-C= 20,43%

Relative
Abundance Abundance Contrib. (%) Cummulative p
contrib. (%0)
epp 6,11 6,19 8,33 40,80 0,378
cyano 6,05 6,08 6,10 70,60 0,459
o_anf 5,36 5,68 3,83 89,40 0,613
crypto 5,06 5,13 1,72 97,80 0,671
dia 5,06 5,00 0,43 99,90 0,995
dinofl 3,33 3,46 0,02 100,00 0,963
SIMPER overall average dissimilarity t0-B= 18,68 %
Relative
Abundance Abundance Contrib. (%) Cummulative p
contrib. (%)
epp 6,11 6,11 6,03 32,30 0,947
cyano 6,05 6,00 5,10 59,60 0,857
o_anf 5,36 4,68 3,51 78,40 0,708
dia 5,06 3,97 2,00 89,10 0,002 *
crypto 5,06 3,98 1,96 99,60 0,385
dinofl 3,33 3,76 0,08 100,00 0,08
SIMPER overall average dissimilarity C-B= 27,07 %
Relative
Abundance Abundance Contrib. (%) Cummulative p
contrib. (%)
epp 6,19 6,11 8,89 32,80 0,225
o_anf 5,68 4,68 7,30 59,80 0,001 *
cyano 6,08 6,00 7,09 86,00 0,198
crypto 5,13 3,98 2,18 94,10 0,223
dia 5,00 3,97 1,54 99,80 0,044 *
dinofl 3,46 3,76 0,07 100,00 0,41
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Supplementary Table S3 —Summary of SIMPER (Similarity Percentage) analysis results for April,
comparing dissimilarity in phytoplankton assemblage structure at t0 and after 30 min for control (C,
no mussels) and experimental (B, 2-3 mussels) treatments. For each phytoplankton group, the mean
abundance in each treatment (log (cells L-! + 1)) and its percentage contribution to the total
dissimilarity between treatments (Contrib.) are presented. The relative cumulative contribution
(Relative Cumulative Contrib.) shows the cumulative percentage contribution of each group to the
total dissimilarity. An asterisk (*) indicates a p-value <0.05.

SIMPER overall average dissimilarity t0-C=9,75%

Relative

Abundance Abundance Contrib. .
Cummulative p

0 = (%) contrib. (%0)
epp 6,50 6,46 3,60 37,00 0,604
cyano 6,09 6,01 3,56 73,40 0,377
o-anf 5,95 5,87 1,38 87,60 0,987
crypto 5,56 5,46 0,98 97,60 0,211
dia 5,27 5,27 0,21 99,70 0,996
dinofl 3,42 3,22 0,03 100,00 0,176

SIMPER overall average dissimilarity t0-B= 16,50 %

Relative

Abundance Abundance Contrib. .
Cummulative p

t0 B (%) contrib. (%)
o-anf 5.95 6.26 712 43.20 0,016 *
epp 6,50 6,54 3,67 65.40 0,524
cyano 6,09 6,12 3.5 87.20 0,355
dia 5,27 4,50 1.22 94,50 0,010 *
crypto 556 5,40 0,89 99.90 0,413
dinof] 3,42 2.40 0,02 100,00 0,665

SIMPER overall average dissimilarity C-B= 18,52 %

Relative

Abundance Abundance Contrib. )
Cummulative

©

c B (%) contrib. (%)
o-anf 5,87 6,26 8,83 47,70 0,001 *
epp 6,46 6,54 5,14 75,40 0,044 *
cyano 6,01 6,12 2,72 90,10 0,745
dia 5,27 4,50 1,29 97,10 0,007 *
crypto 5,46 5,40 0,53 99,90 0,862
dinofl 3,22 2,40 0,01 100,00 0,724
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